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INTRODUCTION
Manufacturing, in a general term referring to industry, is to make products that have
been designed for certain application purposes. The meaning of “manufacture” has
ever changed, especially during the last 20 years, in terms of what are being made,
how they are made, how the manufacturing is organized, etc. Desire for better qual-
ity of life, good health, and high working efficiency has been one of the major
drivers recently to the development of micro- and nano-technology products. As a
consequence, issues concerning the length scales in manufacturing have been often
mentioned and researched.

When manufacture is examined with reference to different length scales, such as
nano-, micro-/meso-, or macro-scale, it is almost inevitable that people will realize
that the methods, approaches, and techniques that could be used are quite different:
from bottom-up approaches to top-down approaches, different manufacturing strate-
gies can be clearly seen. When the first edition of this book was prepared in 2009,
“micro-manufacturing” referred to the “manufacturing of micro-products with
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scaled-down manufacturing-processes, effected with miniature-manufacturing ma-
chines/systems, and with optimised process chains,” which obviously gave an
emphasis on “applying conventional manufacturing processes to the manufacture
of miniature, micro or nano-products.” Over recent years, what has been done and
what is being carried out, however, has indicated that there may be the need to rede-
fine the scope of micro-manufacturing as follows:

• Micro-precision manufacturing of macro-sized components
• Micro-/nano-feature manufacturing over large and small areas
• Manufacturing of micro-sized components
• Manufacturing with micro-/nano-structured materials
• Manufacturing with controlled micro-structures of materials

These may concern manufacturing methods, technologies, equipment, organiza-
tional strategies, and systems. Micro-manufacturing engineering is a general term,
which concerns a series of relevant activities within the chain of manufacturing
micro-products/features, including design, analysis, materials, processes, tools, ma-
chinery, operational management methods and systems, etc.

There is a huge diversity in micro-products, the main types of these including
micro-electronics products, micro-optical electronics systems, micro-electronics
mechanical systems (MEMS), and micro-optical electronics mechanical systems
(MOEMS), depending on the combinations of product functionalities and/or work-
ing principles. Correspondingly, there are different methods and strategies, which
could be used to manufacture these products. Micro-manufacturing, in a wider
context, should cover all these of the aspects relating to the manufacturing of these
products/features. The definition given to it, or its gravity/focus, often varies be-
tween different sources.

There has been an enormous amount of literature produced on the manufacture
of MEMS and micro-systems in the past and also becoming available currently.
The technologies relating to design and fabrication with these methods are sometimes
referred to as either Micro-system technology or MEMS techniques. In order
to differentiate the techniques from other manufacturing techniques, micro-
manufacturing techniques are often categorized respectively asMEMSmanufacturing
and non-MEMS manufacturing, where MEMS manufacturing involves, largely, tech-
niques such as photolithography, chemical etching, plating, lithography, electroplat-
ing, and moulding (LIGA), laser ablation, etc., while non-MEMS manufacturing
often involves techniques such as electrical-discharge-machining (EDM), micro-
mechanical cutting, laser cutting/patterning/drilling, micro-embossing, micro-injec-
tion molding, micro-extrusion, micro-stamping, etc. Regarding the materials to be
dealt with, micro-manufacturing is also sometimes categorized as silicon-based
manufacturing and nonsilicon material manufacturing. The purpose of differentiating
these is sometimes to emphasize the importance of the latter as being in urgent need of
development, whereas silicon-based manufacturing is often seen as a “mature” busi-
ness, i.e., well developed and established.

This book is focused on the description of nonsilicon-based manufacturing,
especially non-MEMS manufacturing techniques and systems, although there are
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several chapters dealing with the techniques for both MEMS and non-MEMS
manufacturing. This chapter intends to give an overview of micro-manufacturing,
which may serve as an introduction to the readers of the book.

What has been happening over the last 10 years reflects three major trends asso-
ciated with micro-manufacturing: (1). manufacturing is often a multilength scale
problem, and hence, micro-manufacturing cannot be an isolated activity; (2).
nano-sciences and technology look very likely to have significant impact on future
products and technological equipment, while realizing this potential will largely rely
on micro-manufacturing technology to bridge “nano-manufacturing” and “macro-
manufacturing” and to produce low-cost products; and (3). research on micro-
manufacturing is being shifted from “process and technology focus” to “market/
product”-driven activities. These trends will be reflected in the following sections
of this overview as well as in the other chapters of this new edition of the book.

PRODUCTS AND MARKET
There are ever-increased demands on miniaturized/micro-products/systems and com-
ponents, e.g., MEMS and micro-systems, micro-reactors, fuel cells, micro-
mechanical devices, micro-medical components, etc., which are now popularly
used in vehicles, aircraft, telecommunication and IT facilities, home appliances, med-
ical devices, and implants. The manufacturing of these products has received great
attention over the last 15 years. At the same time, as nano-technology has become
increasingly more mature and influential, more nano-technology-based products
have emerged, such as nano-devices for sensors, communication and medical treat-
ment, nano-materials and coating/functionalized surfaces for enhanced performance,
etc. According to Yole’s forecast [1], in terms of MEMS, a significant volume growth
is foreseen (around 20% expected between 2013 and 2019). Globally, the predicted
values of the increases of micro- and nano-technology products vary between
different sources. According to ISuppli 2011 report [2], the micro-products’ CAGR
(compound annual growth rate) between 2011 and 2016 will be over 20%.

Typical micro-products for automotive and aerospace uses include pressure sen-
sors, thermal sensors, temperature sensors, gas sensors, rate sensors, sound sensors,
injection nozzles, etc., and the components include those for electrostatic, magnetic,
pneumatic, and thermal actuators, motors, valves, and gears. There are more than
200 micro-actuators and sensors now integrated into modern automobiles.

The products also include sensors for mass flow, micro-heat exchangers, micro-
chemical reactors, tools/molds for forming/replication, etc., and the components
include those for miniaturized electronics products such as mobile phones, iPads,
laptops, etc. Especially, smart phones are the main targeted market for emerging
MEMS devices and micro-sensors, such as those for better communication perfor-
mance, sound quality, visual experience, navigation and environmental sensing, etc.

In the medical sector, micro-fabricated parts span over a wide range for implant-
able applications in various clinical areas. Typical examples are sensors for cardio-
vascular, micro-machined ceramic packages, implantable devices, coatings on
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micro-polymers or metal parts, etc. It is fair to say that micro-products and compo-
nents are almost everywhere in life.

Another significant application market for micro- and nano-technology is the
equipment market. Micro- and nano-technology products will play a significant
role in evolving future factory equipment and production environment, such as
enabling miniaturization of the equipment, lightweight structures, longer life span,
manufacturing intelligence, low energy consumption, and excellent humanemachine
interfaces.

The micro- and nano-product market is influenced, currently, by three significant
trends:

1. Disruptive development of manufacturing technologies, which helped/is helping
the development of new products: the development of accelerometers has been
helped greatly by the development of precision engineering, piezo-technology,
bulk micro-machining and surface micro-machining technology. It is expected
that new development of micro- and nano-manufacturing technologies
(continuous and disruptive) will furthermore enable and accelerate technical
and commercial breakthroughs in other application areas such as organic
photovoltaics, micro-engines, E-cars, battery technology, etc.

2. Shortened development time, compared to what happened 20 years ago.
Currently, from concept, through research and development (R&D), to the
diffusion of the product into the market, the time has been shortened consid-
erably: 35 years for pressure sensors to develop from R&D to commercial
ramp-up, while it is about 16 years for oscillators to reach commercial ramp-up.

3. Emerging markets driven by needs of specific sectors such as energy, transport,
health care, and consuming electronics, which are closely linked to important
social and environmental issues. There have been targeted developments of
micro- and nano-manufacturing technology for particular sectors and markets,
e.g., that for energy sourcing, conversion, storage, transport, and utilization
which involve largely thin-film technologies, ceramic technologies, nano-
materials, and integration into surfaces and bulk parts, etc.

The future markets for micro- and nano-technology products are promising. The
manufacturing cost will, however, be a key competitive factor, which raises a signif-
icant challenge to the development of micro- and nano-manufacturing technologies
to meet the requirement for low-cost and high-quality products.

MEETING MANUFACTURING REQUIREMENTS AND ADDING
VALUES
The requirements for micro-manufacturing may be classified into two levels: the
component level and the product level (assembly/packaging). The following table
presents some examples of the products/parts which can be made with micro-
fabrication techniques, particularly with mechanical and/or thermal micro-
manufacturing processes:
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Components/
Parts

Sample Geometry/
Features

Possible Enabling
Techniques

Typical Part
Materials

Processing
Accuracy

Typical Products/
Applications

Surface 2.5D
functionalized
structures

Local features in
100 nm to 10s microns

Hot embossing/coining/
imprinting, ink-jetting,
plating, direct writing, laser
ablation, etc.

Polymers,
glass,
aluminum,
copper, brass,
steel, etc.

Several
microns to
tens
nanometers

Micro-optical, fluidic
devices, force transmit.
Surfaces, dies/molds,
etc.

Lead frames Various geometry, local
features as small as
tens microns,
thicknesses vary, such
as between 0.3 and
0.01 mm.

Micro-stamping, with/
without laser assistance,
laser cutting, photochemical
etching, etc.

Copper and
alloys, nickel
steel, etc.

Several
microns or to
10% of the
sheet
thickness

Electronics products

Micro-pins Diameters in 0.2–1 mm
ranges, can wall
thickness in
50–200 mm possible,
and tolerances <5 mm

Forward, and/or combined
with backward extrusion,
micro-shape rolling, micro-
machining/electrical-
discharge-machining
(EDM).

Various types
of metals.

Several
microns to
submicrons

Various applications as
IC carriers, micro-
device assemblies,
electric contacts, etc.

Electrothermal
mechanical
actuator

2.5D/3D structural
parts, various sectional
geometries.

Chemical etching and
micro-stamping, laser
cutting, Efab.

Shape
memory alloy
(SMA) and
other metal
materials

Several
microns

Microactuating
devices.

Micro-cups Micro-cups, less than
1 mm in diameter,
various thicknesses.

Micro-deep drawing, micro-
stamping, micro-spinning,
micro-machining.

Molybdenum,
copper,
aluminum,
steel.

Several
microns

Electron guns,
pressure sensors,
UV sensors, etc.

Micro-gears Diameters of 1 mm or
less, local features in
10s microns.

Micro-forging, micro-
extrusion, micro-stamping,
LIGA, micro-casting, photo-
chemical-etching (PCE),
micro-EDM, Efab, etc.

Metals,
polymers

Several
microns to
submicrons

Micro-mechanical
devices, watches.
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Continued

Components/
Parts

Sample Geometry/
Features

Possible Enabling
Techniques

Typical Part
Materials

Processing
Accuracy

Typical Products/
Applications

Shafts for
micro-
mechanical
drivers

Less than 1 mm in
diameter.

Micro-extrusion, micro-
machining/EDM.

Steels and
alloys

Several
microns to
submicrons

Micro-driving devices,
e.g., micro-spindles.

Micro-screws,
micro-cans

Diameters in 0.1–
0.5 mm ranges.

Micro-forging, extrusion,
shape rolling, micro-
machining.

Various
metals

Several
microns to
submicrons

Micro-devices,
housing and assembly,
etc.

Micro-gear
shafts

Local features in 30–
50 mm.

Extruded with local heating,
micro-radial extrusion,
micro-machining, EDM.

Metals Several
microns to
submicrons

Micro-mechanical
driving devices,
Watches

Casing/
housing of
micro-devices

Thin sheets, from 0.1
to 0.01 mm

Micro-stamping, dipping,
drawing, hydroforming.

Stainless
steel,
aluminum,
copper, etc.

Several
microns

Micro-mechanical,
electronics, medical,
optical, chemical
devices, etc.

Micro-tubular
components

Outer diameter less
than 1 mm, wall
thickness larger than
20 mm.

Micro-hydro-tube forming,
micro-rolling, micro-
bending, laser machining,
etc.

Metals Several
microns

Micro-shafts, micro-
heat exchangers,
micro-medical
devices/implants.

Micro-molds,
dies, and
punches

Die bore or inner
pockets in less than
1 mm; punch diameter
from 0.05 to 1 mm.

Micro-EDM, laser cutting,
micro-machining,
electroforming, sintering,
etc.

Tool steels,
glass,
powder, etc.

Several
microns to
submicrons

Forming/replicating
processes e.g.,
injection molding,
embossing, extrusion,
etc.
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Micro-manufacturing technology is being developed not only to meet these
manufacturing requirements but also for creating new values. For example, to be able
to make metallic and ceramic micro-components for micro-robots and micro-engines,
produce high-quality 3D electrical interconnections for 3Dmicro-assemblies, create mi-
cro-/nano-structural surface/parts for batteries and micro-fuel cells, develop standard
mechanical and mechatronics parts/elements for micro-machines or miniaturized equip-
ment, etc., would itself add value to the associated products.

Considering where the value could be added to a product through micro-/nano-
manufacturing, the following are some suggestions:

• Improving surface quality through precision manufacturing (e.g., nano-
machining and focused ion beam (FIB) machining);

• Adding surface functionalities of the component/system surfaces through surface
texturing (e.g., micro-machining, laser ablation, micro-EDM, micro-
electrochemicalmachining (ECM)) and/coating (e.g.,multilayered nano-coating);

• Creating new functional structures of the components/systems through
micro-/nano-forming/casting/sintering (e.g., hollow-sectioned, channeled,
functionally graded structures);

• Converting low-value materials into high-value products such as nano-materials/
nano-composite products (e.g., micro-/nano-forming, casting, and sintering of
high-quality components);

• Creating value by high-quality assembly from low-value components/materials
(e.g., micro-injection molding assembly, high-precision mechanical, micro-
joining, and self-assembly).

The main challenges to micro-manufacturing technology and equipment to meet
manufacturing requirements and customers’ needs continue to be cost, accuracy/pre-
cision, and standardization.

MICRO-MANUFACTURING METHODS AND PROCESSES
Compared to the manufacture of macro-products, manufacturing methods and stra-
tegies in micro-manufacturing may be different. Manufacturing macro-products
may be effected with manufacturing individual components/parts by removing
and/or deforming and/or adding materials, and then assembling them. These opera-
tions can be carried out either in a single industrial site or in different sites. The
manufacturing of micro-products may be effected with patterning, deposition, and
layering methods within a single machine/manufacturing platform, e.g., integrating
components/parts fabrication with assembly/packaging that is often used in MEMS
and micro-systems manufacturing. Micro-manufacturing largely uses nontraditional
manufacturing methods or scaling down or modifying the traditional methods, as
appropriate, to fully address issues related to manufacturing in the micro-world.
Further, manufacturing chains may also be different, compared to traditional
manufacturing, which may be due to:
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• Material properties: conventional manufacturing methods may not be able to
cope with special material properties, e.g., either too hard or too weak for a
process, sticking onto micro-tools, not to the mask materials, or the original
material properties cannot be altered during the manufacturing, e.g., affected by
mechanical work induced heat or direct heating processes, etc.

• Structural strength and stiffness: components/parts may be too fragile to sustain
any mechanical forces that are needed for processing the materials, or too
difficult to handle during processing and/or assembly/packaging.

• Shape and sizedlength scale factors: all factors associated with small dimen-
sional scale manufacturing apply, e.g., inability of tool fabrication for me-
chanical cutting and plastic forming may force the consideration of
nonmechanical approaches. Normal geometric shapes such as holes, slots,
pockets, threads, etc., may not be a problem in macro-scale manufacturing, but
these may be extremely difficult to be achieved if the dimensions go down to
submillimeters. Alternative manufacturing methods to conventional methods
such as patterning, deposition, and layer manufacturing methods, may have to
be considered.

• Difficulties for clamping/releasing: Due to the sizes and structuring strength/
stiffness issues, it may be difficult to clamp/release the components/parts to be
made by mechanical manufacturing methods such as mechanical cutting and
forming. Alternative methods such as laser ablation, electroforming, and
chemical etching may be considered.

• Residual stress and surface integrity: The existence of the residual stresses and
weakened surface integrity, induced by plastic deformations, cyclic loadings,
thermal gradients, etc., may not be acceptable for some critical components/
parts for micro-products, e.g., those for medical implants and high-grade sen-
sors. Selection of processes may have to consider such issues and process chains
may have to be optimized to address these issues.

The fundamentals of the roles that the reduced length scales could play in various
processing mechanisms need to be understood, e.g., roles of the surface at different
length scales and in different manufacturing processes with respect to surface fabri-
cation and micro-/nano-manipulation, surface metrology, etc. [3]. These play a sig-
nificant role in selecting manufacturing methods and in optimizing the
manufacturing chains.

Both conventional and nonconventional methods have been used to manufacture
micro-products. There have also been emerging methods such as hybrid
manufacturing methods. According to the type of the energy to be deployed,
manufacturing may be classified as processes such as mechanical, chemical, electro-
chemical, electrical, and laser processes. The working principles include mechanical
forces, thermal, ablation, dissolution, solidification, recomposition, polymerization/
lamination, and sintering [4]. According to theway in which the components/products
are to be made, general manufacturing processes can also be classified into subtrac-
tive, additive, forming, joining, and hybrid processes. The classification is equally
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applicable to micro-manufacturing. Typical manufacturing methods for producing
components/products are as follows:

Typical methods/processes of micro-manufacturing (edited based on a table pre-
sented in [4])

Subtractive processes Micro-mechanical cutting (milling, turning, grinding,
polishing, etc.); Micro-EDM; Micro-ECM; Laser beam
machining; Electrobeam machining; Photochemical
machining; etc.

Additive processes Surface coating (chemical vapor deposition, physical
vapor deposition); Direct writing (inkjet, laser-guided);
Micro-casting; Micro-injection molding; Sintering;
Photoelectroforming; Chemical deposition; Polymer
deposition; Stereolithography; etc.

Deforming processes Micro-forming (stamping, extrusion, forging, bending,
deep drawing, incremental forming, superplastic forming,
hydroforming, etc.); Hot embossing; Micro-/Nano-
imprinting; etc.

Joining processes Micro-mechanical assembly; Laser welding; Resistance,
Laser, and Vacuum soldering; Bonding; Gluing; etc.

Hybrid processes Micro-laser-ECM; LIGA and LIGA combined with laser
machining; Micro-EDM and laser assembly; Shape
deposition and laser machining; Efab; Laser-assisted
micro-forming; Micro-assembly injection molding;
Combined micro-machining and casting; etc.

Some typical micro-manufacturing methods/processes are included in this book.
They are described in detail in corresponding chapters respectively. The following
texts give an overview of some key methods and processes as well as the current
state of the development.

Micro-Mechanical Cutting: Micro-machining may be seen as an ultraprecision
material removal process, which is able to achieve micro-form accuracy and a
several nanometers finish [5]. From precision machining to micro-machining,
some challenging issues are being met such as predictability, producibility, and pro-
ductivity in micro-scale manufacturing [6]. Effort is being made to achieve complex
3D, intricate micro-features/components with mechanical micro-machining, e.g.,
the systems for micro-instrumentation, inertial sensing, biomedical devices, wireless
communication, high-density data storage, etc., as well as producing dies and molds
for other manufacturing processes such as micro-forming and injection molding.
Current efforts also include machining of difficult-to-cut materials such as metal ma-
trix composites, silicon carbide, ceramics, etc., as well as nano-surface patterning
[7e11].

Due to the working principle of removing chips by mechanical forces, significant
efforts have been devoted to the improvement of the precision of machine tools
and development of error compensation methods to ensure the required
machine tooldworkpiece system precision. The main issues addressed include
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understanding of chip formation mechanisms and micro-machining mechanics, ma-
chine tool design with “optimal” dynamics stiffness, optimal cutter geometry/mate-
rials and motion control, in-process inspection with high-resolution metrology, etc.
Benchtop machine tool designs have now become a trend showing the design being
shifted from large scale, ultrahigh precision designs to miniature structures and low-
cost system designs. Ultrahigh precision and high-speed spindle design is another
topic attracting many researchers and industries. Diamond cutting tools, tools
with nano-crystalline diamond coating, etc., are also important in micro-machining.

Micro-EDM: Electrophysical and chemical micro-machining processes play
important roles in micro-manufacturing due to their special material removal mech-
anisms [12]. EDM is especially suitable for manufacturing micro-components/tools
due to its thermal material removal mechanism, which allows an almost process
force-free machining independently of the mechanical properties of the processed
material. High-precision EDM can process functional materials such as hardened
steel, cemented carbide, and electrically conductive ceramics with submicron
precision [13]. Its applications have extended far beyond dies/molds fabrication
to such as micro-gears, micro-fluidic devices, medical implants, etc. The processes
include micro-wire EDM, micro-die sinking, micro-electrical discharge drilling,
micro-electrical discharge contouring, and micro-electrical discharge dressing
[14,15].

Compared to conventional EDM, micro-EDM places more emphasis on the
following:

• Precision of the machine, e.g., high-precision control on the motion of the
electrodes;

• Qualification of the wear of the electrodes, damage on the wire, and compen-
sation for the wear/damage;

• Careful control on the frequency of discharge, level of the energy input, e.g.,
current and voltage;

• Better understanding of material properties, thermal conduction of the work-
piece, melting and recasting processes, and their effect on the surface finish/
integrity;

• Careful considerations of the setup of gaps, component forms to be produced,
flash of the debris, etc.

Micro-ECM (MECM): ECM is another popular choice for making micro-parts,
due to less effort being needed for handling during the ECM, easy control of the pro-
cess, being relatively simple for the machine design/setup (computer numerical con-
trol (CNC) possible), and the capability of processing various materials, including
high-strength materials. Other attractive characteristics include a burr-free surface
produced, no thermal damage, no distortion of (part) parts and no tool wear. The is-
sues needing to be addressed in micro-manufacturing applications include control-
ling material removal, machining accuracy, power supply, design and development
of micro-tools, roles of interelectrode gap and electrolyte, etc. [16e19]. High sur-
face roughness, relatively poor fatigue properties, difficulty to make sharp corners,
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etc., are some negative aspects to be taken into account when the process is to be
considered for manufacturing. For micro-machining, masks may be used (one
side or two sides possible) for making finer geometry.

Micro-forming: Micro-products may be produced with forming configurations,
i.e., micro-forming. Metal-forming offers some attractive characteristics that are su-
perior to those of other processes, for example, machining and chemical-etching,
considering such features as higher production rates, better material integrity, less
waste, lower manufacturing costs, etc. Various forming/forging configurations are
possible such as forging, extrusion, stamping, bending, hydroexpansion, super-
plastic forming, etc. Micro-forming may be achievable by effective scaling down
of the process configurations, tools, and even machines [20e23]. Some challenges
do arise when the sizes/features reduce to such as tens or hundreds of microns, or
the precision requirements for macro-/miniature parts reduce to such as less than
a few microns. Major issues being addressed include understanding of material
deformation mechanisms and material/tool interfacial conditions, materials property
characterization, process modeling and analysis, qualification of forming limits, pro-
cess design optimization, etc., with emphasis on the related size effects. Current
effort also includes the development of micro-tooling techniques such as
diamond-like carbon coating and FIB modification, etc. [24e28]. To date, various
micro-forming configurations have been investigated [20e29], including:

• Laser shock/pulsed/bulging/peening forming and laser-heating-assisted forming
• Micro-forging/micro-cold and warm and hot and isothermal forging
• Micro-extrusion and backward can extrusion/ultrasonic vibration micro-

extrusion
• Micro-rolling/roll-to-roll stamping/micro-dimple forming and incremental

forming
• Micro-stamping (hard and soft tools)/micro-deep drawing/micro-bending (laser)
• Micro-superplastic forming
• Micro-cold and hot embossing (on metals)/micro-/nano-imprinting/micro-

coining
• Micro-hydroforming (tubes)
• Liquid impact micro-forming
• Semisolid micro-forming

Laser Machining: Laser technology is qualified as an efficient micro-technology
because of its high lateral resolution by minimized focusability down to a few mi-
crons, low heat input, and high flexibility. One major advantage is its capability
of processing various, nonsilicon materials that are increasingly needed for
manufacturing micro-products. Some examples for laser applications are micro-
cutting, micro-drilling, micro-welding, soldering, selective bonding, micro-
structuring, and laser-assisted forming [30]. Femtosecond laser micro-machining
is a new approach emerging in MEMS area in recent years, and some promising re-
sults have been shown in micro-machining and micro-system applications, including
industrial material processing, biomedicine, photonics, and semiconductors [31].
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The ultrafast, or ultrashort laser means that the laser pulse has a duration that is
somewhat less than about 10 psdusually some fraction of a picosecond (femto-
second) (a picosecond ¼ 1 � 10�12 s) [32]. It utilizes the ultrashort laser pulse
properties to achieve an unprecedented degree of control in sculpting the desired
micro-structures internal to the materials without collateral damage to the surround-
ings. It has been proven that micro-structuring with femtosecond laser pulses is an
excellent tool for the free design micro-fabrication of almost all kinds of materials
[33,34]. With the filament, spatially scanning and other methods, many types of
optical micro-structures (including 3D) such as optical memory, waveguides, grat-
ings, couplers, and photonic crystals, have been produced successfully inside a
wide variety of transparent materials in the sold state and also in the liquid state
(laser-induced plasma micro-machining) [35] and laser dimpling strategies on TiN
coatings for tribological applications with a highly energetic Q-switched fiber laser
have been developed [36].

Replication Techniques: The LIGA technique is seen as a solution for the preci-
sion manufacturing of high-aspect ratio micro-components and systems [37], while
other replication techniques such as micro-hot embossing, micro-injection molding,
micro-casting/soft molding, micro-sintering, etc., are seen as better solutions to low
cost, mass production of micro-components/features [38e48], reel-to-reel UV
embossing being a good example for mass production. Materials that can be pro-
cessed with replicating techniques include metals, glass, polymers, etc. Especially,
embossing, molding, and casting are very effective for fabricating micro-structures
for optical elements/devices, which can produce high resolutions possibly in the
nanometer ranges with some processes, and allow the fabrication of large areas
and complex micro-structures. Processes for gratings, holograms, and diffractive
foils are well established. Efforts are continually being made to extend the process
capability such as increasing the aspect ratios of the micro-structures, producing
these in larger areas (such as replicating micro-structures with optical functions
with dimensions between 200 nm and 50 mm on areas of up to half a square meter),
combining embossing with other processes such as lithography, dry etching, and
thin-film coating, etc. Micro-powder injection molding is a low-cost mass fabrica-
tion process for manufacturing micro-structures and micro-components. It can be
used for processing many different materials (e.g., ceramics and metals) for very
complex geometries. For making small geometries, silicon mold inserts may be
used, taking advantages of deep reactive ion etching. The processing parameters
need to be carefully set in order to produce the required quality and small features.
LIGA, an alternative micro-fabrication process combining deep X-ray lithography,
plating-through-mask, and molding, enables the highly precise manufacture of high-
aspect ratio micro-structures with large structural height ranging from hundreds to
thousands of micrometers thickness which are difficult to be achieved with other
manufacturing techniques. Significant progress in MEMS manufacturing is largely
due to introduction of the LIGA process. The polymer LIGA process is especially
suitable for mass production. There is a chapter in this book especially describing
this process.
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Deposition methods: The methods are seen as effective for fabricating multima-
terial devices with no need to increase the process chain. Possible methods for micro-
manufacturing include laser-assisted chemical vapor deposition, laser-guided direct
write and flow-guided direct write, shape deposition manufacturing (SDM), localized
electrochemical deposition and forming, etc. [49e59]. For example, a similarity
between the silicon-based MEMS methods and SDM is that “both integrate additive
and subtractive processes and use part and sacrificial materials to obtain functional
structures” [50], while the latter is able to deal with more types of the materials.
Electro-forming has been used widely already to produce micro-components and
micro-/nano-structures, and is, to date, still a powerful technique for securing fine
geometry and low-cost production [59].

A micro-rapid prototyping system based on a deposition technique may include
micro-deposition, ultrasonic-based micro-powder feeding, dry powders cladding/
sintering, and laser micro-machining (a laser beam with a wavelength of 355 nm,
for example) [50]. Fabrication of meso- and micro-structured devices by direct-
write deposition and laser processing of dry fine powders is also possible [51], which
is also seen to be an effective way to fabricate 3D structures with heterogeneous ma-
terial compositions. The direct-write deposition system is able to produce a “100 mm
minimum attainable feature size for device footprints ranging from submillimeter to
a few centimeters” on a movable substrate. The prototype devices produced
included micro-batteries, interdigitated capacitor, fractal antennae, Swiss-roll
micro-combustors, and functionally graded polymeric bioimplants. By combining
an electric-chemical method and an etching method, a new manufacturing tech-
nique, so-called Efab manufacturing (a system developed by MEMGen, USA) has
been developed [52]. The method adds layers from 2 to 20 mm thickness and is
able to create 3D metallic features with support of the sacrificial material, which
is later etched away.

SDM combining micro-casting with other intermediate processing operations
(CNC machining and shot peening) was also attempted to create metallic parts
[53]. A better product quality could be achieved with proper control of interlayer
metallurgical bonding (through substrate remelting) and the cooling rates of both
the substrate and the deposited material. Another good example of fabricating com-
plex metallic micro-structures is to use lithography and etching techniques to make
sacrificial silicon molds. Multiple silicon layers are stacked and metallic glass is
then forced into the cavities under heat and pressure in an open-air environment.
Such an approach could be a solution for low-cost manufacturing [54].

Inkjet technology offers a prospect for the reliable and low-cost manufacture of
flat panel displays (FPD). Compared to other conventional processes, an inkjet print-
ing method for color filters (C/F) in LCD or RGB patterning in organic light-
emitting diode offers potential for the mass production of the enlarged display panels
with low costs [55] while the possibility of depositing nano-particles offers more po-
tential applications and higher quality of products [56e58].

Assembly/Packaging: Basic processes for micro-assembly and packaging include
mechanical placement/insertion/pressing, micro-welding; resistance/laser/vacuum
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soldering, micro-casting/molding, bonding; gluing, etc. [60e65]. Interconnection
and packaging solutions (e.g., 3D-molding of interconnect devices) are the key tech-
nologies for connecting micro-systems to the macro-world. Molded interconnect de-
vices technologies include insert molding, one-shot molding, and two-shot molding.
Assembly/packaging gains more importance with the growth of complexity and
miniaturization of the products and systems. Although significant progress has
been made in the manufacture of individual micro-components/parts, as well as
MEMS, there is still a significant amount of manual work involved in the assem-
bly/packaging of the micro-products and systems. Assembly of individual technical
components to hybrid micro-systems is often a bottleneck to large-scale production,
which is evident especially in the areas of heterogeneous assembly, online inspec-
tion, and quality control. Integration of micro- and nano-devices through assembly
is still a new area of challenges. A method for achieving electrical and mechanical
interconnects for use in heterogeneous integration has been to combine metal reflow
and a self-aligned, 3D micro-assembly, which allows for the batch processing of a
large number of heterogeneous devices into one system without sacrificing perfor-
mance. Micro-assembly injection molding gives another option for joining plastics
and some inlay parts such as fiber reinforced needles and other elements. The use of
lasers for welding has exhibited tremendous growth over the last decade for
improving efficiency and reducing costs in a broad range of industries for the manu-
facture of both macro- and micro-components. Efforts are continually being made
for better understanding of the processes and for controlling the key parameters
for better quality and efficiency. Online inspection of joint quality is an important
issue for industry. For some micro-devices assembly, there has been almost no effi-
cient online inspection system available for industry to use, and therefore, quality
control was extremely difficult. Another key issue for both MEMS- and
non-MEMS-based manufacturing is the need of effective and efficient gripping
techniques/systems and corresponding manipulation strategies/means for micro-
assembly.

Process Chains and Hybrid Processes: Manufacture of a component/product
often cannot be completed with a single process only: it may involve a process
chain. Better quality and efficiency of the manufacture could be achieved with a
properly defined process chain. This also applies to micro-manufacturing which
often needs several processes to complete a component manufacturing. A typical
example is the combination of plating/coating, chemical etching, and stamping to
make 3D micro-sheet components. If including micro-tooling, the process chain
is extended even longer. Various process chains are possible in order to meet various
design and manufacturing specifications. For example, combining lithographic tool-
ing and injection molding techniques can enable the mass production of micro-
components with various materials such as polymers, metals, and ceramics [66];
and an LIGA process could be improved by fabricating micro-molds with direct
femtosecond laser micro-machining [67]dan approach may lead to practical,
cost-effective 3D MEMS with various materials. Ultraprecision manufacturing of
self-assembled micro-systems is another example of this kind of development,
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which combines ultraprecision micro-machining such as milling, turning, drilling,
and grinding with sacrificial/structural multilayer manufacturing processes to pro-
duce self-assembled, 3D micro-systems and associated meso-scale interfaces
from a variety of materials for MEMS applications [68]. With this process, a new
class of micro-systems could be developed that is highly three dimensional,
precisely machined, and automatically assembled. Rapid fabrication of micro-
components may also be effected with the combination of UV-laser assisted
prototyping, laser micro-machining of the mold inserts, and replication via photo
molding [69] which was found to be able to deal with materials such as polymers
and composites. Another example is equipment development and applications of
the pulsed laser for the micro-machining of large-area polymer substrates with
micro-structures which involve rapid prototyping, bow tie scanning, synchronized
image scanning (mask projection technique), etc. The applications include FPD,
solar panels, superlong inkjet printer nozzles, micro-lenses, diffusing structures
fabrication, etc. [70].

Ideally, a process chain for micro-manufacturing should be short in order to
achieve high efficiency, reduce manufacturing errors, and eliminate unnecessary
handling/transport/packaging of micro-components among different processes.
Hybrid manufacturing processes may take advantage of the merits of individual
micro-manufacturing methods/processes while some of the inherited disadvantages
may be reduced or eliminated, e.g., shortening the process chains [71]. For example,
micro-EDM and laser assembly may be combined to fabricate 3D metal micro-
structures [72]. The system may use a micro-EDM process to fabricate micro-
parts and laser welding to assemble these micro-parts. By such a combination,
increased numbers of the patterns, higher aspect ratios, and higher joint strength
of the micro-structures can be achieved. Another merit is reduction or elimination
of the number of postassembly operations which may involve various efforts in
handling and high-precision positioning. A new technology based on laser transmis-
sion welding, combined with a photolithographic mask technique, enables the as-
sembly of plastic micro-fluidic devices, MOEMS, and micro-arrays which require
high positioning and welding accuracy in the micrometer range [73]. The system
created consists of a diode laser with a mask and an automated alignment function
to generate micro-welding seams with freely definable geometries. A fully auto-
mated mask alignment system with a resolution of less than or equal to 2 mm and
a precise, noncontact energy input allows a fast welding of micro-structured plastic
parts with high reproducibility and excellent welding quality, as reported.
Combining the ECM and EDM, i.e., so-called hybrid ECMeEDM, is another
example of improving the material processing efficiency. In EDM, sparks are needed
(dielectrics), while these are unwanted for ECM (electrolyte, short circuit). The
sparks would be encouraged for combined ECMeEDM with appropriate control.
The applications include the drilling of small holes in hard alloys, wire-
machining removal of metallurgical samples, manufacture of dies and molds, etc.
Other hybrid processes include laser-ECM and electrolytic in-process dressing
(ELID) processes.
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MANUFACTURING SYSTEMS/EQUIPMENT FOR MICRO-
MANUFACTURING
Traditionally, some micro-manufacturing processes (non-MEMS manufacturing)
were often effected with large-scale equipment, such as that for micro-mechanical
machining, micro-EDM, and micro-metal forming. To perform micro-
manufacturing tasks with such equipment, significant efforts have been made to
improve the precision of the machine structures, to compensate for mechanical
and thermal errors, as well as to increase the functionality, resolution, and reliability
of the monitoring systems. The cost paid to achieve these objectives has been very
high, while the resulting equipment is too expensive, which actually limits their
applications.

MINIATURE MANUFACTURING SYSTEMS AND BENCHTOP MACHINES
During the last 20 years benchtop/desktop machines or miniature manufacturing
systems have been gradually developed and introduced to industry. The development
of such machines/systems has attracted a lot of interest from research organizations
and industries. A main consideration is that conventional facilities for
manufacturing miniature/micro-products are not compatible, in sizes, to the prod-
ucts to be made in miniature/micro-manufacturing. Therefore, it is necessary to
reduce the scale of the equipment which could, in turn, reduce the energy consump-
tion and material requirements, reduce pollution, create a more user-friendly pro-
duction environment, reduce equipment cost, etc. At the same time, as the scales
of the machinery and auxiliary equipment are reduced, the mass of the mechanical
parts is reduced dramatically and, as a result, the speed of the manufacturing tools
could be increased, which could result in increase of the production rates. Another
advantageous feature often mentioned is that the force/energy loop and the control
loops are significantly short for small machinery, therefore, the precision of the ma-
chinery could be increased comprehensively. Micro-factories are typical examples
of such facilities.

During the last 20 years several demonstration micro-factories (also called mini-
ature manufacturing systems) have been developed [22,74e76], notably in Japan,
but now a worldwide effort. These systems and machines indicate a trend in the
development of the equipment for micro- and nano-manufacturing. The develop-
ment of a micro-factory itself renders significant challenges to the development of
manufacturing facilities, e.g., stringent requirements on machine elements and as-
sembly, as well as monitoring and inspection. In turn, the development of miniature
machines or micro-machines also promoted the development of a micro-factory,
which has resulted in various new micro-factory concepts [3,22,77]. To date,
many miniature machines/desktop machines have been put on the market, such as
desktop milling machines, EDM machines, injection molding machines, laser-
processing equipment, miniature-forming presses, multiprocess equipment, etc.
Compared to the traditional micro-machine concepts, currently commercially
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available desktop machines are relatively larger but closer to industrial application
requirements [3]. These may be seen as bridging the gap between micro-machines
and conventional, large-scale machines.

Led by the Institute of Product Development (IPU) of Denmark, a miniature
press and flexible tool system was developed for the forming of micro-bulk products
[78,79]. The press is driven by a linear servo motor and is capable of fast and accu-
rate motion. The tool system enables eight different bulk-forming processes to be
carried out by changing only small portions of the tool elements. The precision of
the tool system is crucial due to narrow tolerances on the dimensions of the
micro-components to be formed, which requires the manufacture of die cavities to
within the submillimeters range in diameter and within a few microns in geometrical
accuracy. To match the mass production characteristics of micro-metal forming, a
high-precision and fast handling system is an important part of the system.

A linear motor-driven micro-sheet forming machine system (benchtop machine)
was developed at the University of Strathclyde, UK [80,81], in collaboration with
Pascoe Engineering of Scotland, Tekniker of Spain, and other EU partners. The ma-
chine is capable of a series of micro-sheet forming processes for forming thin-sheet
metal parts with thickness below 100 mm. The machine has capability of up to
800e1000 strokes per minute, a force capacity of 5 KN, and a machine precision
of 2e5 mm, with a modular and flexible setup. The machine is equipped with a
newly designed, linear stage-driven, high-speed feeder which enables a feeding ac-
curacy (thin strips) of less than 5 mm [82]. With properly designed pilot pins
deployed in micro-sheet forming, higher positioning accuracy could be achieved.
Another novel development was to transport the parts directly out of the tooling sys-
tem with a novel part-carrying system [83]. The machine is also equipped with a
force-displacement monitoring system which reads the data directly from the
tooling.

The Institute of Production (IFP) of the University of Applied Science Cologne,
Germany, leads the development of the first generation hydroforming machine for
the forming of miniature/micro-tubular components [84,85]. Hydorforming pro-
cesses have been employed successfully in industry to produce mass products pre-
dominantly relating to lightweight automotive components. The mass production of
such components is, however, limited largely to parts with cross sections of above
about 20 mm width. There was a lack of understanding in the hydroforming of
tubular, miniature/micro-parts [86]. A machine system was developed for the form-
ing of miniature tubes down to 0.8 mm diameter with thickness down to 20 mm. The
applications of the system significantly extends micro-manufacturing capabilities,
especially in the manufacture of hollow-sectioned parts, such as those used in
micro-housings, fluidic devices, lightweight structures in micro-mechanical devices,
etc., which has not been achieved before.

A benchtop, multiple axis machine tool capable of machining intricate 3D geom-
etries in components with nano-scale tolerances has been developed [87,88], led by
Brunel University and Ultra-Precision Motion Ltd of the United Kingdom. The asso-
ciated new series developments include an air bearing slideway and a rotary table
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with improved damping capacity (Patented) and an ultrahigh speed air bearing
spindle (Loadpoint Ltd/Ultra-Precision Motion Ltd of the United Kingdom), a
piezo-driven fast tool servo system and a piezoelectric actuation unit for
vibration-assisted machining (CEDRAT Technologies S.A. of France), new micro-
diamond tools (Contour Fine Tooling Ltd of the United Kingdom), a robotic arm
unit for micro-components/tools handling and management (Carinthian Tech
Research AG of Austria), and a tool and spindle condition monitoring system
(University of Patras of Greece).

MULTIPLE-PROCESS EQUIPMENT
Multiple-process equipment is an ideal solution to implement various process chains
within an integrated platform, which could significantly reduce the number of
component handlings. Another resulting benefit is reduction of the possible accumu-
lation of manufacturing errors. The majority of the equipment/devices developed in
micro-factory or miniature manufacturing systems cannot be classified as multiproc-
ess equipment/devices, since each of these is a stand-alone machine which deals
with a particular process.

The idea of multiple process equipment received very positive response in Asia,
typical developments in this region including the multifunctional micro-machining
equipment developed in one of Chinese universities which was able to perform
several micro-machining operations on the same machine tool [89]dmicro electri-
cal discharge machining (EDM), MECM, micro-ultrasonic machining (USM) as
well as their combination. Using micro-EDM, micro-rods with a diameter of less
than 5 mm were ground on a block electrode, and micro-holes and 3D micro-
structures were obtained. Shaped holes were machined with a combination of
micro-EDM and micro-USM. Another similar multifunctional micro-machining
system was developed in Ibaraki University of Japan, which is capable of micro-
milling, turning, grinding, buffing, polishing, EDM, ECM, laser machining, and
their combinations [90]. The applications included the fabrication of micro-lens
molds. Another development undertaken in National Taiwan University was a
multifunction high-precision tabletop CNC machine [91]. With this machine,
machining processes such as micro-high-speed milling and micro-EDM (die sink-
ing and wire EDM) could be performed on the same machine without need of
unloading, reloading, and readjusting the workpiece for the subsequent operations.
The system was also equipped with an in-process workpiece/features geometrical
measurement system. Micro-electrodes as small as 8 mm in diameter and diam-
eter/slenderness ratios as high as 100 could be achieved. Similar development
was also seen in Singapore [92]da multiprocess miniature machine tool which
included processes such as micro-EDM, MECM, micro-turning, drilling, and mill-
ing, as well as ELID grinding and single-point diamond tool cutting. A micro-
factory as a whole may be seen as a platform that integrates several processes
through several micro-machines on the same platform and hence, is seen as an
item of the multiprocess equipment.
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The EU POLYTUBES consortium developed a common platform integrating
several processes (micro-rolling, micro-hot embossing, micro-blow forming, laser
drilling/trimming) in a form of integrating individual modular machines [77]. The
small machines were linked through a global handle system (robotic manipulator),
aiming at producing polymeric, tubular micro-components, while each of the
modular machines has its own interhandling device that is able to feed the tubes
and to pick up the shaped components. In such a way, each modular machine can
be a stand-alone machine for different applications but can also be integrated onto
a common platform for an integrated process chain. Other advantages are: high
manufacturing flexibilitydthe process combinations can be programmable, there
is high modularity (a highly modular system) and the system is easily reconfigured,
etc.

SUPPORTING TECHNOLOGIES/DEVICES/SYSTEMS FOR
MICRO-MANUFACTURING
Handling and inspection/measurement are still two major features to be taken into
account in micro-manufacturing. Considering handling at the micro-scale, factors
such as gravity cannot be considered as a main force applied to the parts to be
handled. Unwanted surface forces such as van der Waals, electrostatic, and surface
tension forces are dominant at such a scale [93]. The pick-and-place issue has to be
addressed fully, due to adhesive forces existing. In micro-handling, the possible joint
backlash and structural vibration due to link flexibility may have to be controlled at
the level of several microns during automated positioning. Higher care on manipu-
lation and cleanliness are also required. The problems associated with micro-
handling may be well understood, but a key challenge is still handling to match
the high production rates to be deployed with some miniature/micro-manufacturing
machines such as micro-forming machines [94]. This is far more difficult to achieve,
compared to that in a slow assembly/packaging process.

Sensor systems play an important role in many fields of manufacturing. Their ap-
plications in micro-manufacturing such as that in equipment and that for online in-
spection require high levels of accuracy/resolution of the sensors. Data processing
close to the sensors, extracting more information from the directly sensed informa-
tion by signal analysis, system miniaturization, multisensors uses, etc., are the de-
mands to be met [95]. Single-function transducers may now not be sufficient to
meet the needs, and system-based sensors as system components are being intro-
duced: systems containing both sensors, actuators and electronics, are being
developed.

Micro-manufacturing technologies are still being developed, and quality assur-
ance plays an even more important role in order to efficiently support the transition
of micro-production processes from nonrobust to stable processes [96e100]. Qual-
ity assurance faces particular challenges at the production leveldsome common
quality methods for macro-length scale manufacturing may be difficult or even
impossible to be applied/implemented. The need for the development of the
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technologies and systems for dimensional metrology at different length scales and
integrating them is evident. As critical dimensions are scaled down for both compo-
nents and manufacturing machines/tools, and the geometrical complexity of the ob-
jects increases, the available technologies and systems may not be able to meet
current and development needs [101e103]. New measuring principles and instru-
mentation, tolerancing rules and procedures as well as traceability and calibration,
etc., are being developed for micro- and nano-manufacturing. 3D measurement tech-
nologies that enable fast, accurate measurement of solid shapes in the submicron and
even nanometer region are also being developed [104,105]. Providing all possible
measuring means available and integrating them into a flexible system to allow users
to deal with different inspection requirements in micro- and nano-manufacturing
could be a solution to meet various manufacturing needs. Current, significant inter-
est and effort in developing micro- and nano-metrology will significantly help
further the development of micro- and nano-manufacturing technologies and pro-
duction systems.

DESIGN CONSIDERATIONS AND MATERIAL FACTORS
DESIGN CONSIDERATIONS
Design of products for micro-manufacturing needs to address production issues
fully, compared to the prototype products based on micro-technologies. High
volume production of micro-components should be a target for the design for
micro-manufacturing. When these products are designed, not only will functional
requirements need to be considered but also micro-manufacturing related factors
will have to be taken into account. This is because, as briefly described above,
manufacturing these products renders more significant challenges, compared to
the manufacture of macro-products. The following are some typical issues to be
addressed at the design stage:

• Overall dimensions of the parts/products: overall dimensions of a part/product,
such as diameters, widths, lengths, and thicknesses, are very much constrained
by the overall capabilities of the processes and manufacturing facilities (ma-
chines, handling devices, tools, etc.). Both the maximum and the minimum
dimensions are the parameters to be checked with reference to the
manufacturing system’s capabilities. Complexity around dimensional scale is-
sues is a dominant factor in micro-/nano-manufacturing. The question often
asked may be how small a part can be dealt with rather than how large a part can
be handled.

• Part/component local features: design of local features, such as hole/pocket radii
and aspect ratios, widths/depths of channels or aspect ratios, wall thickness, area
reductions, density of the local features, will be largely constrained by the
processing capability in micro-/nano-manufacturing, especially those features
relying on the uses of tools such as replicating processes. There is also the factor

20 CHAPTER 1 Overview of Micro-manufacturing



of the relevant grain sizes of the material to be used. The local features will not
only determine the tool geometry, but will also affect the stiffness/rigidity of the
part/product structures, and hence, affect the manipulation of the part/product.
The manufacture of local features spread over a large area also renders chal-
lenges to many micro-manufacturing processes and equipment, even not
mentioning nano-manufacturing.

• Shape capability: shape capability considers the capability/limitation of a
manufacturing process in dealing with the shapes to be produced. For example,
a lot of processes are only able to deal with 2D/2.5D shapes, while making 3D
shapes may need much more significant effort in respect of such as new pro-
cesses and expensive equipment. Rotational symmetry is probably favorite for
micro-extrusion, for example, considering the effects of grains and grain sizes
on the process. Any asymmetry may bring in difficulty in controlling the quality
in micro-shaping. Excessive material accumulation, large reductions in area,
and sudden changes of the sections should also be avoided in forming/shaping.
Others include the design of the draft for the workpiece for micro-forging,
permitted drawing ratios and profiles of the drawn products in micro-sheet
forming, etc. Conventional rules on shape capability of manufacturing may not
be applicable to micro-manufacturing largely due to size effects needing to be
considered and limitations to the tool shapes that can be produced.

• Tolerance and surface quality capability: the design of a macro-product would
(expect) require the designer to consult handbooks/standards before specifying
a grade of tolerance and surface quality requirements. Design for micro-
manufacturing may not be as straightforward as the design of a macro-product.
Standards on manufacturing tolerances for design for micro-manufacturing,
especially for non-MEMS-based manufacturing, have not been established
fully, while most of the data are “in-house” determined/used. The designer may
have to consult with the manufacturing engineers who are responsible for
manufacturing using their own manufacturing capability.

• Material capability: selection of a material for micro-manufacturing will be
constrained largely by the availability of the material for volume production,
due to the limited number of suppliers operating in this field currently, although
the trend is improving, such as that happening with nano-material suppliers, the
number of which have increased significantly, recently. New study/qualification
of material properties may be needed if the material suppliers are not able to
provide the material data relevant to micro-manufacturing, such as size effects
and material property descriptions. The properties will have to be qualified for
design uses, with consideration of size effects, and these have to be available
with inclusion of mechanical, thermal, electrical, and magnetic properties, as
appropriate, others including bio- and chemical compatibility, hydrophilic and
hydrophobic properties, etc. Grain sizes of the material to be selected must also
be known for most of the micro-manufacturing processes. Ultimately, the
designer has to know which processes are most suitable for the materials
selected, or which materials are most suitable for the available processes, etc.

Design considerations and material factors 21



• Part/component material properties after processing: the involvement of large
plastic deformations, damage, and possibly, significant temperature rise locally
and thermal stresses during mechanical and thermal processes, which, very
likely, will result in alteration of the material properties after processing, need to
be considered. The micro-part/component material properties will play signif-
icant roles in determining part/component performance under working condi-
tions than that for macro-components, such as those used in micro-sensors and
medical implants. Part/component design is, therefore, constrained by the
applicability of certain micro-manufacturing processes, e.g., chemical and high-
temperature processes, due to considerations of possibly adverse effects on the
material properties.

• Characteristics of volume production: the design should also address significant
characteristics of volume production in micro-manufacturing. Prototyping in a
lab-scale is significantly different from manufacturing the products in a
production-scale. Achievable/targeted production yield, which is prescribed
largely by the capability of the processes, machinery, tools, and auxiliary
equipment, will have an influence on the selection of the materials for the
manufacturing and design of the part/component and their features. Among
those factors, handling the parts/components and interactions with tools are
particular concerns that should be taken into account at the design stage.

• Manufacturing cost: Manufacturing cost is a major issue to be addressed. This is
largely because micro-manufacturing often involves high investment in facil-
ities and human resources and low product quantity requirements from each
customer. Many factors prescribe the manufacturing cost, and a balance,
however, will have to be maintained between the feasible reduction of the cost
for core processes and the cost involving the use of auxiliary processes. Some
sophisticated geometry and tight tolerances may not be achievable solely with a
single process, and using a process chain which may involve various processes
is often inevitable. The designer has to be aware of how the design specifications
will impact on the planning for the manufacturing chains. He/she has to realize
that the cost for tooling for some micro-manufacturing processes may be very
high. A comparison among available manufacturing processes/chains and even
involving supply chains may be needed, even at the design stage.

• Synthesis factors: Design synthesis may be conducted by considering all of the
factors discussed above. The results can be a basis for design optimization.
Strong dependences of the component/part design on the manufacturing pro-
cesses in micro-manufacturing suggest that design iterations and interactions
with manufacturing personnel are often inevitable and necessary.

The design of micro-products is still a challenging task due to lack of sufficient
standards, design/manufacturing rules, and understanding of the manufacturing
processes theirselves. There is also lack of effective software to support the design
activities. Incorporating size effects into conventional design and analysis software
and/or developing domain-specific design and analysis tools (software) will help to
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improve the situation. Modeling for different length scales such as micro-mechanics
modeling and molecular dynamics modeling, and multiscale modeling, and integra-
tion of these into commercial software, are urgent needs for design for micro-
manufacturing. Some of these will be mentioned in several chapters of this book.

MATERIAL FACTORS
Material properties have much more significant impact on the design/planning for
micro-manufacturing, compared to that in macro-manufacturing, which, for
example, is reflected in the following aspects:

• Size effects on mechanical, thermal, electrical, magnetic properties, bio- and
chemical compatibility, hydrophilic and properties, etc., need to be understood,
and some of these may be significantly different, compared to the material
behavior in the macro-scale.

• As a consequence of the above, the mechanisms of material conversion processes
(separation, deformation, joining/deposition chemically and physically) will be
different or affected, as well as interactions between the materials and pro-
cessing tools (for tool-based processes).

• As a consequence of the above, selection of the means for enabling material
convention processes will be affected, the considerations involved including
effectiveness and efficiency and the effects on the material properties of the pro-
cessing methods (mechanical, chemical, thermal, electric-chemical method, etc.).

• Grain and grain boundaries, which may have less impact on the material con-
version processes in macro-manufacturing, will have more significant impact on
the material conversion mechanisms as the dimensional scale goes down and the
sizes of the grains become more relevant, such as their influence on interfacial
friction and the dislocation of grains and damage. This is particularly relevant in
mechanical material conversion processes.

• Emphasis on the importance of the material-related issues in micro-
manufacturing is also due to, currently, lack of sufficient, effective means for
qualifying some material properties in the micro-scale, and hence, insufficiently
understanding these.

In design and planning for micro-manufacturing, special attention should be
given to the micro-structures of the materials, such as grain sizes, grain boundaries,
precipitations, and intermetallics as second-phase particles and their size and distri-
bution in multicrystalline structures, in relation to the sizes of the micro-products/
features (less than 1 mm in dimension). Developing new materials and increasing
the volume of the materials available for particular micro-manufacturing processes
are needed: otherwise, micro-manufacturing will be constrained significantly by the
limited number of materials that can be processed in the micro-scale with the
required quality and efficiency. A typical example is that the type of the materials
usable in micro-replication/forming processes is quite limited by the material flow
ability, strength, hardening, and surface adhesion behavior. For volume production,
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fine grains and high plastic flow ability of the material, either at room temperature or
at elevated temperature, are preferred.

The following are some examples of the materials used in micro-manufacturing:
materials with finer grain sizes; materials alloyed with elements of high purity
grades; modification of surface roughness, e.g., laser defined micro-structured sur-
faces; materials with defined strain-hardening characteristics; materials originating
from galvanic processes; single-crystal materials with a mono-crystalline structure;
materials produced by thin-wire processing, e.g., bond wires for micro-electronics;
materials produced by thin foil precision cold rolling; materials with special coat-
ings; materials with total or selective plating of strips; materials for thin films
coating; materials for the roll cladding of strips; etc.

DEVELOPMENT AND UTILIZATION STRATEGIES OF
MICRO-MANUFACTURING TECHNOLOGIES
A series of methods and technologies have been developed in the micro-
manufacturing field and the trend will continue. These methods and technologies
are, mostly, materials and products oriented. This is particularly the case for
manufacturing, since many particular considerations need to be taken into account
in the manufacture of micro-products, as discussed in previous sections. As far as
a method and technology developer is concerned, it is particularly important to un-
derstand how the end-users assess the methods and technologies developed, and how
a decision is made on the selection and utilization of the manufacturing methods and
technologies, even when the product manufacturing requirements are known. Since
significant knowledge gaps still exist, especially for those emerging micro-
manufacturing technologies, plus significant lack of standards and manufacturing/
production guidelines, selecting an appropriate technology/process for the manufac-
ture of a particular micro-product may not be a straightforward task.

In some cases, to have a clear view on issues such as the competitiveness of the
technologies and the unpredictability of the technological development is not easy to
achieve, while the issues relating to possible manufacturing difficulties and institu-
tional change needs are particularly important to an industry. Similarly, life cycle
assessment methods may be introduced to the assessment of emerging technologies
such as micro-/nano-manufacturing technologies, e.g., assessment of the impact on
the environment (eco-efficiency improvement) which may consider materials, pro-
duction, uses, and disposal, possibly taking future changes into account. Other
methods for assessing micro-manufacturing methods and technologies are also
possible, each of which may be focused on particular issue such as scientific and
technological issues, collaborative issues, etc.

Assessment of the emerging technologies to be utilized with a view to fully
understanding the implication and impact on the business is very important. Expe-
rience should be learnt from previous cases in the MEMS field which saw that some
enterprises were struggling to survive or disappeared from the business. A business
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built on immature prototype designs and products with low volumes always takes a
risk. Micro-/nano-manufacturing, at the moment, may still be an expensive business
which is characterized by high investment in resources (facilities, knowledge, and
skills) and often by low volume production and lack of a complete business chain
locally. Decision-making on the development or utilization of the technologies
should take these factors into account, together with other technological issues,
such as dealing with multimaterials, small geometries, increased and complex func-
tionalities of products, etc.

The following aspects should be particularly looked at strategically, in relation to
the strategies of the development and utilization of micro-manufacturing methods
and technologies:

Manufacturing and supply chains: The development of micro-manufacturing
technologies largely depends on the demands and enthusiasm from industry. The
industry’s decision is influenced significantly by the perspectives of new business
to be brought or improvement which could be made to the existing business. Besides
the efforts in developing individual manufacturing technologies, completing
manufacturing chains and providing industry with flexibility to optimize the
manufacturing chains are also very important. This is not just because significant
numbers of micro-parts/components often cannot be produced/completed with a sin-
gle technology alone but also because an optimized manufacturing chain may result
in better quality and efficiency. Since no single technology could claim to be domi-
nant, a possible solution to the industrial applications of micro-manufacturing is to
provide various technologies and means for the industry to be able to effectively and
efficiently form the required process chain(s), with lower cost. Completing supply
chains for micro-manufacturing-based business is another important issue to be
addressed. Forming effective micro-manufacturing business chains is often affected
by the lack of the required material and high-quality tool supply, as well as auxiliary
facilities such as that for inspection and testing, although demands on micro-parts/
components is highly evident. Without complete and efficient and manageable sup-
ply chains, a sustainable micro-manufacturing industry cannot be established. Stra-
tegic efforts should be made to complete manageable micro-manufacturing supply
chains regionally and/or globally.

Advanced methods and systems for supply chain management for the semicon-
ductor industry, and the micro-electronics manufacturing industry in general, are
mature and have been applied to the industry widely. These have not been developed
exclusively for addressing the emerging micro-manufacturing industry. One of the
main challenges also results from the fact that significant numbers of enterprises
in micro-manufacturing are small and only of a short time in business, etc. Devel-
opment in material and production planning with good knowledge of cost implica-
tions is insufficient for emerging micro-manufacturing, including lack of advanced
material resource planning (MRP) systems exclusively for micro-manufacturing.
The lack of standards exclusively for micro-products, materials, manufacturing
methods and technologies also makes management of the supply chains more diffi-
cult. Good strategies are needed for marketing and financing, considering the nature
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of micro-manufacturing for a new business. Attention should also be paid to the
recycling and reusing of micro-manufactured products and materials.

Integration with other manufacturing activities/sectors: a good solution for
fostering a micro-manufacturing industry may be to have some other business to be
associated with or to give support to the micro-manufacturing, at an early stage of
the development. There are two considerations. First, micro-manufacturing cannot
be an isolated activity and it should be an efficient means for linking macro- and
nano-manufacturing. There will only be limited impact from nano-manufacturing if
it is not effectively integrated with micro-manufacturing. It is the same for micro-
manufacturingdeffectively building micro-systems or integrating results from
micro-technologies and science, into macro-systems, will be a key measure to the
success of micro-manufacturing. Second, development of new micro-manufacturing
business needs strong backing from successful business in macro-manufacturing,
technologically and financially. Currently, significant numbers of business and
research activities in micro-manufacturing are actually transformed from macro-
manufacturing, which has helped the development of micro-manufacturing tremen-
dously. More attention should, however, be paid to the issues associated with the
micro-world for which some methods and technologies cannot be simply “scaled
down” from the macro-world.

The micro-/nano-manufacturing industry may still be small, compared to other
industries, such as automotive, aerospace, health care, etc. However, it will be play-
ing significant roles in driving other industries to a new level. These may be reflected
in the following aspects:

• Traditional industry needs breakthrough/transformation/improvement, consid-
ering significant competition and demands on the new products and higher
quality. Achieving these cannot rely on organizational measures only, but also
requires, significantly, technological measures. Research and technological
development in micro-/nano-manufacturing is one of most promising areas that
could deliver the required solutions.

• Research in developing new micro-/nano-materials will meet many material
challenging issues faced in the traditional materials and manufacturing indus-
trydan area in which currently, significant competition exists.

• Manufacturing process concepts evolved in micro-/nano-manufacturing
research will significantly change/update traditional manufacturing concepts in
terms of effectiveness and efficiency, these being due to the need of better
understanding and control of the manufacturing processes as well as due to the
new way in which the products are manufactured in micro-/nano-
manufacturing. No matter which length scale is to be dealt with, the process
development in micro-/nano-manufacturing is of general significance to all
length scale manufacturing.

• To be able to meet much more stringent requirements in tool fabrication for
micro-/nano-manufacturing will deliver new knowledge and enabling tech-
niques for the whole tool industry, which will better equip the traditional tool
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industry for meeting new challenges and competition. Typical examples include
tool dimensional precision and surface quality, tool material performance, etc.

• New manufacturing machine and system concepts, such as benchtop, miniature,
micro-machines and systems, will have significant impact on all manufacturing
sectors in design, fabrication, and use of the machines, in relation to the per-
formance, impact on users and environment, energy saving, etc.

• Micro-/nano-technology products designed and/or prototyped in other sectors
may have to be brought to the market in order to have real impact/economical
gainsdMicro-/nano-manufacturing is a sector to make it happen.

Technological performance/maturity level: Compared to macro-manufacturing,
one of the difficulties in assessing the technological performance/competitiveness of
a micro-manufacturing process and the equipment lies in the significant number of un-
certainties existing. Capabilities on material, geometry, tolerance, production rate,
ease to link with other processes and equipment, etc., are often difficult to be defined
in general terms, as these are often affected by many factors, as described in several
sections of this chapter. The strong material, dimensional, and environmental depen-
dence in micro-manufacturing, including the skills of the workers, makes comparison
of different processes and equipment very difficult to achieve. Nevertheless, the
following aspects should be examined in terms of assessing the technological perfor-
mance and maturity level of a micro-manufacturing process and equipment:

• Geometry associated performance: achievable overall dimensions, feature
geometry, tolerances, surface finish, possibility for length scale integration
manufacturing, etc.;

• Material-associated performance: type of the materials processable, material
property requirements/constraints (e.g., micro-structures and surface integrity),
postprocessing requirements, etc.;

• Production-associated performance: yield, reliability, scalability, online/in-
process monitoring/inspection ability, ease for integration into process chains,
dependence on the skills/environment, impact on the environment, etc.;

• Cost factors: all costing items including those for auxiliary processes and
equipment (e.g., that for handling, assembly/packaging, cleaning, etc.).

Other issues: besides a series of activities such as economic analysis, decision
analysis, technological forecasting, information monitoring, risk assessment, market
analysis, and externalities/impact analysis, etc., education and training is important
for a micro-manufacturing industry. This is needed largely due to micro-
manufacturing being generally a knowledge-intensive business.
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[76] Tuokko R, Järvenpää E, Heikkilä R, Nurmi A. Micro and desktop factories for micro/
meso-scale manufacturing applications and future visions. Appl Mech Mater 2013;
289:1e12.

[77] Qin Y, Perzon E, Chronakis I, Calderon I, Konrad K, Hartl C, et al. Process chain and
POLYTUBES micro-factory concept. In: The 8th int. conf. on micro-manufacturing,
Victoria, Canada; March 2013. p. 211e8.

[78] Arentoft M, Eriksen RS, Hansen HN, Paldan NA. Towards the first generation micro
bulk forming system. CIRP Ann Manuf Tech 2011;60(1):335e8.

[79] Mahshid R, Hansen HN, Arentoft M. Characterization of precision of a handling system
in high performance transfer press for micro forming. CIRPAnn 2014;64(1):497e500.

[80] Qin Y, Ma YL, Harrison C, Brockett A, Zhou M, Zhao J, et al. Development of a new
machine system for the forming of micro-sheet-products. Int J Material Form April
2008:1e4. http://dx.doi.org/10.1007/s12289-008-0098-9.

References 31

http://dx.doi.org/10.1007/s12289-008-0098-9


[81] Qin Y, Razali AR, ZhouM, Zhao J, Harrison C, NawangW. Dynamic characteristics of a
micro-sheet-forming machine system. Key Engng Mater 2012;504e506:599e604.

[82] Razali A, Qin Y, Zhao J, Harrison C, Smith R, Eguia J, et al. A newly developed high-
precision feeder for micro-sheet-forming. J Manuf Sci Engng Trans ASME December
2012;133(6). p. 061025e1 to 7.

[83] Zhao J, Brockett A, Razali A, Qin Y, Harrison C, Ma Y. Micro-sheet-forming and case
studies. Steel Res Int September 2010;81(9). In: 13th int. conf. on metal forming,
Toyohashi, Japan; 1185e88.

[84] Hartl C, Lungershausen J, Eguia J, Uriarte G, Lopez Garcia F. Micro hydroforming
process and machine system for miniature/micro products. In: Proc of int conf 7th
euspen, Bremen, vol. 2; 2007. p. 69e72.

[85] Hartl C, Anyasodor G. Experimental and numerical investigations into micro-
hydroforming processes and machine design. In: Proc. of the 13th int. conf. on metal
forming, Toyohashi, Japan; 2010. p. 1193e6.

[86] Hartl C, Anyasodor G, Lungershausen J. Formability of micro-tubes in hydroforming.
In: Proc. of int. EASEFORM conf., Belfast; 2011. p. 529e34.

[87] Huo D, Cheng K. Design of a 5-Axis ultraprecision micro milling machinee ultramill:
part 1: holistic design approach, design considerations, and specifications. Int J Adv
Manuf Tech April 2010;47(9e12):867e77.

[88] Huo D, Cheng K. Design of a 5-Axis ultraprecision micro milling machinee ultramill:
part 2: integrated dynamic modelling, design optimization and analysis. Int J Adv
Manuf Tech April 2010;47(9e12):879e90.

[89] Jia BX, Wang ZL, Hu FQ, Li XH, Zhao WS. Research on multifunctional micro
machining equipment. In: Materials science forum. Adv. in mater. manuf. sci. and
tech, vols. 471e472; 2004. p. 37e42.

[90] Zhou LB, Yaguchi Y, Fujii T, Shimizu J, Eda H. Development of a multifunctional
micro-machining system and its applications. Key Engng Mater 2003;238e239:3e8.

[91] Liao YS, Chen ST, Lin CS. A multi-function high precision tabletop CNC machine for
making micro-parts developed in National Taiwan University. In: Proc. of the 1st
ICOMM; September 2006. p. 48e52.

[92] Rahman M, Lima HS, Neo KS, Senthil Kumara A, Wong YS, Li XP. Tool-based nano-
finishing and micromachining. J Mats Proc Tech 2007;185(1e3):2e16.

[93] Sanchez-Salmeron AJ, Lopez-Tarazon R, Guzman-Diana R, Ricolfe-Viala C. Recent
development in micro-handling systems for micro-manufacturing. J Mats Proc Tech
August 30, 2005;167(2e3):499e507.

[94] Sanchez AJ, Ricolfe C. A flexible packaging station for micro-bulk-forming applica-
tions based on a standard carrier. Int J Adv Manuf Tech 2012;61(5e8):529e36.

[95] Hauptmann PR. Selected examples of intelligent (micro) sensor systems: state-of-the-
art and tendencies. Meas Sci Tech March 1, 2006;17(3):459e66.

[96] Fleischer J, Lanza G, Schlipf M, Behrens I. Quality assurance in micro production.
Microsyst Technol June 2006;12(7):707e12.

[97] Hansen HN, Carneiro K, Haitjema H, De Chiffre L. Dimensional micro and nano
metrology. CIRP Ann Manuf Tech 2006;55(2):721e43.

[98] Tosello G, Hansen HN, Gasparin S. Applications of dimensional micro metrology to
the product and process quality control in manufacturing of precision polymer micro
components. CIRP Ann Manuf Tech 2009;58(1):467e72.

[99] Qian J, Wang J, Ferraris E, Reynaerts D. A holistic approach for zero-defect micro-
EDM milling. Proc IEEE Int Sympo Assembly Manuf 2013:226e9.

32 CHAPTER 1 Overview of Micro-manufacturing



[100] Gasparin S, Tosello G, Hansen HN, Islam A. Quality control and process capability
assessment for injection-moulded micro mechanical parts. Int J Adv Manuf Tech
2013;66(9e12):1295e303.

[101] Fleischle D, Lyda W, Mauch F, Osten W. Optical metrology for process control:
modeling and simulation of sensors for a comparison of different measurement
principles. Proc SPIE Int Soci Opt Engng 2010;7718. Article number: 77181D.

[102] Li Y, Su R, Hedlind M, Ekberg P, Kjellberg T, Mattsson L. Model based in-process
monitoring with optical coherence tomography. In: 1st CIRP global Web conf.: inter-
disciplinary research in production engineering, CIRPE 2012 Procedia CIRP 2012;
2(1):70e3.

[103] Moylan SP, Damazo B, Donmez MA. Implementation of a metrology frame to
improve positioning of MICRO/MESO-scale machine tools. Trans NAMRI SME
2009;37:573e80.
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INTRODUCTION
The emergence of miniature and micro-products and components is increasingly
demanding the production of parts with dimensions in the range of a few tens of
nanometers to a few millimeters. Micro-/nano-cutting is one of the key technologies
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to enable the realization of micro-products, while a great many micro-manufacturing
processes have been developed.

In this chapter, micro-/nano-cutting is defined as the fabrication of miniature
and micro-components using geometrically defined cutter edges. Typical micro-/
nano-cutting operations include micro-milling, micro-turning, micro-drilling, and
micro-grinding.

Similarly to the conventional cutting operation, in micro-/nano-cutting, the sur-
face of the workpiece is mechanically removed using tools, but the depth of cut is
normally at the level of a micrometer or less. As the unit removal size decreases,
issues of tool cutting edge geometry, grain size, orientation, etc., considered to
have little or no influence at larger scales, become dominant factors with strong
influences on the resulting machining accuracy, surface integrity, and quality of
the machined component [1]. In this chapter, therefore, emphasis is placed on the
issues that prevail in micro-/nano-cutting, which is essentially different from the
conventional cutting process. Furthermore, the chapter focuses on the precision
machines for micro-/nano-cutting and the application of the process in various fields.

FUNDAMENTALS OF THE MICRO-/NANO-CUTTING PROCESS
While the mechanisms of conventional cutting are well established, micro-/nano-
cutting mechanics and the associated intricate issues are less well understood. The
depths of cut involved are several orders of magnitude smaller than those of conven-
tional cutting, so that it is necessary to examine closely the micro-/nano-cutting pro-
cess. Unlike conventional machining, where shear and friction dominate, micro-/
nano-cutting may involve significant sliding along the flank face of the tool due
to the elastic recovery of the workpiece material. The effects of plowing may also
become important due to the large effective negative rake angle resulting from the
tool edge radius. In addition, the subsurface plastic deformation and the partition
of thermal energies may also be quite different from those of traditional cutting
[2]. This section discusses the fundamentals of the micro-/nano-cutting process.

SPECIFIC ENERGY AND CUTTING FORCE
Specific energy and cutting force are important physical parameters for understand-
ing cutting phenomena, as they clearly reflect the chip removal process. As shown in
Figure 1 [3], the specific energy generally increases with the decreasing depth of cut,
within the range from 10 nm to 20 mm. This is because the effective rake angle will
increase as the depth of cut decreases, and the larger the rake angle the greater the
specific energy. This phenomenon is often called the “size effect.”

Micro-/nano-cutting is also characterized by the high ratio of the normal to the
tangential components of the cutting force, as shown in Figure 2 [3], that is, the
resultant cutting force becomes closer to the thrust direction when the depth of
cut becomes smaller. Since the depth of cut is very small in micro-/nano-cutting,
the workpiece is mainly processed by the cutting edge and compression will thus
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become dominant in the deformation of the workpiece material, which will result in
larger friction force at the tool/chip interface and consequently in a greater cutting
ratio. This indicates a transition from the shearing-dominated process in conven-
tional cutting to a plowing-dominated process in micro-/nano-cutting.

MINIMUM CHIP THICKNESS AND CHIP FORMATION
The definition of minimum chip thickness is the minimum undeformed chip thick-
ness below which no chip can be formed stably.

Figure 3 shows the chip formation with respect to the chip thickness [4]. In
Figure 3(a), where the uncut chip thickness, h, is smaller than the minimum chip
thickness, hc, only elastic deformation results and no workpiece material will be
removed by the cutter. When the uncut chip thickness approaches the minimum
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chip thickness, as shown in Figure 3(b), chips will be formed due to the shearing of
the workpiece. However, since elastic deformation still exists, the removed depth is
generally smaller than the desired depth. If the uncut chip thickness is larger than the
minimum chip thickness, as shown in Figure 3(c), elastic deformation is signifi-
cantly reduced and results in the removal of the entire depth of cut as a chip.

Due to this minimum chip thickness effect, the micro-/nano-cutting process is
affected by two mechanisms: chip removal (h > hc) and plowing/rubbing
(h < hc). From a practical point of view, the minimum chip thickness is a measure
of the extreme machining accuracy attainable because the generated surface rough-
ness is mainly attributed to the plowing/rubbing process when the uncut chip thick-
ness is less than the minimum chip thickness. The extent of plowing/rubbing and the
nature of the micro-deformation during plowing/rubbing contribute significantly to
increased cutting forces, burr formation, and increased surface roughness. There-
fore, knowledge of the minimum chip thickness is essential in the selection of appro-
priate machining conditions [5]. Ikawa et al. [6] obtained an undeformed thickness
on the order of a nanometer, as shown in Figure 4, by a well-defined diamond tool
with an edge radius of around 10 nm.

The minimum chip thickness depends on the cutting edge radius, workpiece ma-
terial, and the micro-cutting of steel. For example, Vogler et al. [7] conducted finite
element (FE) simulation of the micro-cutting of steel, finding that the minimum chip
thickness is 20% and 30% of the cutting edge radius for the pearlite and ferrite,
respectively. However, Shimada et al. [8] observed that the minimum chip thickness
can be around 5% of the cutting edge radius for the cutting of copper and aluminum,
through molecular dynamics (MD) simulation.

DUCTILE MODE CUTTING
The machining of brittle materials such as germanium, silicon, and optical glasses at
a large depth of cut in conventional cutting has a tendency to generate a rough sur-
face and subsurface cracking. As a result, the machining of brittle materials is nor-
mally achieved using conventional processing techniques such as polishing.
However, intricate features, the surface finish quality of the workpiece produced,

FIGURE 3

Schematic diagram of the effect of the minimum chip thickness.
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and a greater material removal rate of processing demand an effective means for the
fabrication of brittle materials.

There is a transition in the material removal mechanism of brittle materials, from
brittle to ductile, when the depth of cut decreases [9]. Based on this feature, cutting
in a ductile mode below the critical depth of cut has been attempted with the aim of
obtaining a good surface finish and an uncracked surface. Since the chip thickness in
micro-cutting can be of the order of the critical depth of cut, micro-cutting can serve
as a novel means of fabricating unique features with brittle materials that are not
achievable by polishing or other techniques [1].

The results of many research studies indicate that the tool geometry and the cut-
ting conditions are two major factors affecting the value of the critical depth of cut. It
was found that the critical depth of cut increases with the increase of the cutting ve-
locity and the negative rake angle [10,11]. However, it is difficult to achieve ductile
mode cutting with a greater feed rate, as shown in Figure 5 [12].

EFFECT OF WORKPIECE MATERIAL MICRO-STRUCTURE
The crystalline grain size of most workpiece materials is of the same order as the
depth of cut in micro-cutting, so that chip formation normally takes place by the
breaking up of the individual grains of a polycrystalline material. Most polycrystal-
line materials are thus treated as a collection of grains with random orientation and
anisotropic properties [1]. The crystalline graphic orientation affects the chip forma-
tion, the surface generation, and the variation of the cutting forces [13]. There is a

(a) (b)

FIGURE 4

Scanning electron micrographs of chips generated from nanometric cutting; (a) thickness of

chip 1 nm; (b) thickness of chip 30 nm.
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distinct difference between micro-cutting and conventional cutting, where the mate-
rial can be treated as isotropic and homogeneous. To et al. [14] obtained the effects
of the crystallographic orientation and the depth of cut on the surface roughness by
conducting the diamond turning of single-crystal aluminum rods, as illustrated in
Figure 6.

(a) (b)

FIGURE 5

Silicon surfaces machined at a cutting speed of 90 m/min and a depth of cut of 1 mm: (a)

feed rate of 0.4 mm/min (ductile mode cutting) and (b) feed rate of 1 mm/min (brittle mode

cutting).
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FIGURE 6

The effects of the crystallographic orientation and the depth of cut on the surface roughness.
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MODELING THE MICRO-/NANO-CUTTING PROCESS
In the past, extensive cutting tests were performed to understand cutting mechanics
and optimize various cutting process variables. However, it is difficult to investigate
the micro-/nano-cutting process solely by the experimental approach due to the sub-
stantial cost of micro-tooling, the required careful preparation of samples, and the
considerable amount of testing involved on machine tools, which is both time
consuming and expensive. Furthermore, the in-process observation and accurate
measurement of results are also very challenging.

The micro-/nano-cutting process is very complex because of the size effect,
elastic/plastic deformation and fracture with high strain rates, and varying material
properties during the process. Analytical modeling is thus considered extremely
difficult at the current level of understanding of material behavior. Most analytical
modeling efforts are based on kinematics from empirical observation combined
with classical cutting models at the macro-level. The applicability and accuracy
of these models are subject to many limitations [1].

Although analytical models involve many assumptions, the numerical modeling
of micro-/nano-cutting provides a powerful tool to assist scientific understanding of
the process. Using numerical models, the effects of various cutting conditions can be
obtained easily and effectively while undertaking less expensive experiments. FE
modeling (FEM) and MD modeling are two popular numerical modeling and simu-
lation techniques for micro-/nano-cutting. More recently, multiscale modeling
methods based on combining FEM and MD have emerged to overcome the disad-
vantages of each method and to enable the simulation of the cutting process more
realistically.

In the following subsections, details of these key modeling methods of micro-/
nano-cutting are discussed, with examples presented from published research work.

FE MODELING
The FE method is based on the principle of continuum mechanics, in which mate-
rials are defined as continuous structures and the effects of micro-constituents
such as crystal structure, grain size, and interatomic distances are ignored. In an
FE model, only the value of the variables of nodes can be obtained exactly between
the nodes, the values of the variables are determined by interpolation [15]. Hence,
the number of nodes and the distances between the nodes are selected based
on the required calculation accuracy.

The application of FE simulation to the cutting process provides an effective
means to understand the mechanics and characteristics of the cutting process. A
typical FE cutting model is shown in Figure 7 [15], where the workpiece is fixed
and the tool is in motion. During cutting simulation, the interaction of nodes be-
tween the interface of the workpiece and the tool is transferred to other nodes of
the workpiece. The interactions between nodes can be described by three kinds
of FE formulation: Lagrangian formulation, which requires a remeshing algorithm
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or a chip separation criterion to form the chip; Eulerian formulation, which needs a
prior assumption of a chip shape; and arbitrary Lagrangian Eulerian formulation.
For the description of large plastic deformation and large strain rate of a material
during the cutting process, the well-known JohnsoneCock formulation is often
used.

The application of the FE method in cutting has been attracting a lot of research
interest since the 1970s. Although micro-cutting could be significantly different
from conventional cutting, the governing principles, e.g., plasticity and tool/chip
tribology, should remain but be heavily subject to the size effect [16]. According
to these principles, various aspects in the micro-cutting process have been investi-
gated using the FE method, which include the following:

• Material removal and chip formation;
• Effects of tooling geometry and process parameters;
• Effects of material micro-structure;
• Residual stress in micro-cutting.

Moreover, some research areas that usually are conducted by MD have been
recently investigated with FE method, such as:

• Influence of workpiece crystallographic orientation on the cutting and thrust-
specific energies of the process.

• Size effect and minimum cutting thickness.
• Temperature of tool tip and workpiece.

MD MODELING
MD simulation is a well-established methodology for detailed microscopic
modeling at the molecular scale. It is based upon a model of the molecules of
the matter or system concerned, according to their atomic structure. Potential
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FIGURE 7

An illustration of a finite element modeling cutting model.
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functions are used to describe the molecular interactions, and the interatomic
forces can be derived from the differentiation of the potential function. The mo-
tions of individual atoms are usually assumed to be governed by Newton’s second
law. The numerical solutions to the motion equations give the trajectories of the
atoms, which can be used to determine the macroscopic static and dynamic char-
acteristics of the system.

In the late 1980s, a research group in Lawrence Livermore National Laboratory
(LLNL) started the MD simulation of the diamond turning of single-crystal copper
[17]. Since then, MD has been successfully applied to a variety of phenomena in mi-
cro-/nano-cutting.

A typical nanometric cutting MDmodel is shown in Figure 8 [8], which was used
to study the feasibility of ultimate accuracy of micro-cutting by Shimada [8]. The
model consists of a workpiece and a rigid diamond tool. In the model, the two layers
of atoms in the left side of the workpiece and the bottom of the work material are
kept fixed, and a thermostat zone is applied to conduct away the heat generated in
cutting region. The temperature of the thermostat atoms is maintained same by
scaling the velocities of the atoms. Parameters used in the simulation are summa-
rized in the Table 1 [8].

The topics investigated by MD simulation are as follows:

1. The effect of crystal orientation on surface roughness;
2. Chip formation and the machined surface generation;
3. Minimum undeformed chip thickness in nanometric cutting;
4. Cutting forces and cutting temperature;
5. Side flow and pileup phenomena in the cutting process;
6. Surface integrity.

FIGURE 8

An illustration of an molecular dynamics simulation model.
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Although MD simulation has become a useful tool in analyzing the nanometric
machining process, further research and development are expected in the following
areas:

1. Improvement of the model dimensions and computational speed;
2. Establishing more accurate potential functions for workpieces and cutting tools;
3. Developing a material model including defects, such as vacancies, dislocations,

grain boundaries;
4. Tool wear simulation.

MULTISCALE MODELING
MD simulation and the FE method have been successfully applied in the simulation
of the machining process. However, the two methods have their own respective lim-
itations. For example, MD simulation can only cover the phenomena occurring at
nanometric scale because of the physical dimension, computational cost, and scale,
while the FE method is suited to model meso- and macro-scale machining and to
simulate macro-parameters such as the temperature in the cutting zone, the stress/
strain distribution, and cutting forces, etc. A natural approach to the simulation of
multiscale processes is to combine an MD simulation for the critical regions within
the system with an FE method for continuum coverage of the remainder of the sys-
tem. The hybrid approach provides an atomistic description near the interface and a
continuum description deep into the substrate, increasing the accessible dimensional
scales and greatly reducing the computational cost while increasing the modeling
accuracy and capacity.

Several multiscale simulation methods have been developed such as the FE
atomistic method, the quasi-continuum (QC) method, the macro-atomistic ab-initio
dynamics method, and the coarse-grained molecular dynamics method. A remarkably
successful approach is the QC method proposed by Tadmor et al. in 1996 [18].

Table 1 Parameters of the Molecular Dynamics Simulation

Material 2-D Morse potential (Cu, Al)

Configuration 2-D orthogonal cutting

Cutting speed 20,200 m/s

Uncut chip thickness 0.1–1.2 nm

Tool edge radius 2,5,10 nm

Rage angle 0

Clearance angle 7

Width of cut 1 atomic layer

Bulk temperature 293 K

Number of work atoms 54,008,000

Number of tool atoms 676,172

Computation time step 1,10 fs
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QC is a way of simulating the macro-scale nonlinear deformation of crystalline
solids using MD.

Application of multiscale methods to micro-/nano-machining is still in their
earlier stage, and only a few studies have been conducted on the multiscale simula-
tion of micro-/nano-cutting. Shiari et al. performed multiscale simulation on nano-
metric cutting of single-crystal aluminum, in which the atomistic details of material
removal, chip formation, surface evolution, generation and propagation of disloca-
tions for a wide range of tool speeds are investigated [19]. Before that, authors devel-
oped a multiscale model for nanometric cutting of single-crystal copper showing
capabilities of the QC approach. Later, the chip formation and propagation of atom-
istic dislocations were examined for nanometric cutting of single-crystal aluminum
by the authors using the QC method [20,21].

Figure 9 is a schematic diagram of the model developed by the authors for the
multiscale simulation of nanometric cutting of single-crystal copper [20]. It can
be seen that the mesh density becomes greater when proceeding upward. At the
top the interface meshes disappear, and there are atoms instead of mesh, entirely.
The size of the work material is 0.2 � 0.1 mm, taking into account the transition
from nanometer to micrometer. The number of atoms to be computed at the 50th
step time is no more than 20,000, which is much less compared to 1.25 � 107 atoms
included in the model for MD simulation. This model is an embodiment of the
concept of multiscale simulation for micro-machining.

Figure 10 shows the simulation plots at the first time step, the 50th time step, and
the corresponding atoms’ velocity contour line.

FIGURE 9

Multiscale model for nanometric cutting of single-crystal copper.
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FIGURE 10

Instantaneous diagram of copper’s cutting simulation by the multiscale method: (a) at the

first time step; (b) at the 50th time step.
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In addition, Aly et al. proposed a hybrid MD-FEM approach via hierarchical
modeling for the simulation of micro-machining of silicon. In this method, the ma-
terial properties applied in the FE model were achieved from the MD simulation of a
uniaxial tension performed on silicon [22].

The future research studies on the multiscale simulation of micro-/nano-cutting
should focus on the following areas:

• Improving the model dimensions and speed.
• Developing more material models at multiscale.
• Investigating phenomenon occurred during micro-/nano-cutting processes such

as size effect, effect of crystal orientation on the surface roughness, etc., using
multiscale method.

PRECISION MACHINES FOR MICRO-/NANO-CUTTING
ULTRAPRECISION MACHINE TOOLS
Ultraprecision machine tools play an important role in the implementation of
micro-/nano-cutting, while they directly determine machining accuracy, productivity,
producibility, and repeatability. There have been great market demands for ultrapre-
cision machine tools, which are capable of machining increasingly more complex-
structured components and products (e.g., axially asymmetric surfaces and
free-form surfaces) with greater accuracy and finer surface finish, and coping
with any newly emerging materials for high-throughput and cost-effective
manufacturing. These demands and requirements have led to the significant devel-
opment of a new generation of machine tools.

Figure 11 illustrates a five-axis ultraprecision micro-milling machine, developed
at Brunel University. A typical ultraprecision machine tool has five major subsys-
tems, including a mechanical structure, a spindle and drive system, a control system,
a position measurement and feedback system, and an in-process condition
monitoring and inspection system. These subsystems critically determine the perfor-
mance of the overall machine tool system.

MECHANICAL STRUCTURE
The mechanical structure provides a framework and mechanical support for all the
machine components. It encompasses important components such as the machine
base, column, worktable, slide, spindle cases, and carriages. The major factors for
machine design and selection include [24] the following:

1. Structural configuration;
2. Stiffness and damping;
3. Structural connectivity and interface;
4. Structure dynamics and associated performance.
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A robust design of mechanical structure should aim to achieve high structural
loop stiffness, good damping properties, a symmetrical and closed-loop structural
configuration, minimization of heat deformation, long-term stability, and isolation
of environmental effects.

Material is also a key factor in determining the final machine performance. While
cast iron and granite have been widely used for fabricating machine bases and slide-
ways, polymer concrete has become popular for ultraprecision machine tools where
light weight with high damping capacity and rigidity is required. Structural materials
with a low thermal expansion coefficient and high dimensional stability have also
found application, including super invar, synthetic granite, ceramics, and Zerodur.

SPINDLE AND DRIVE SYSTEM
The spindle is a key component of a precision machine and it has significant impact
on machined components in terms of form/dimensional accuracy and surface qual-
ity. Two types of spindles are most commonly used in precision machine tools, i.e.,
aerostatic bearing spindles and oil hydrostatic bearing spindles. They are capable of
high rotational speed with high motion accuracy. Aerostatic bearing spindles usually
have lower stiffness than oil hydrostatic bearing spindles, but they have lower ther-
mal deformation than the latter. Aerostatic bearing spindles are widely used in ma-
chine tools with medium and small loading capacity, whereas oil hydrostatic bearing
spindles are more suitable for large and heavily loaded machine tools.

FIGURE 11

Schematic figure of a five-axis micro-milling machine [23].
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More recently, the groove technique has been used in the design of bearings. A
grooved hybrid air bearing combines aerostatic and aerodynamic design principles
to optimize ultrahigh speed performance.

Several drive mechanisms can be used for ultraprecision machine tools,
including piezoelectric actuators, linear motor direct drives, and friction drives.
Piezoelectric actuators usually have a short stroke with high motion accuracy and
wide response bandwidth. They have been employed in fine tool positioning so as
to achieve high precision control of the cutting tool (e.g., a diamond-cutting tool).

Linear motor direct drives (AC or DC) usually have a long stroke and they do not
need conversion mechanisms such as lead screws, and racks and pinions. They offer
better stiffness, acceleration, speed, motion smoothness, repeatability, accuracy, etc.
[24], although their applications in the machine tools industry are still relatively new.

Friction drives also have a long stroke and usually consist of a driving wheel, a
flat or round bar, and a supporting backup roller. They offer low friction force,
smooth motion, and good repeatability and reproducibility due to elastic deforma-
tion induced by the preload.

CONTROL SYSTEM
Following the invention of Computer Numerical Control (CNC) in the early 1970s,
many companies started to develop their control systems for machine tools. The
control system typically includes motors, amplifiers, switches, and the controller.
High-speed multiaxis CNC controllers play an essential role in efficient and preci-
sion control of servo drives, error compensation (thermal and geometrical errors),
optimized tool setting, and direct entry of the equation of shapes [25]. Advanced
PC-based control systems have achieved nanometer or even subnanometer levels
of control resolution for ultraprecision and micro-manufacturing purposes, such
systems also being used commonly in the majority of commercially available ul-
traprecision machines.

POSITION MEASUREMENT AND FEEDBACK SYSTEM
Ultraprecision machine tools necessarily require an ultraprecision position measure-
ment and feedback system. Laser encoders (laser-interferometer based) are particu-
larly suitable because interferometers have an intrinsically high resolution.
Interferometers also have the ability to eliminate Abbe errors. They have a typical
resolution of 20 nm (digital), and subnanometer resolution can also be achieved
with an analog system via external interpolation. The installation may be made
simpler by means of fiber-optics laser launch and integrated interferometer optics.
Some laser holographic-linear scales have a resolution of better than 10 nm.

Another alternative technique is to use ultrahigh resolution optical encoders.
They can provide resolution close to that of laser encoders, but in a more industrially
feasible and simple manner. There is a trend of more optical encoders being adopted
on industrially used precision and ultraprecision machines.
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IN-PROCESS CONDITION-MONITORING AND INSPECTION SYSTEM
Intelligent and smart machine tools are an important development for ultraprecision
applications. To meet these requirements, some sensors are generally required to
monitor the operation of the machine tool and to combine multifunctionality, reli-
ability, sensitivity, and compactness. Monitoring the machining status during ultra-
precision machining is usually difficult because of the associated very small energy
emissions and cutting forces compared with the conventional machining processes.
Thermal effects have been known to be the largest source of dimensional errors. It is
therefore important to implement online temperature monitoring. Condition moni-
toring may be also applied to other parameters or variables, e.g., cutting force, chat-
ter, and vibration. It is desirable to use multiple sensors to realize the smart and
intelligent machine tool. Furthermore, tool wear, tool breakage, and its engaging
process demand a great deal of attention in micro-/nano-machining because of the
high precision and fragile micro-tools involved.

MICRO- AND MESO-MACHINES
Traditional ultraprecision machines are currently the major means for undertaking
micro-/nano-cutting because of their feasible performance and availability. However,
these machines are generally very expensive, working in a tight temperature control
environment, and they are energy and resources inefficient. To match the micro-
manufacturing of miniature and micro-components, the concept of micro- and meso-
machine tools has been proposed by some researchers, as shown in Figure 12 [4].

Micro- and meso-machines and their integration for the micro-manufacturing
system/micro-factory are suitable for the fabrication of micro-products at low
cost, requiring the occupation of less space, and being of low energy consumption
and greater mobility, etc. Compared to a conventional ultraprecision machine, a
micro- or meso-machine has the five essential characteristics of decreased heat
deformation, less material consumption, smaller vibration amplitudes, smaller
footprint and thus smaller space occupation, and less energy consumption [26].

At Brunel University, three meso-machines have been developed for machining
micro-components and micro-products. Figure 13(a) shows a desktop micro-
milling/turning test rig, which has a two-dimensional piezo-driven stage for
vibration-assisted cutting. Figure 13(b) shows a three-axis bench-top diamond-
turning machine, a mirror surface, as illustrated in Figure 14, being achievable on
this machine. Figure 13(c) is a five-axis bench-top micro-milling machine, which
is still under development with the specifications as follows:

1. Overall size: 1140 � 910 � 1865 mm.
2. Working XYZ: 150 � 150 � 100 mm.
3. Slides and rotary table: direct drive and air bearings with squeeze film dampers to

achieve a nanometric level of positioning and machining accuracy.
4. Spindle speed: 250,000 rpm to cope with small diameter of tools and micro-

features.

50 CHAPTER 2 Micro-/Nano-machining through Mechanical Cutting



5. Mechanical handling and visual inspection integrated into the machine design.
6. Machining accuracy: <100 nm.
7. Surface roughness: <10 nm.
8. Control system: UAMC five-axis.

MICRO-TOOLING
Micro-tooling is the essential enabler for micro-/nano-cutting processes. It also de-
termines the feature sizes and surface quality of the miniature and micro-
components machined. Smaller tools have decreased thermal expansion relative to
their size, increased static stiffness from their compact structure, increased dynamic
stability from their higher natural frequency, and the potential for decreased cost due
to smaller quantities of material utilized [4].

Single-crystal diamond is the preferred tool material for micro-/nano-cutting due
to its outstanding hardness, high thermal conductivity, and elastic and shear moduli.
The crystalline structure of the diamond makes it easy to generate a very sharp cut-
ting edge, e.g., a cutting edge in tens of nanometers can be achieved. More recently,
chemical vapor deposition diamond-cutting tools have become available, as shown

FIGURE 12

Typical micro- and meso-machines [4]. (a) Micro-factory; (b) second generation miniature

machine; (c) commercial miniature machine; (d) miniature machine; (e) micro-factory;

(f) micro-machine tool.
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FIGURE 13

Micro- and meso-machines developed at Brunel University: (a) a desktop micro-milling/

turning test rig; (b) a three-axis bench-top diamond-turning machine; and (c) a five-axis

bench-top micro-milling machine.
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in Figure 15 [27]. They are extremely hard and can be used to cut tungsten carbide
with a cobalt of 6% or greater.

However, diamond is limited to the cutting of nonferrous materials because of
the high chemical affinity between diamond and iron. Micro-tools that are used to
machine ferrous materials are normally made from tungsten carbide. As shown in
Figure 16 [28], these micro-milling tools are made from tungsten carbide with a
diameter from B0.2 to B1.5 mm.

Commercially available micro-drills are typically on the order of 50 mm diameter
[1]. However, methods for minimizing micro-tools continue to be developed, such as
focused ion beam, electrical discharge machining, wire electrical discharge
grinding, and grinding, etc. Figure 17 [29] shows micro-end mills developed by
the focused ion beam process, their diameter being less than B25 mm.

Other trends in the development of micro-tools include: the optimization of the
geometric and coating properties of micro-tools for longer tool life and accuracy
enhancement, and characterization and condition monitoring of micro-tools.

APPLICATIONS
Micro-/nano-cutting has many applications, which are directly related to the overall
application markets of micro-products. For instance, micro-electromechanical sys-
tem (MEMS), as shown in Figure 18, is and will remain one of major driving forces
for micro-cutting. It is expected that the MEMS/micro-system technology market
volume will reach $24 billion in 2009 from $12 billion in 2004. Moreover,
completely new products such as micro-fuel cells, MEMS memories, chip coolers,
liquid lenses for cell phone zoom and autofocus will be included in this category.

FIGURE 14

Mirror surface achieved on the three-axis diamond-turning machine.
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The EU FP6 4M Network has organized the major applications into the
following three divisions [31], i.e.,

1. Micro-optics: telecommunication, biotechnological, instrumentation, and
medical applications.

(a)

(b)

FIGURE 15

Micro-turning tools manufactured by: (a) Diamond-turning tools; (b) Chemical vapor

deposition diamond-turning tools.

Courtesy: Contour Fine Tooling Ltd.
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2. Micro-sensors and actuators: medicine, biomedical field, health and safety,
environment, and process control.

3. Micro-fluidics: biological, medical, pharmaceutical, and chemical engineering
applications.

Micro-/nano-cutting is very promising in the production of micro-products used
in the above three divisions, such as sensors, accelerometers, actuators, micro-
mirrors, fiber-optics connectors, micro-display, etc. Some typical application sam-
ples resulting from micro-/nano-cutting are shown in Figure 19 [32].

FIGURE 16

Micro-milling tools.

(a) (b) (c)

FIGURE 17

Micro-end mills made by focused ion beam sputtering having: (a) two cutting edges; (b) four

cutting edges; and (c) five cutting edges (scanning electron micrographs).
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Figure 19(a) is a joining element (steel) for optical fiber connections. There are
18 drill holes with a diameter of 0.23 mm � 5 mm and a drilling depth of 1.5 mm.
The positional tolerance of the drill holes is 10 mm. The complete machining time
was 25 min.

The part shown in Figure 19(b) is a mixing disc of a rocket motor, produced by
five-axis machining. Six tools were used and precision adjustment on spot faces was
required.

Figure 19(c) shows three turbine wheels for micro-fluid pumps, produced by
five-axis machining. The wheels are made of vespel and ceramic with diameters
of 2e7 mm and a circumferential tolerance of 2 mm.

Figure 19(d) shows watch base-plates made by fully automatic production using
30 tools including milling, drilling, and tapping. The positional tolerances between
the drill holes and drill depths are �3 mm.

The cataract lens shown in Figure 19(e) has a surface finish of Ra < 0.2 mm. Its
outside contour is machined with a milling tool (0.4 mm), and the positioning holes
are produced by drilling.

The indispensable advantage of micro-/nano-cutting is applicable to the manu-
facture of 3D complex-shape/form micro-molds. It is anticipated that micro-/
nano-cutting will be intensively used in the fabrication of compression molds and

FIGURE 18

Market for micro-system technology/MEMS products in the future [30].
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injection molds. Figure 19(f) shows an injection-molding tool for watch making,
machined by micro-milling. The material of the mold is hardened steel 54 HRC,
its position and form tolerance is �5 mm, and its surface quality is Ra > 0.25 mm.

COMPETITIVE TECHNOLOGIES AND ECONOMIC
CONSIDERATIONS
Micro-/nano-cutting brings many potentialities to the fabrication of miniature and
micro-products/components with arbitrary geometry. The micro-/nano-cutting pro-
cess is particularly suitable for the manufacture of individual personalized compo-
nents rather than large batch sizes, which is largely indispensable for the current
vibrant markets. With the high level of machine accuracy of ultraprecision machine
tools, good surface finish and form accuracy can be achieved. Micro-/nano-cutting is
also capable of fabricating 3D free-form surfaces. The high machining speed of mi-
cro-/nano-cutting is another advantage over other micro-manufacturing technolo-
gies. Moreover, it can fabricate a huge range of materials, such as steel,
aluminum, brass, plastics, ceramic, polymers, etc. Unlike micro-laser beam
machining and lithographic techniques, it does not require a very expensive setup,
which enables the fabrication of miniatures at an economically reasonable cost.

(a) (b) (c)

(d) (e) (f)(f)

FIGURE 19

Micro-product samples.

Courtesy: KERN Micro- & Feinwerktechnik GmbH.
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INTRODUCTION
The focused ion beam (FIB) is one of the state-of-the-art micro-/nano-fabrication
tools. It adopts both bottom-up and top-down approaches to generate micro-/
nano-structures and the biggest advantage of FIB lies in its maskless fabrication
capability. The efficacy of the machine is now well proven among the scientific com-
munity. Modern FIB systems offer a highly focused and precise beam of ions, which
are effectively used for fabricating precise, high-aspect ratio, micro-/nano-
structures.

FIB was first developed in the early 1970s as a result of research on liquid metal
ion source (LMIS) [1,2]. Subsequently, the potential of the technology as a mask-
less fabrication technique was realized [3]. Initially, FIB was used mostly for mask
repairing purposes. Gradually, with the help of the development of the ion source
and the charge particle lens system the technology has become a reliable and pre-
cise fabrication tool for researchers and engineers. The research and development
of the technology has been carried out mostly by industrial companies such as, FEI,
JEOL, ZEISS, HITACHI, which also provide state-of-the-art FIB machines for
customers.

The number of FIB users is growing rapidly with a wide variation in area where
FIB is being used: this is shown in Figure 1. The plot shows the number of published
papers, where FIB has been directly or indirectly used, as a function of year and
clearly indicates the rapid growth of FIB users and the importance of the tool in
modern research.

FIB has been used in all branches of science and engineering. In material sci-
ence, FIB has been mostly used for material modification and characterization
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Published focused ion beam papers versus publication year.

source: www.scopus.com.
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[4e6]; in physics and chemistry, FIB structures are used to study phenomena at the
nano-scale [7e10]. FIB is also used in the development of prototype nano-
electromechanical systems/micro-electromechanical systems, actuators, sensors,
bioenano-tools, etc. [11e17].

FIB micro-/nano-fabrication is based on the principle of the ion beam milling
and deposition technique. FIB systems can provide a high milling and deposition
rate of the order of 1 mm3 nC�1. Using the flexibility that a modern FIB system of-
fers, such as eucentric position, auto-FIB, and advanced user interface software,
complicated 3-D micro-/nano-structures, or a large number of patterned structures
can be fabricated rapidly and smoothly.

ARCHITECTURE OF FIB
In an FIB system, an ion beam column is the backbone of the tool. The function of
the ion column is to provide a highly energetic, focused, and monochromatic beam
of ions. These are done with the help of a stable ion source, extractor, suppressor,
lens system, scan generator, etc. Nowadays, in most of the FIB systems, an electron
beam column is integrated. These kinds of system are generally referred as dual-
beam or cross-beam systems. The electron column is used for imaging the sample
during or after the FIB processing. The electron beam can also be used for depositing
extra material, the process then being called electron beam-induced deposition
(EBID). The electron and the ion column are normally aligned at 52�. A schematic
view of a dual-beam system is presented in Figure 2. Modern FIB equipment is

FIGURE 2

Schematic diagram showing the geometry of a dual-beam focused ion beam system.
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mostly integrated with various characterization facilities, such as energy dispersive
spectroscopy (EDS), residual gas analyser (RGA), electron backscattered diffraction
(EBSD), along with other accessories such as a manipulator, gas injection system
(GIS). These are discussed briefly below.

ION COLUMN
In order to produce a high quality beam of ions, a stable ion source is required.
The beam should have high brightness and resolution. There are two types of ion
sources available which can produce high quality ion beams: LMIS and gas-filled
ion source. However, LMIS sources have better angular intensity, which is
related to the focusing capability, and so LMIS sources are preferable for FIB
systems.

In the LMIS type, heated metallic liquid flows from the reservoir to a
tungsten needle, and wets the latter. A high voltage is applied at the wet tip and even-
tually the liquid assumes a conical shape. This conical shape is known as a “Taylor
cone.” Ions are subsequently extracted from the metallic cone to form a jet [18].

In LMIS, Ga is the first choice to use as an ion source for various reasons. It has a
melting point of 29.8 �C and hence it is very convenient to make an LMIS gun with
limited heating. Also, the low Mp minimizes the possibility of interdiffusion of the
Ga ions with the W needle through which the Ga ions are extracted. Ga sits in the
middle of the periodic table and thus the momentum transfer capability (which is
an important parameter for FIB milling, discussed in details in the FIB processing
section) to the target atoms is optimal for a wide variety of target samples. Low vola-
tility at the melting point of Ga conserves the supply of the Ga source. The low vapor
pressure of Ga helps the ion source to retain a longer life. In addition, Ga has excel-
lent mechanical, electrical, and vacuum properties.

The ions are extracted from the source and to suppress the strayed ions, a sup-
pressor electrode is used. Subsequently, the beam is passed through the lens system,
a variable aperture system, and scan plates before it reaches the sample. Nowadays,
with the advance of the ions lens system and the ion beam source, a resolution of
several nanometers can be easily achieved.

ELECTRON COLUMN
The structure of the electron beam column is similar to that of the ion column.
The source of the electron beam is kept at the top of the column. Mostly three
types of electron sources are used: tungsten, lanthanum hexaboride (often called
“lab six”), and the field emission gun (FEG). Tungsten and lab six can provide a
high current density of the electron beam, however, for better resolution, an FEG
type source is generally used. Once the beam of electrons is emitted from the source
gun, they are passed through the electric and magnetic lenses to focus it. Since the
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mass of an electron is much smaller than that of an ion, magnetic force acts more
efficiently on an electron. Thus, in contrast to the ion column, where electric lenses
are used to focus and align the beam, here, electromagnetic lenses are used to do the
same. Also magnetic lenses produce lower aberration than the electric lenses.
Finally, in order to scan the focused electron beam onto the sample, scan plates
are used. More information about the SEM system can be found in electron micro-
scopy books [19,20].

A modern SEM system based on an FEG source can provide a focused electron
beam of less than 1 nm diameter. Focused electron beam can be used for high-
resolution SEM imaging and nano-structure deposition (EBID).

STAGE
In most FIB systems, the sample stage has the ability to move in the x, y, and z
directions along with rotation and tilting capability. The stage movement can be
controlled smoothly with the help of graphical user interface (GUI) software. In
a few FIB systems, users can also handle the stage manually. Instead of a general
stage, users can also have a piezostage, which works on the piezoelectric prin-
ciple to generate precision motion and, by means of feedback control, with a
feedback signal provided by optical encoders. This kind of stage provides
precise movement of the stage, in steps of as small as 10 nm, in the x, y, and z
directions.

IMAGING DETECTORS
FIB systems are integrated with various detector types. For the available range
of secondary electrons (SE) and backscattered electrons (BSEs) devices, an
EverharteThornley detector and in-lens detectors are often selected, and mounted
inside the sample chamber. In order to collect the BSEs efficiently, a dedicated
BSEs detector can be mounted near the mouth of the electron column.

For a live view inside the chamber, a CCD camera is often used, which helps the
user to realize the movement of the stage and identify the workpiece.

GAS INJECTION SYSTEM
GISs are the sources of gases, used with fine needles to supply precursor gas mole-
cules during the FIB deposition and etching processes. During the processing, the
gas reservoirs are heated for a few minutes and then gas is sprayed over the sample
surface with the help of the needles. The needle tip should be kept at a close prox-
imity of a few hundreds of microns so that the sufficient local gas flux at the
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processing site is adsorbed by the sample surface. The local gas flux at the sample
site also depends on the needle diameter and the reservoir temperature. These con-
ditions are generally kept constant. Normally, one injector system contains one type
of reservoir, i.e., one GIS needle is dedicated for only one type of deposition or
etching. However, multiple GISs are available nowadays, where there are several
reservoirs for different precursor gases with a single GIS port. This helps to reduce
congestion inside the chamber.

PUMPING SYSTEM
In an FIB system, different portions of the system require different levels of vacuum.
The ion and the electron column require a higher level vacuum of the order of
10�8e10�11 mbar. These vacuum levels are achieved with the help of ion gutter
pumps. The sample chamber requires a low level vacuum of the order of
10�6 mbar. This is achieved with the help of a turbo molecular pump that is backed
by an oil-free fore pump. Contamination may affect the FIB processing and degrade
the quality of the fabricated structure. In order to avoid such issues, the sample
chamber should be pumped for a sufficient time before a job is started.

ENERGY DISPERSIVE SPECTROSCOPY
EDS is an auxiliary facility, which can be integrated with an SEM system or a
cross-beam FIB system. EDS detects the elements present in the sample. EDS
can be used to collect the elemental information along a line or a box or a dot
drawn over the sample.

RESIDUAL GAS ANALYZER
RGA is a technique to analyze the elements present inside the chamber. The
environmental molecules or the elemental composition inside the chamber may
vary as a result of FIB processing. These can be monitored with the help of an
RGA [21].

ELECTRON BACKSCATTER DIFFRACTION
EBSD is a structural analysis technique [22]. Thus, in a cross-beam system, EBSD
can be integrated as a sample analysis technique. FIB can be used to section a sample
layer by layer and the EBSD can be harmoniously used to collect crystalline infor-
mation of a sample layer by layer. Using this approach, crystalline information of the
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whole structure can be extracted efficiently and rapidly, and a 3-D map of the sample
showing the grains, grain boundaries as well as the crystalline orientations of the
grains can be constructed.

MANIPULATOR
It is often required to handle micro-/nano-structures inside the FIB chamber,
mainly for transmission electron microscopy (TEM) sample preparation, circuit
editing, failure analysis, etc. To allow the users to perform these tasks efficiently,
a manipulator in the form of needles or a gripper is mounted inside the chamber.
These needles or grippers can be moved inside the chamber smoothly and effi-
ciently in x, y, z, T (tilt), and R (rotation) with the help of micro-motors. The
micro-/nano-manipulator, which acts as a hand to the microscopy can also be
used for the measurement of other physical properties of the sample. The manip-
ulator can be integrated with a conventional FIB system as a third-party tool.

FIB PROCESSES
The basic processes related to FIB technology are given below.

1. FIB milling,
2. FIB deposition,
3. FIB imaging, and
4. FIB etching.

These processes are discussed in details in the following sections.

FIB MILLING
FIB milling is the process of material removal from the target sample. The ejection
of the target material depends highly on the ion beam energy, ion beam type, and the
target material. The physical mechanism of the milling process will be discussed in
the subsequent subsections.

MODE OF ENERGY LOSS
When an ion particle enters into the solid, it transfers its energy and momentum to
the target atoms and electrons. This energy loss can occur through two modes:

1. Nuclear energy (NE) loss and
2. Electronic energy (EE) loss
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NE loss happens when the energy and the momentum of the injected particle are
transferred to the target atoms which will result in atomic displacements. NE loss is
an elastic process. It dominates at relatively lower beam energy (wkeV).

On the other hand, if the energy of the incoming ion beam is transferred to the
electronic part of the target atoms, it is referred as the EE loss. This process is an
inelastic process as the energy loss occurs through excitation and ionization of the
target atoms, which in turn produces additional particles such as X-rays, secondary
electrons (SEs). EE dominates when the energy of the incoming ion is relatively high
(wMeV).

To have a comparative idea about the energy loss profile, an SRIM (Stopping and
Range of Ions in Matter) plot is shown in Figure 3, where the energy loss profile of
Ga ions in an Au sample is shown. SRIM is a Monte Carlo-based program, which
has been developed by Ziegler and can be used efficiently to determine the implan-
tation depth and the energy loss profile of the ions [23].

SPUTTERING PROCESS
During the NE loss process, the target atoms are displaced and voids are created.
Further, if the energy of a displaced atom is sufficient, it can knock on further atoms
and produce further defects in the sample. The process continues until the energy of
the displaced atom is no longer sufficient to create any further voids. This collision
process is known as a collision cascade. During the collision cascade process, some
of the displaced atoms may reach the surface of the sample and if the kinetic en-
ergies of these atoms are higher than the surface binding energy, then the atoms
can come out from the surface. The physical term to define this process is sputtering

FIGURE 3

Energy loss profile of Ga ions in Au sample as simulated using Stopping and Range of Ions

in Matter [23].
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(Figure 4). This material removal process is popularly known as FIB milling. The
efficiency of the FIB milling process is evaluated by the term “sputtering yield”
(Y), which is defined as:

Y ¼ Mean number of atoms sputtered or emitted/incoming ions.
The sputtering yield is a function of various parameters, such as the sample type

and the beam type, beam energy, which can be expressed as follows [24e27]:

Y ¼ LFDðE0Þ (1)

where L contains the material properties of the sample such as surface binding en-
ergy, the range of displaced target atoms, and FD(E0) is the density of the transferred
energy within the surface. FD(E0) depends on the type (atomic number, mass number,
etc.), energy, and the direction of the incident particle as well as on the type of the
target atoms (atomic number, mass number, etc.).

The typical value of Y varies from 10�1 to 102 for a keV beam [25].
Y increases with E0, however, it remains nearly constant after 30e40 keV beam

energy. Y is an important characteristic in FIB processing (milling) and as Y does not
change much after E0 w 30 keV, in most of the FIB systems, the beam voltage has
been kept between a few keV and 30 keV.

The dependence of sputtering yield on q, the incident angle (the angle made by
the incident ion particle with the surface normal of the sample), is nonlinear. As the
ion beam is tilted from the normal direction, the collision cascade produced by the
ion beam becomes shallower to the surface and the probability of the displaced
atoms coming out from the surface becomes higher. The sputtering yield is plotted
as a function of q in Figure 5. As can be seen, Y increases with the incident angle,
however, after w80�, Y gradually decreases with q. At a higher tilted angle, the

FIGURE 4

Focused ion beam sputtering/milling process.
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incoming ion beam becomes much more inclined to the surface and at this grazing
angle the probability of reflection of the incident ions increases and the initiated
collision cascades could not fully develop: as a result the yield drops accordingly.

Sputtering is an outcome of energy and momentum transfer from the incident
ions to the target atoms and thus Y depends highly on the density of the target sam-
ple. It is found that in the case of body-centered cubic samples, Y is higher along the
[111] direction as compared to other directions and in case of face-centered cubic
materials, Y is higher along the [110] direction as compared to other directions
[24]. The atomic density along these specified directions is relatively higher than
that in the other directions and as a result the yield is greater along these directions.

FIGURE 5

Sputtering yield versus angle of incidence of a 30 keV Ga ion beam irradiated on a Si sample

[23].

FIGURE 6

Examples of the focused ion beam milling process. SEM pictures of (a) a milled area on an Al

sample; (b) a circular ring milled on a Si (111) sample.
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In Figure 6, two examples of FIB milling are shown. In Figure 6(a), the SEM
image shows an Al sample milled using the FIB milling technique. The nonunifor-
mity occurs because of the polycrystalline nature of the Al sample. The milling rate
is different at different portions of the sample and as a result the milled area is not
smooth.

Figure 6(b) shows a circular hole fabricated on an Si (111) sample. The milling
rate is uniform throughout the patterned area and this results in uniform and smooth
milling.

FIB DEPOSITION
When gas molecules (often called a “precursor gas”) are sprayed over a sample sur-
face, gas molecules may become stuck to the surface, which can be either adsorptive
or absorptive. If it is of adsorptive type, the gas molecules sit over the surface and if
an ion beam is irradiated on the adsorbed sites, the ion beam can crack the adsorbed
gas molecules into different smaller components, volatile and nonvolatile parts. The
cracking process occurs through the SEs produced by the incident ions. The nonvol-
atile component remains on the surface while the volatile part is pumped out by the
pumping system. This process is illustrated in Figure 7. Precursor gas molecules nor-
mally contain a ligand which can be metallic or nonmetallic and elements, such as C,
H, O. After the cracking, the ligand part remains on the surface (the nonvolatile part)
and the other dissociated components (C, O, H, CO, H2O, CO2, etc.) are pumped out.
With continuous supply of precursor gas and ion irradiation, the chosen material can
be deposited on a predefined area. The layer by layer growth of the material leads to
a structure. This process is called FIB-induced chemical vapor deposition.

The FIB deposition process, particularly, the growth rate of the deposited mate-
rial, depends on various parameters, which can be discussed with the help of the
following equation [18]:

FIGURE 7

Focused ion beam deposition process.
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dn

dt
¼ gFð1� qÞ � kdN0q� JN0qs

e
� JYð1� qÞ

e
(2)

where:

dn
dt is the rate of change in the density of the adsorbed molecules;
g is the sticking coefficient;
F is the gas flux;
q is the precursor monolayer coverage;
kd is the thermal desorption rate constant;
N0 is the precursor monolayer density;
J is the primary ion current density;
s is the decomposition cross section;
Y is the film sputter yield; and
e is the charge of electrons.

Here, the first term on the right side of the equation refers to the gas molecules
that become stuck to the sample surface. The second term infers the desorptive part
of the already adsorbed molecules. The third term represents the decomposition by
the ion beam and the last term shows the sputtered portion of the deposited material.

Thus, the FIB deposition process depends highly on the sample surface and the
precursor gas type, which determine the sticking probability. In addition, the sample
site should be filled with the adsorbed gas molecules, i.e., the precursor gas flux at
the site should be sufficient. Since the ion beam also removes material (the last term
in Eqn (2)), FIB deposition is an outcome of the competition between the ion beam-
induced cracking and continuous milling. If the ion beam flux is more than the
required amount to crack all the available gas molecules on the sample site, the
beam starts milling the sample. Thus, an optimized value of ion beam current should
be used in order to carry out an FIB deposition.

Modern FIB systems are integrated with GIS needles, which are used to supply
precursor gas molecules.

Most commonly used GIS or precursor gas molecules are listed in Table 1.
Figure 8 shows a pillar deposited using the FIB deposition process. Methyl

cyclopentadienyl trimethyl platinum precursor gas is used for the deposition process.

Table 1 Various Popular Precursor Gas Types and Their Purpose

of Deposition

Precursor Gas Function

Naphthalene: C10H8 Carbon deposition

Methyl cyclopentadienyl trimethyl platinum:
(CH3)3Pt(CpCH3)

Platinum deposition

Tungsten hexacarbonyl: W(CO)6 Tungsten deposition

Tungsten hexafluoride: WF6 Tungsten deposition

Tetramethyl orthosilicate: Si(OCH3)4 SiO2 deposition

Au(hexafluoro acetyl acetanoate)(CH3)2 Au deposition
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The deposited Pt pillar also contains other elements, such as, O, CO, H, CO2, in
addition to Pt [28]. The guest atoms appear because of the insufficient cracking
of the precursor gas molecules. Ga ions are also implanted during the FIB process-
ing. The amount of contamination also depends on the ion beam deposition
parameters [28].

FIB IMAGING
As a result of the collision cascade process, a large number of SEs are produced. The
SEs, which are coming out from the sample surface can be collected and used for
image formation. This process is known as scanning ion microscopy (SIM). It is
shown schematically in Figure 9. The major difference between SEM and SIM is

FIGURE 8

A Pt pillar deposited using the focused ion beam deposition process.

FIGURE 9

Illustration of the working principle of SIM imaging. ETD, EverharteeThornley detector.
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that the SEs in SEM are produced by the incident electrons, whereas in SIM, the SEs
are produced by the incident ions.

The range of ions in matter is much lower than an electron beam having the
same beam energy. The SEs produced in SIM carry information only from the sur-
face and thus SIM has been very useful for extracting surface information of the
sample.

FIB ETCHING PROCESS
The FIB etching process is similar to the FIB deposition process, in the sense that
both processes use external gas molecules to interact with the ion beam [4]. In
FIB etching, the selected chemical gas molecules are adsorbed on the sample
site. As a result of the adsorption, the adsorbed gas molecules may react with
the target atoms and molecules, and produce a different reaction product. This re-
action product may have higher or lower sputtering yield than that of the native
sample. If the reaction product has a higher sputtering yield, then the overall mill-
ing rate of the sample will be increased. This will enhance the FIB milling perfor-
mance. If the sputtering yield of the reaction product is lower than that of the native
sample, the FIB milling performance will decrease. Thus, depending on the
requirement of the user, a different chemical agent can be used to change the
milling rate.

Similarly to the FIB deposition process, where optimized parameters are used in
order to enhance or retard the deposition performance, proper beam flux and beam
energy should also be used during the FIB etching process to increase or decrease the
milling rate.

Halogen or halogen-containing gases are generally preferred for the FIB etching
process. I2, Br2, and XeF2 are the most commonly used chemical agents during the
FIB etching process. These etching agents are supplied to the sample site with the
help of the GIS needles.

SCANNING STRATEGIES
During ion beam irradiation, the beam is moved in steps from one pixel to the next
pixel. The beam remains in each pixel for a particular time before it jumps to the
next pixel. This time is defined as the beam dwell time. The beam dwell time can
be varied from a few tens of nanoseconds to microseconds order. The movement of
the beam, i.e., the scanning of the beam over the sample, can be done through two
ways. These are (1) serpentine and (2) raster. In serpentine scan, the beam moves
from one end of the row to the other end of the row (say from left end to the right
end) and then jumps to the next row to start from the right end pixel and moves
toward the left end pixel as shown in Figure 10(a). It continues until the beam fin-
ishes the whole pattern window and then flies back to its initial pixel and continues
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the scanning in this fashion until the patterning is over. On the other hand, in raster
scan, the beam scans the patterned site in one direction only. Thus, in raster scan,
when the beam scans from left end pixel and finishes the right end pixel, it jumps to
the next row and starts from the left end pixel and finishes the right end pixel
(Figure 10(b)).

The beam scans the patterning site pixel to pixel and there can be overlapping
between two successive pixels. This is defined as “beam overlapping” and is calcu-
lated in terms of percentage of area.

FIB processing depends highly on the beam dwell time, the scan direction, and
beam overlapping [25]. These parameters can be changed using GUI software and
optimized for a particular process.

PATTERNING STRATEGIES
In the case of multiple patterning, an FIB system can employ two approaches to fin-
ish the job. These are (1) serial patterning and (2) parallel patterning. In serial
patterning, FIB does the patterning one by one. Thus, if there are five patterns of
different shapes or sizes to fabricate, the patterning/fabrication will be done from
pattern 1, then pattern 2, and continue up to pattern 5. On the other hand, in the
case of parallel patterning, all the patterns are carried out simultaneously. Thus,
the user has the flexibility to use serial patterning or parallel patterning during the
sample fabrication stage. Depending upon the requirement of the user, these pro-
cesses can be used to remove material from, as well as to deposit material onto, a
particular site.

FIGURE 10

FIB scanning mode: (a) serpentine scanning; and (b) raster scanning.
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APPLICATIONS OF FIB
The processes discussed above help the user to fabricate complex 3-D structure,
which might not be feasible when using any other technique. FIB can also be utilized
in circuit editing or failure analysis, reverse engineering, sample modification,
characterization, etc. Several specific examples are discussed in the following
subsections.

3-D MICRO-/NANO-STRUCTURING
FIB is a maskless fabrication technique and the highly precise focused nano-beam of
ions extends the capability of the technique to fabricate complex micro-/nano-
structures. The GUI software provides a patterning page, where patterns of different
shapes and sizes can be drawn and ion beam parameters, such as beam dwell time,
beam overlapping, GIS needle operations, can be set. Figure 11(a) shows an example
of an FIB-made structure which is fabricated using a circular pattern of outer diam-
eterw9.5 mm and inner diameterw7 mm. The circular structure is deposited using a
C10H8 needle which provides the required carbon material. The structure is depos-
ited on top of a self-supporting thin Au film. The structure is further cut at the base
region and made to fall onto the ground using an ion-induced bending technique
[10]. The final tube-like structure can be seen in Figure 11(b).

Using both the milling and deposition process, complicated structures or devices
can be designed. Figure 12 shows an example of such an attempt to fabricate a nano-
Langmuir probe to detect local plasma. A thin metallic film is deposited on a glass
substrate and subsequently three separate pads are made using the FIB milling pro-
cess. Two vertical walls of tungsten were made using the FIB deposition process and
further, the inner sides of the walls were polished with selective ion beam irradiation.

FIGURE 11

A cylindrical structure fabricated using the FIB deposition process.
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The purpose of the vertical walls was to create local plasmas within the micron re-
gion. To detect the plasmas, tungsten material was deposited on the third pad to
make a nano-tip which acts as a nano-Langmuir probe.

Using the layer by layer deposition approach, complex structure can be smoothly
and rapidly fabricated. In the patterning page of the GUI software, numbers of cir-
cular blocks are drawn which form a complete human-like structure (shown sche-
matically in Figure 13(a)). In order to replicate this design into a product, the
serial patterning approach is used. In this approach, the bottommost block is fabri-
cated first. Subsequently, the next upper block is patterned. This is continued until

FIGURE 12

A nano-Langmuir probe along with two vertical side walls.

FIGURE 13

(a) Pattern of a human-like structure; (b) a fabricated branch of human-like structures using

the pattern (a).
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the topmost blocks are completed. The whole procedure can be used to fabricate a
branch of such structures. In Figure 13(b), an army of such structures is shown.

CIRCUIT EDITING AND FAILURE ANALYSIS
Commercially, FIB has been used widely for circuit editing and design modifica-
tions. The precise cutting capability of the technique is used to remove/cut unwanted
wiring and the deposition functionality of FIB helps in changing or adding new con-
nections on the chip. Since different types of material (metallic or insulating) can be
deposited on the site, accordingly circuit modifications or new design can be carried
out efficiently. Thus, FIB can be used powerfully for debugging as well as for circuit
modification. The process is simple and rapid, and highly used commercially.

TEM/STEM SAMPLE PREPARATION
The precised milling capability of the FIB cutting technique has been used success-
fully for TEM sample preparation. As a part of the preparation, a m-sample (the
dimension can be of the order of a few tens of microns) is prepared using the
FIB cutting technique. Subsequently, it is attached to the manipulator needle
with the help of the FIB deposition process. The sample is then mounted on the
TEM grid with the following procedure: first the sample is attached with the
help of the FIB deposition process; then the sample is detached from the manipu-
lator by FIB cutting again. Further, with controlled and continuous FIB irradiation
on the sample, a thin slice can be made, which can be used as a TEM or scanning
TEM sample.

FIB AS AN ANALYTICAL TECHNIQUE
Apart from using the ion beam for milling, deposition, and imaging, FIB can also be
used as an analytical technique. As a result of ion matter interaction, X-rays are also
produced along with ions, cluster of atoms, SEs, photons, etc. In most of the samples,
for keV ions, the collision cascade produced lies mostly within tens of nanometer
from the sample surface. Also, the X-rays produced during the FIB processing can
be utilized for elemental characterization. This process is known as particle-
induced X-ray emission (PIXE). This has a special advantage over the EDS tech-
nique which uses an electron beam for the excitation. In EDS, the data collected
carry information from a deeper part of the sample; on the other hand, X-rays pro-
duced during the FIB-PIXE process carries information from the surface only and for
surface analysis purposes, this technique can provide more accurate information.

During the FIB milling, a huge amount of materials, particularly secondary ions,
are produced. These ions can be collected and analyzed by magnetic lenses and filters.
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In this way, the elemental composition of the sample can be determined easily. This
secondary ion mass spectroscopy is a handy and useful analytical technique.

Auger electron spectroscopy (AES) is a surface analysis technique, which can be
integrated with an FIB system. AES provides surface elemental information. Using
the FIB milling technique, the sample can be cut slice by slice and simultaneously,
surface elemental information can be collected efficiently.

SUMMARY: ISSUES AND FUTURE OF FIB
The efficacy of FIB technology is well accepted nowadays, even though FIB has
several drawbacks. FIB is a destructive process. It damages the sample and modifies
the inherent substrate properties. FIB uses ion particles (mostly Ga ions), and during
the milling or deposition process, a large amount of Ga ion can remain on the site,
which can modify the sample properties. The FIB deposition process is not a pure
deposition process, in the sense that a large amount of impurity remains in the fabri-
cated structure. This changes the electrical properties of the deposited structures.
Moreover, the deposited materials are generally amorphous in nature.

During the FIB processing, the Ga ions can scatter. This is known as the “scat-
tering effect” [29,30]. Because of the scattering, unwanted deposition often happens
and additional ion beam irradiation has to be used to remove the unwanted deposi-
tion. To predict and compensate for the divergence through adjustment of the FIB
processing parameters based on premachining simulation is another approach for
the precise fabrication of 3-D micro-structures [31].

It is found that the postannealing of an FIB-made structure can help to reduce
contamination [32]. Adding additional foreign molecules can also help in reducing
a significant amount of impurity [33]. These techniques to improve FIB processing
show a promising development in respect of securing a future flawless nano-
fabrication tool. Modern FIB systems based on He and Ne ion sources provide a
low scattering effect because of the low masses of He and Ne. For precise nano-
milling requirements such as in circuit designing on grapheme sheet or carbon
nano-tube, nano-metric cutting on a chip, these modern FIB systems have a prom-
ising role.
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INTRODUCTION
Nowadays, micro-electrical discharge machining (m-EDM) is applied in all kinds of
fields concerning micro-machining. Especially in single part or small batch produc-
tion m-EDM can be used economically to produce micro-tools and micro-molds. By
combining different process variants of m-EDM with current machining processes
such as micro-milling or laser ablation, a cost efficient mass production can be real-
ized [30,31,36,39,40,42,43].

Based on a thermal material removal process, m-EDM is working almost free of
process forces. It is also independent of mechanical workpiece properties such as the
Young’s modulus or hardness. Bringing together huge geometrical freedom and pre-
cision, m-EDM allows the machining of a wide range of electroconductive materials
with a minimal conductivity of k ¼ 0.01 S/cm including high-temperature alloys,
cemented carbide, and electroconductive ceramics.

WORKING PRINCIPLE
MACHINING PRINCIPLE OF ELECTRICAL DISCHARGE MACHINING
Electrical discharge machining (EDM) is a nonmechanical thermal shaping process
with which material is removed by spatially and temporally separated electrical
discharges between a workpiece electrode and a tool electrode. The high-
frequency discharges cause melting and vaporization of material on the surface
of both electrodes. To enhance the material removal, EDM operates in a noncon-
ducting fluid, the dielectric fluid (Figure 1) [35,45].

During machining, the tool and workpiece electrode are positioned relatively to
each other that a working gap s filled with dielectric fluid remains between them.
Applying a voltageddepending on the working gap width and conductivity of the
dielectric fluiddcauses an expanding energetic plasma channel and a current flow
after exceeding the dielectric strength of the fluid. Temperatures above T ¼ 10,000 K
[1] inside the plasma channel effect melting and vaporization processes of the material
on the surfaces of both electrodes. By switching off the current, melted material is
abruptly erupted due to an implosion of the plasma channel [2e5].

The result of a single discharge is a crater-shaped pit on the electrodes’
surfaces named discharge crater (Figure 2(a)). Depending on the erosion
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parameters such as the discharge time, discharge current or the type of dielectric
fluid, typical crater diameters vary from around dc ¼ 1 mm [6] to around
dc ¼ 100 mm. The EDM-specific surface topography is caused by a multitude of
overlapping discharge craters (Figure 2(b)). The removed material mostly consists
of ball-shaped particles (Figure 2(c)) [38].

PROCESS VARIANTS
With different variants m-EDM is a very flexible machining process. Three variants
of big industrial relevance are micro-die sinking (m-die sinking) (Figure 3(a)),
micro-wire electrical discharge machining (m-WEDM) (Figure 3(b)), and micro-
electrical discharge drilling (m-ED drilling) (Figure 3(c)). In m-die sinking, a shaped
tool electrode is used for manufacturing three-dimensional shapes and free-forms.
m-WEDM comes into operation for cutting defined contours by using a fine wire
electrode. m-ED drilling, a special option of m-die sinking, operates with a rotating
pin electrode to produce micro-holes, e.g., as needed in fuel injection systems.

tool electrode
dielectric
fluid

workpiece electrode

pulse
generator

discharge
spark

working
gap

FIGURE 1

Principle illustration of the EDM process.

(a) (b) (c)

5 µm  50 µm 20 µm 

FIGURE 2

Single discharge crater (a), surface topography (b), and removed particles (c).
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Processes with less industrial relevance are micro-electrical discharge milling
(m-ED milling) (Figure 3(d)), micro-electrical discharge grinding (m-EDG)
(Figure 3(e)), and micro-wire electrical discharge grinding (m-WEDG) (Figure 3(f)).
m-ED milling is a further development of m-ED drilling. In combination with a
path-controlled motion in three dimensions, free-forms and cavities can be pro-
duced. The importance of this process is increasing because it delivers an option
to relinquish laborious 3D-shaped tool electrodes. In analogy toward the kinematics
of conventional grinding processes, m-EDG is used for producing, e.g., micro-fluidic
channels. For manufacturing, e.g., ejector pins, m-WEDG is applied.

DIELECTRIC FLUID
The dielectric fluid has several main functions in the EDM process.

It isolates the tool electrode [7] from the workpiece electrode to achieve a high
current density in the plasma channel. It cools down the heated surfaces of the elec-
trodes and exerts a counter pressure to the expanding plasma channel [8]. Flushing
with dielectric fluid removes the particles after the discharge process and prevents
developing particle linkages causing process interruptions by short circuit, or dam-
age of the electrodes’ surfaces [9,32,34,37,44,46].

There exist two main types of dielectric fluids: deionized water and dielectric
fluids based on hydrocarbon compounds also known as dielectric oil [35].

Deionized water, mostly tap water which was filtered by deionization resin to
decrease electrical conductivity to kw w 1 mS/cm, has a higher conductivity and
therewith a lower dielectric strength than hydrocarbon-based dielectric fluids with
khdf < 0.1 mS/cm. Due to the lower dielectric strength of deionized water, discharge
sparks ignite more easy at bigger working gaps compared to dielectric oil. The
higher vaporization heat of water-based dielectric fluids also removes more thermal
energy from the process than hydrocarbon dielectric fluids. This especially becomes
very important at short discharge durations and high effective pulse frequencies.

(d)

(a) (b) (c)

(e) (f)

FIGURE 3

Process variants of micro-electrical discharge machining: micro-die sinking (a), micro-wire

electrical discharge machining (b), micro-electrical discharge drilling (c), micro-electrical

discharge milling (d), micro-electrical discharge grinding (e), and micro-wire electrical

discharge grinding (f).
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In comparison to dielectric oil, deionized water effects a higher surface quality [10]
and a higher material removal rate [9]. Furthermore, the influence on the subsurface
formation also known as white layer is much lower using deionized water. Disadvan-
tages of water-based fluids are high tool wear, workpiece corrosion, and deionization.
Due to the high dielectric strength, dielectric oil can be used for high discharge
energies with small working gaps applied for micro-die sinking operations. Special
disposal of used oil and contaminated filters, low flash point, and hazardous vapors
during the machining process cause problems while machining with hydrocarbon
dielectric fluids [9]. Table 1 shows an overview of properties and technological
behavior of hydrocarbon-based dielectric fluids and deionized water.

GENERAL FLUSHING STRATEGIES
To force a circulation in dielectric fluid and to clean the working gap from removed
material particles, different flushing strategies are used. There are direct and indirect
flushing strategies (Figure 4). Direct flushing, such as lateral flushing (Figure 4(a)),

Table 1 Differences of Hydrocarbon Dielectric Fluids and Deionized Water

Type of Dielectric Fluid Hydrocarbon Dielectric Fluids Deionized Water

Electrical conductivity <0.1 mS/cm w1 mS/cm

Technological behavior High material removal rate, small
tool wear, big influence on peripheral
zone

High material
removal rate, high
surface quality,
high wear

Properties No corrosion of workpiece, no
deionization necessary, special
disposal, low flash point, hazardous
vapors

Not flammable, no
hazardous vapors,
no special disposal,
corrosion

Application Micro-die sinking Micro-wire
electrical discharge
machining

(a) (b) (c)

FIGURE 4

Illustration of direct flushing strategies: lateral flushing (a), pressure flushing (b) and suction

flushing (c).
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pressure flushing (Figure 4(b)), or suction flushing (Figure 4(c)), is produced by a
fluid pump. Flushing can also be pulsatory or intermittent.

In m-EDM, flushing through the electrode is often impossible because of small
electrode dimensions. Thus, a circulation in the dielectric fluid is realized by indirect
flushing strategies (Figure 5). Indirect flushing is a result of a relative motion
between the tool electrode and the workpiece that is superimposed onto the tool
feed. The relative motion can be generated by a periodic high-frequency vibration
(Figure 5(a)) or a rotary motion of the tool electrode (Figure 5(b)) created by a
high speed spindle.

PROCESS
PROCEDURE OF A SINGLE DISCHARGE
A single discharge can be differentiated into four phases: the buildup phase, the
ignition phase, the discharge phase, and the breakdown phase, as shown in
Figure 6.

During the buildup phase, a voltage, which is called open circuit voltage u0, is
applied between the tool electrode and the workpiece. The voltage, with a level from
u0 ¼ 60 V to u0 ¼ 400 V depending on the machining process [9], causes a strong
electrical field at the working gap between the electrodes. An acceleration of exist-
ing free charge carriers inside the dielectric fluid takes place along the streamlines of
the field [11]. Additionally, the electrical field effects an emission of electrons out of
the cathode (field emission). With electrons moving toward the anode and ions that
are attracted by the cathode, a current starts to flow. As a consequence, the dielectric
fluid is heated above its boiling temperature, then vaporizes, and as a result a plasma
channel is formed.

In the ignition phase, the accelerated electrons prompt an ionization, the
so-called impact ionization, of neutral particles or molecules which rapidly
increases the number of existing charge carriers. Passing a defined threshold causes
the working fluid’s dielectric strength to exceed. The ignition phase is directly

(a) (b)

FIGURE 5

Illustration of indirect flushing strategies: lifting (a) and rotation (b).
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connected to a change in current and voltage. With building up a discharge chan-
nel, the open-circuit voltage u0 drops to discharge voltage ue which depends on the
ohmic resistance in the working gap, and a discharge current ie begins to flow on
the superficial surface of the plasma channel [8]. Common discharge currents of m-
EDM range from ie ¼ 1 mA to a maximum of ie ¼ 1 A [9]. The time from applying
the open circuit voltage u0 to exceeding the dielectric strength is called the ignition
delay time td.

During the third phase, named the discharge phase, the electrical energy is
changed into heat energy because of the kinetic impact of charge carriers on the elec-
trodes’ surface. Due to different particle masses, the amount of melted material
created by impacting electrons on the anode is less compared to that created by ions
on the cathode. Furthermore, the material from the anode is mainly removed at the
beginning of the discharge phase. For long discharge durations, te, the anodic material
removal decreases toward zero, while the cathodic material removal increases and
converges toward a specific value. This phenomenon, known as the polarity effect,
can also be explained by the different mobility of the charge carriers [11]. Since
m-EDM operates at very short discharge durations from te ¼ 10 ns to te ¼ 1 ms,
the tool electrode is usually charged as the cathode to reduce tool electrode wear [9].

The primary material removal takes place during the breakdown phase. Switch-
ing off the discharge current causes a collapse of the plasma channel. An induced
low pressure reduces the boiling temperature of the melted material on the elec-
trodes’ surfaces and the material is vaporized or explosively erupted by

breakdown dischargeignitionbuild-up
phase phasephasephase
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Illustration of a single discharge.
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hydromechanical forces [2e5]. The amount of removed material mainly depends on
the discharge energy We which is defined by:

We ¼
Zte

0

ueðtÞieðtÞdtzue$ie$te (1)

After discharge, the working gap is deionized and cleaned from particles by
flushing with dielectric fluid during the pulse interval time t0. The pulse interval
time is generally set to be as long as the pulse duration ti.

MICRO-WIRE EDM
Wire electrical discharge machining (WEDM), a process variant introduced indus-
trially in 1969 [1], is characterized by a path programmed cut of the workpiece con-
tour by a traveling wire electrode. The kinematics of WEDM is comparable to that of
a band saw. The wire electrode is fed from a spool and “cuts” the workpiece along
the programmed contour. Either the workpiece or the wire is moved relatively to
each other in the x- and y-directions. For this reason, only two-dimensional and
no free-form shapes can be machined. Conical shapes can be manufactured by a
sloping position of the wire. Hereby the upper guide of the unwinding wire tool elec-
trode is relatively adjustable in the u- and v-directions (Figure 7) to the lower guide.
Due to wear and an associated decrease of the wire diameter, the wire electrode can
only be used once. A reuse causes an increasing risk of tearing the wire electrode and
of deviations in contour.

Multiple cutting strategies
To reach high surface quality and geometrical accuracies at efficient cutting speeds,
multiple cutting strategies are used. The main cut is applied at the highest available

v

workpiece

uwire electrode 

y
wire run-off speed vD

FIGURE 7

Illustration of wire electrical discharge machining.
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discharge energy. It is related to a maximummaterial removal rate, low surface qual-
ity, and a high thermal influence of the workpiece’s peripheral zones, the white layer.
Applying several trim cuts, where the discharge energy, working gap, and tool offset
are successively decreased (Figure 8), causes a lower material removal, a thinner
white layer (<1 mm), and a surface roughness down to Ra ¼ 0.07 mm.

Micro-wire electrodes
In contrast to conventional wire electrodes that are generally made of copper or
brass, premium electrodes for m-WEDM have a more complex buildup, which is
also very cost-intensive. Based on a steel or tungsten core which is coated with
several layers (e.g., copper, zinc, silver) (Figure 9), it is possible to achieve a com-
bination of high thermal and mechanical stability and high electrical conductivity.
Additionally, the soft upper layers decrease abrasive wear of the machine’s wire

main cut 1. trim cut

white
layer  

2. trim cut 

s offset 3 
offset 2 
offset 1 

FIGURE 8

Multiple cutting strategy.
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steel core

silver 
zinc

FIGURE 9

Buildup of a micro-multilayer wire electrode.
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guiding system. Micro-wires ranging from dw ¼ 10 mm to dw ¼ 100 mm have a
tensile strength of sz ¼ 2000 N/mm2 to sz ¼ 3600 N/mm2.

Dielectric fluid and flushing
As in conventional WEDM, deionized water is also used as a dielectric fluid for
m-WEDM. To minimize the working gap and to increase shape contouring accuracy,
the electrical conductivity of the water is reduced to kw ¼ 1 mS/cm. Due to limited
mechanical properties of the micro-wire, vibrations easily lead to inaccuracies in
shape and a decrease in surface quality. To reduce occurring vibrations and the
risk of a damaged micro-product, a very low flushing pressure pf < 1 bar or no
flushing is used during machining.

Dimensions and applications
m-WEDM allows the production of very complex and fine 2 1/2D structures
(Figure 10(a)). In combination with high-precision machines and special relaxation
generators, shape accuracies of around�1 mm at high aspect ratios of more than 100
can be machined by using several trim cuts [6]. An aspect ratio is the relation
between a characteristic lateral dimension of a micro-structure and its height.

m-WEDM is mainly used in the field of high-precision tool making for micro-
mechanical and optical devices (Figure 10(b)). Other applications are micro-gears
for the clock and watch industry (Figure 10(c)) and punching dies for electronic
components. Micro-tools such as micro-grabbers or components for micro-reactor
systems can also be machined by m-WEDM [7].

Micro-wire electrical discharge grinding
A special variant of m-WEDM is m-WEDG (Figure 11). In m-WEDG, the wire is
moved along two axes of motion through a rotating cylindrical workpiece.

The rotation of the workpiece causes a uniform material removal that allows
fabricating pin electrodes with minimal diameters of 5 mm or machining disc elec-
trodes with thicknesses down to 7 mm used in electrical discharge contouring. Indus-
trial applications of the m-WEDG process are contact pins for micro-assembly [12],

500 μm 500 μm 200 μm 

(a) (b) (c)

FIGURE 10

Micro-structured referential workpiece (a), mold insert for hot embossing micro-

optoelectronic connecting plugs (b), and micro-gear of a micro-planetary drive (c).
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ejector pins for injection molds, or micro-single blade milling tools [13,14]. Other
examples are gear shafts that are free of join patches [14,15] or components for
micro-turbines [16].

MICRO-DIE SINKING EDM
m-Die sinking EDM is characterized by the replication of the tool electrode’s shape
into the workpiece. The tool’s path motion is basically single axial and the machining
is realized in several steps to achieve high surface and geometrical quality. For the
finishing of lateral surfaces, planetary machining steps come into operation.

To receive smallest discharge energies for m-die sinking EDM and high surface
quality, generators based on capacities, so-called relaxation generators, are used.
Discharge capacitors of Ce ¼ 10 pF are able to generate impulses with discharge
durations of te ¼ 40 ns at discharge currents of ie ¼ 100 mA to obtain discharge
energies of We ¼ 0.1 mJ [9]. To allow an adequate material removal rate, maximum
pulse frequencies of up to fp ¼ 10 MHz are generated [17]. Due to the very short
discharge duration, the tool electrode (Figure 12) is charged cathodic and the work-
piece is anodic.

Micro-die sinking electrodes
The shape accuracy is mainly influenced by electrode wear. For this reason, suitable
materials must offer high electrical conductivity as well as high thermal conductivity
and a high melting temperature. Since the main rate of all shaped electrodes is
formed by milling processes, these materials should be easy to machine. Further
shaping processes for micro-tool electrodes are m-WEDM and lithography, electro-
plating, and moulding (LIGA) technology (Figure 13). Even though thermally and
mechanically resilient materials such as graphite, cemented carbides, or tungsten-
copper are used for tool electrodes, the relative wear can rise above 30% and is
extremely noticeable at structure edges and corners due to increased electric field
strength.

wire electrode 

workpiece

FIGURE 11

Illustration of the micro-wire electrical discharge grinding process.
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Dielectric fluid and flushing
Often small dimensions or low mechanical stabilities of the structures on the tool
electrode or the workpiece prevent direct flushing strategies. In this case, either
no or indirect flushing is used. Due to its high dielectric strength, dielectric oil
with low viscosity around no � 1.8 mm2/s is applied as dielectric fluid in the
micro-die sinking process. Compared to deionized water, the oil’s higher dielectric
strength causes smaller working gaps and therewith higher shape accuracies of the
workpiece.

Dimensions and applications
Nowadays, m-die sinking is mostly used in single or small batch production. The
main application field is the fabrication of tools for micro-embossing
(Figure 14(a)) or micro-injection molding (Figure 14(b) and (c)). Minimal structure

Tool
electrode

Workpiece

FIGURE 12

Illustration of the micro-die sinking process.

(a) (b)

FIGURE 13

Micro-tool electrodes: gearwheel (a) and fluid mixer (b).
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widths that can be achieved by m-die sinking vary from 20 mm to 40 mm [1,6]. Also,
channels of around 20 mm and corner radii of 10 mm at aspect ratios of up to 25 can
be produced. Deviations of contouring accuracies are �1 mm [1].

MICRO-ELECTRICAL DISCHARGE DRILLING
A special application of m-die sinking is m-ED drilling, which uses small pin elec-
trodes for the manufacturing of boreholes. The rotating or stationary pin electrode
is moved single axially into the workpiece (Figure 15).

Micro-drilling electrodes
Conventional electrodes for m-ED drilling made from cemented carbide are avail-
able with diameters down to dp ¼ 45 mm. Production, handling, and positioning

 

 100 μm 500 μm 100 μm 

(b) (c)(a)

FIGURE 14

Micro-fabricated die for shaping small silver pins (a), mold insert for hot embossing

fluidic micro-components (“lab-on-a-chip”) (b), and mold insert with different referential

structures (c).

rotating pin
electrode 

workpiece

FIGURE 15

Illustration of the micro-electrical discharge drilling process.
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(Figure 16) of these electrodes are challenging [6]. Special guiding systems also
made from cemented carbide or ceramics are needed for the exact guiding and posi-
tioning. Tungsten, tungsten-copper, copper, and brass is used as electrode material.
Pin electrodes with diameters smaller than dp ¼ 45 mm can be produced using
m-WEDG.

Dielectric fluid and flushing
As in m-die sinking, either deionized water or oil with a low viscosity is used as
dielectric fluid. To improve flushing conditions inside the gap and to obtain higher
accuracies in roundness, higher aspect ratios and higher material removal rates, the
electrodes are rotated at speeds of up to nr ¼ 2000 l/min [6,18e22]. Additionally,
the effectiveness of the flushing is increased by a translatory vibration with an ampli-
tude between 4 mm and 20 mm and a frequency of 50 Hz to 300 Hz which can be
superimposed onto the feed of the electrode.

Dimensions and applications
Boreholes with aspect ratios of 10 to above 50 for tool electrodes with diameters
ranging from de ¼ 25 mm to de ¼ 100 mm can be machined by m-ED drilling [6].
Reproducible hole diameters of dh ¼ 30 mm can be produced with a shape accuracy
of �2 mm. Minimal diameters of dh ¼ 6 mm [28] and dh ¼ 2.9 mm have been
achieved. m-ED drilling is mainly used for the fabrication of common rail injection
nozzles, cooling boreholes of turbine blades, or starting holes for m-WEDM [6].
Figure 17 shows examples for applications like boreholes for ejector pins in emboss-
ing tools (Figure 17(a)) or spinning nozzles in a ceramic plate with a depth of 1 mm
and a diameter dh ¼ 80 mm (Figure 17(b)).

MICRO-ELECTRICAL DISCHARGE CONTOURING
Using process variants such as m-die sinking or m-WEDM, the fabrication of large
molds with widely spread micro-structures of different heights is sometimes very
cost-intensive or not possible at all. Reasons for this are the limited workpiece
heights caused by the micro-wire’s mechanical and thermal stability, or maximal

100μm 

FIGURE 16

Electrode for micro-electrical discharge drilling made of cemented carbide.
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overall dimensions of the die considering adequate flushing conditions inside the
working gap. As an alternative, micro-electrical discharge contouring process vari-
ants such as m-ED milling or m-EDG can be used.

In contrast to m-ED drilling which only works in one direction, m-ED milling
uses a rotating pin electrode that is moved through the workpiece on a defined
three-dimensional path (Figure 18(a)). Typical infeed rates of the pin vary from
0.5 mm/s to a maximum of 10 mm/s [23]. Thus, in electrical discharge milling, it
is possible to produce free-forms and cavities without fabricating a special tool
electrode.

m-EDG (Figure 18(b)) uses a rotating disc electrode instead of a pin electrode.
The profile of the disc is reproduced in the workpiece as a channel. Similar to m-ED
milling, the electrode can also be moved in three dimensions which enables the
fabrication of long, curved channels of different depths.

Micro-electrical discharge contouring electrodes
Even though high strength materials such as cemented carbide, tungsten, or
tungsten-copper are applied, the tool wear of the pin electrode with a minimal

rotating disc 
electrode

workpiece

(a) (b)
rotating pin 
electrode

FIGURE 18

Illustration of micro-electrical discharge milling (a), and micro-electrical discharge grinding

process (b).

(a) (b)

1 mm 200 μm 

FIGURE 17

High-precision borehole in an ejector pin (a), spinning nozzles in a ceramic plate (b).
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diameter of dm ¼ 45 mm is very high. In electrical discharge contouring, it is
possible to regulate the wear by using special wear compensation algorithms that
converted into computer numerical-controlled (CNC) language. Disc electrodes
can be used for the manufacturing of extensive channel structures which cannot
be produced by m-WEDM. A main advantage of disc electrodes is the allocation
of the wear on the circumferential length. Disc electrodes made of tungsten copper
can either be produced by cutting removal processes or m-WEDG. Electrodes with
minimal widths of 7 mm have been successfully manufactured by m-WEDG and
have been applied [24e26].

Dielectric fluid and flushing
Due to the open shape of the workpiece and the rotating electrode in micro-electrical
discharge contouring, the flushing conditions inside the working gap are comparable
to micro-die sinking EDM. With regard to the variant of m-ED milling, flushing
through the electrode can be applied to increase material removal and decrease
machining time.

Dimensions and applications
Today, m-ED milling is used for the fabrication of cavities (Figure 19(a))
or channels in injection molds, reliefs in embossing dies, or prismatic micro-
molds [23]. Due to its novelty, long machining time and disadvantages regarding
finishing strategies, m-ED milling has only a small relevance in industrial applica-
tion so far. m-EDG realizes the fabrication of very long structures which predeter-
mine this process variant for the production of micro-fluidic channels
(Figure 19(b)). Other industrial applications are the postproduction of cutting in-
serts made of polycrystalline diamond or cemented carbides and micro-
structuring of grinding wheels [27].

(a) (b)

500 μm 200 μm 

FIGURE 19

Cavity fabricated by micro-electrical discharge milling (a), micro-electrical discharge grinding

produced micro-fluidic channels (b).
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MATERIAL
Every material with an electrical conductivity above k ¼ 0.01 S/cm can be
machined by EDM (Figure 25). Mechanical properties such as Young’s modulus,
hardness, or strength do not have an influence on the process behavior. Conse-
quently, EDM is especially used for the machining of hard and difficult-to-cut
materials such as cemented carbides for punching tools, polycrystalline diamond
for cutting inserts, or high alloy steels for injection molding tools.

The amount of material being removed is influenced by its thermal and electrical
properties. Contrary to a high electrical conductivity (Figure 26(a)) that promotes
material removal, high thermal conductivity, and high melting temperature reduce
the material removal (Figure 26(b) and (c)). This is of special importance when
selecting wear resistant electrode materials.

TOOL ELECTRODES
Up-to-date tool electrode materials for m-EDM are electrolyte copper, tungsten, and
tungsten composites such as tungsten copper or tungsten carbide.

The attractive attributes of electrolyte copper are its high electrical and thermal
conductivity. Electrolyte copper is easy to obtain, very consistent in quality, and
low in cost. A disadvantage of the material is its limited grind ability [8]. Due to me-
chanical instability, the material’s ductility and softness can cause problems when
milling small structures. Another problem is the high wear of electrodes made from
electrolyte copper.

Tungsten is a metal of very high strength, density, and hardness. With a melting
point near 3400 �C, it resists thermal damaging effects of the EDM process very
well. Disadvantages of tungsten are a very high material price. It is also difficult
to machine because of its high hardness. To make tungsten more attractive for
certain applications, it is combined with ductile materials such as copper.

The resulting material, tungsten-copper, is easier to machine, more conductive
than normal copper, and extremely wear resistant. Especially in the field of micro-
structuring and surface finishing, tungsten copper is used as the tool electrode
material [41].

MACHINERY
MACHINE DESIGN
Basic EDM equipment consists of the machine unit with actuation components, the
generator, the dielectric unit including pumps, filters, and cooling (Figure 20), and in
the case of WEDM, a deionization unit (Figure 21). To ensure the high precision of
m-EDM, many components of the system are produced with materials of a long-term
thermal and mechanical stability such as ceramics. Also, servo drives with positional
accuracies of around 1 mm and high-precision clamping systems are used.
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Die-sinking EDM machine
Die-sinking EDM machines are mainly built as a C-frame construction
(Figure 20). The tool electrode is moved along the z-axis by a servo drive which
is controlled by the machine control. The controlling unit is connected to a power
supply that provides a pulsed DC output, the so-called pulse generator. The power
supply is also controlled. The workpiece, which is immersed in a tank of dielec-
tric fluid, is connected to one lead of the pulse generator. The tool electrode is
linked to the other lead of the power supply. The tank is placed on an x- and y-
axis table and is moved during the machining process. It is combined with a
dielectric pump, a fluid reservoir, and a filter system. The pump provides pressure
for flushing the working gap. The filter system refines removed material particles
from the dielectric fluid. The dielectric reservoir stores and cools additional
dielectric fluid and provides a container for draining the dielectric fluid between
the operations.

....
dielectric
reservoir

pulse
generator

unit

dielectric pump 
and filter 

servo mechanism 

tool electrode 

workpiece

dielectric fluid 

work tank 

controlling

x- and y-table

FIGURE 20

Die-sinking electrical discharge machine tool.

spool with wire electrode
workpiece
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FIGURE 21

Wire electrical discharge machining system.
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Wire EDM machine
In wire EDM machines (Figure 21), which are built as a C-frame or gantry portal
construction, the wire electrode is constantly fed from a spool. It is guided by rolls
through an upper and lower nozzle head. The lower nozzle head is fixed. The upper
nozzle head can be moved horizontally (u, v) and vertically (z). Thus, in combination
with an x- and y-motion of the workpiece, it is possible to machine conical shapes of
different heights with angles ranging from 0� to 15�, depending on the machine
design. To reduce oscillations caused by electromagnetic, electrostatic, or hydrome-
chanical forces, the wire is strained with a defined force that is generated by a brake
motor and a haul-off unit. After use, the wire is cut, chopped, and recycled.

GENERATOR TYPES
Modern EDM machines provide two different types of generators in order to fit a
wide range of different applications: static pulse generators for roughing operations
and relaxation generators for micro-structuring and finishing operations.

Static pulse generators
Static pulse generators are characterized by a controlled current or voltage source
which generates rectangular single pulse discharges [8]. The source is directly con-
nected to the discharge path via electronic switching elements (Figure 22). Pulse
shape, pulse duration ti, and discharge duration te can be adjusted and controlled
for the realization of a relatively low wear of the working electrode.

In contrast to relaxation generators, static pulse generators allow the setting of
the discharge duration te independently of the discharge current ie and are normally
used for intensive material removal processes with long discharge durations te and
high discharge currents ie [34,38,46].
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FIGURE 22

Static pulse generator: schematic illustration (a), voltage and current diagram including

ignition delay time (td), discharge duration (te), pulse duration (ti), and pulse cycle time

(tp) (b).
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Relaxation generators
The principle setup of a relaxation generator is a direct current source in combina-
tion with different storage elements (RC, RLC, or LC circuits) [8] (Figure 23).
In case of charged storage elements, the gap between the tool electrode and the work-
piece serves as a switch. After exceeding the dielectric strength of the dielectric fluid,
an oscillating discharge is released. Discharge duration te and discharge current ie
depend on the value of the capacity and cannot be controlled independently as this
is the case with a static pulse generator. Additionally, the pulse frequency depends
on the charging voltage of the capacity. Due to very small discharge energies of
down to We ¼ 0.1 mJ at high pulse frequencies of up to fp ¼ 10 MHz, relaxation
generators are used for micro-machining and precise surface finishing [29,33,38,41].

Adaptive feed control
In contrast to cutting technologies, the feed rate in EDM is adaptively controlled by
the control of the EDM machine. A constant feed rate can lead to short circuits,
resulting in a destruction of the micro-structures. The adaptive feed control analyzes
the measured parameters of the electrical impulse characteristics and classifies them
using a pulse detection unit. According to that detection, the feed rate is regulated by
a control circuit.

The electrical impulses are classified in four different types (Figure 24) which
result from the conditions inside the gap: no-load discharge, normal discharge, arc
discharge, and short circuit.

No-load discharges occur when the working gap is oversized. As a consequence
the buildup of a plasma channel is prevented and the discharge current does not flow.
The adaptive feed control reacts with an increase of the feed rate. At a normal
discharge, the width of the working gap has an optimal size. For the following dis-
charges, the adaptive feed control tries to keep a constant feed rate. An arc
discharge is characterized by a premature ignition of the spark. The real ignition
delay time tdr is far below the set value of the ignition delay time td. This type of
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FIGURE 23

Relaxation generator: schematic illustration (a), voltage and current characteristic including

discharge duration (te), and pulse cycle time (tp) (b).
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FIGURE 24

Illustration of the principle controlling strategies.
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Machinable and nonmachinable materials.
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FIGURE 26

Influence of thermal and electrical properties on material removal rate.
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Table 2 Table of m-EDM Process Variants According to Performance and Applications

Process Variant
Geometry
Complexity Structure Dimension Surface Quality

Application
Examples

Micro-wire EDM
(m-EDM)

• 2½D
• Tapered surfaces
with maximal angles
of 15�

• Minimum inner radii, cutting width,
and maximum workpiece height
depends on wire diameter, e.g., at
dwmin ¼ 0.03 mm,
smin ¼ 0.005 mm, hmax ¼ 5 mm

Ra w 0.07
Rz w 0.35
(with multiple cutting
strategy)

• Forming tools for
optoelectronic
components

• Lead frame
stamping tools

• Spinning nozzles
• Micro-gears

Micro-die sinking
(m-die sinking)

• 3D
• Freeform surfaces
• Undercuts possible
by planetary erosion

• Limited by electrode
manufacturing

• Minimum structure width
w0.02 mm

• Aspect ratio w20

Ra w 0.1 mm
Rz w 0.5 mm
(in all directions)

• Micro-injection
molds

• Embossing molds
for micro-optics

Micro-electrical
discharge drilling
(m-ED drilling)

• 2D
• Boreholes

• Borehole diameters down to
dmin ¼ 0.04 mm

• Aspect ratio from 25 to 50

Ra w 0.3 mm
Rz w 1.5 mm
(lateral)

• Injection nozzles
• Micro-fluid systems
• Starting holes for
m-WEDM

Micro-electrical
discharge grinding
(m-EDG)

• 2½D
• Straight partly
vertically curved
channel structures

• Profile of structure
depends on cross-
section of disc

• Minimum structure widths of
0.07 mm

• Aspect ratio w15
• Possible length depends on
electrode wear (>50 mm)

Ra w 0.2 mm
Rz w 0.8 mm
(in all directions)

• Embossing and
coining tools

• Micro-fluid channels

Micro-electrical milling
(m-ED milling)

• 3D
• Free-form surfaces

• Minimum inner radii depend on pin
diameter

• Applicable electrode diameter
dmin ¼ 0.1 mm

Ra w 0.2 mm
Rz w 0.8 mm
(in all directions)

• Cavities for micro-
injection molding

• Embossing or
coining tools

Micro-wire electrical
discharge grinding
(m-wire EDG)

Rotational symmetric
structures (discs, pins)

• Minimum pin electrode diameter
Dmin w 0.02 mm

• Aspect ratio w30

Ra w 0.15 mm
Rz w 0.75 mm

• Pin electrodes
• Rolling tools
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discharge is caused by a high concentration of electroconductive particles inside the
gap. This status is normally followed by a series of normal discharges. The adaptive
feed control reacts with a decrease in feed. Short circuits can either occur due to
contact between the tool electrode and the workpiece or because of remaining par-
ticles that form an electrical linkage [9]. To leave that state, the tool electrode is
pulled back along the machining path.

Depending on the application, different control technologies and strategies
based on fuzzy logic are used in modern m-EDM machines such as adaptive
control optimization or adaptive control constraint.

APPLICATIONS
A final summary of the chapter and the wide application field of m-EDM are shown
in Tables 2 and 3.
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INTRODUCTION
In the production of micro-scaled products and micro-replication tools, laser abla-
tion becomes a more and more important tool which is able to generate structure
sizes in the range of 10e100 mm, not only in metals but also in hard and ultra-
hard materials such as tungsten carbide and ceramics [1e14]. Especially for
micro-machining, laser processes have been qualified for a wide range of materials
starting from semiconductors in the field of micro-electronics, hard materials for
tool technology to very weak and soft materials such as polymers for medical prod-
ucts. Even ceramics, glass, and diamond can be processed with laser technologies
with accuracies of better than 10 mm. In comparison to the classical technologies,
laser processes are generally used for small and medium lot sizes but with strongly
increased material and geometry variability.

The development and industrialization of ultra-short pulsed lasers with pulse du-
rations in the range of some 100 fs up to 10 ps made it possible to further increase
the palette of workable materials and the achievable process quality. Using ultra-
short pulsed lasers in pulse bursts of several pulses with a time spacing of 20 ns
each and adapted pulse energies, the surface quality of metal micro-ablation has
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been increased significantly and allows the production of tools and parts with Ra

values less than 0.5 mm. Compared to conventional EDM (electrical discharge
machining/spark eroding) processing, laser manufacturing of parts and tools can
be performed without additional working tools in reasonable times directly from
the CAD-CAM system without any tool wear.

Micro-ablation by means of laser-based vaporization of materials has been used
in a large variety of applications to produce micro-molds, functional components in
electronics and micro-drilling applications. Most of these processes were focused on
small parts, where the laser has its unique position in selectivity and low thermal
damaging without changing the properties of the entire part. Recent developments
in solar cell manufacturing, display manufacturing, and the manufacturing of prod-
ucts based on electrically conducting polymers such as organic light-emitting diodes
have opened a new field of laser micro-manufacturing with laser radiation, where the
specific advantages and outstanding properties of laser radiation are highly required.

Properties of laser micro-ablation and surface functionalization:

• Ablation depth accuracy: Submicron scale
• Depth of heat input: Nanometer scale
• Lateral accuracy: Micron scale lateral

(Submicron scale with special process techniques)
When the production of components cannot be met by conventional processes,

laser ablation allows new manufacturing processes on almost all types of materials.
In this way, laser ablation and surface functionalization has been already proven as a
nonconvertible tool in solar cell and display manufacturing.

BASIC PROPERTIES OF LASER ABLATION
The precision of laser ablation is given by a combination of different effects, which
are related to the following:

• working tool (geometry of the laser beam);
• laser process (laserematerial interaction);
• positioning system for the part; and
• laser steering system.

Laser radiation is used as a working tool to structure matter by thermal vaporiza-
tion with well-defined volumes and high lateral precision. For this, depending on the
type of laser and processing technology, laser radiation is focused or projected by
objectives onto the surface, thereby being formed to a specific spatial intensity dis-
tribution. Depending on the intensity, the absorption conditions of the materials and
the interaction time, several aspects have to be considered, which define the ablation
geometry and the precision of the ablation process.

The precision of the resulting structures depend not only on the focus diameter
and the positioning stage, but also on the precision of the process resulting from the
reactions of the matter during and after irradiation. Thus, the processing diameter
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depends not only on the beam radius w0, but also on the physical properties of the
material, such as the reflectivity, absorption, melting, and evaporation enthalpy.
Depending on the optical properties of the material and on the applied radiation,
the precision of the process diameter depends on the absorption of the radiation,
which can be linear or nonlinear. Additionally, the ablation depends strongly on
the pulse duration and on the wavelength (Figure 9).

ABSORPTION EFFECTS ON ABLATION GEOMETRY
Generally, the interaction of photons and matter is based on the absorption of the
electromagnetic energy at the free and bound electrons of a material. The electrons
are heated and transfer their energy after a characteristic time to the lattice of the
material. After transfer of the optical energy to the lattice, the material heats up
and starts to melt and subsequently vaporizes with further energy deposition. The
laser-induced ablation itself can be distinguished between photo-induced and ther-
mal ablation. The precision is greater for photo-induced ablation being comparable
to the precision of the working tool, here resulting in the processing diameter. In the
case of the thermal ablation, additional processes such as heat diffusion decrease the
precision and give rise to a larger processing diameter than the focus diameter.

For most of the materials in laser material processing, surface absorption is
the dominating process. Materials absorb laser radiation linearly, when an absorp-
tion band at the laser wavelength (Figure 1) or due free or quasi-free electrons
being present (such as metals or graphite) is given. This can be described by
LamberteBeer’s law

IðxÞ ¼ ð1� RÞI0e�ax (1)

FIGURE 1

Principle of laser beam interaction with materials.
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with R the reflectivity, a the absorption coefficient (cm�1), and I0 the threshold in-
tensity for ablation [W/cm2]. Based on this, a logarithmic dependence of the ablation
depth h [cm] on the intensity can be found:

h ¼ 1

a
ln

�
I

I0

�
: (2)

The ablation depth defines the precision of the structures in depth.
Applying Gaussian radiation with a focus diameter 2w0, the processing diameter

can be controlled by the intensity of the radiation, depending on the ratio of the
applied intensity to the threshold intensity for ablation. Threshold intensities are
given for homogenous material by the threshold intensity for melting, Im and for
evaporation, Iv (Figure 2). Solid materials feature a melt enthalpy that is always
smaller than the evaporation enthalpy, resulting in larger processing diameters for
melting than for evaporation (Figure 2(b) for Im ¼ Iv/2).

The processing diameter of focused Gaussian radiation can be reduced steadily
by decreasing the intensity close to the threshold intensity for ablation, Ia. Process-
ing diameters much smaller than the focal diameter 2w0 are achievable
(Figure 2(c)).

Thermal and/or photo-physical processes govern ablation. Thermal processes are
represented by heating of matter without change in the chemical constitution,
whereas photo-physical processes imply changes in the chemical constitution or
irradiated matter.

THERMAL EFFECTS ON ABLATION PRECISION AND
ABLATION GEOMETRY
Today, for precise laser ablation, single nanosecond pulses with time spacing be-
tween the pulses in the range of 10 ms are used. Ablation rates of between 0.1

FIGURE 2

Extension of the melted (faint) and ablated (dark) region for intensities smaller (a), larger

(b), then Ia. For I z Ia and I > Ia demonstrates differences in the extension of the

ablated region (c).
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and 1 mm3/min are achieved with depth accuracies of 1e2 mm. In the nanosecond
range, the thermal influence of the laser irradiation results in typical melting depths
of several micrometers and a surface quality which is controlled and defined by the
melt resolidification and the surface tension of the melt. With this technology, abla-
tion accuracies of typically 1 mm can be achieved and a surface roughness of
0.6 mm can be obtained. Recent investigations using ps-lasers showed even higher
accuracy, which is due to a totally different laser interaction regime with significant
differing thermal influence and resulting quality. In nanosecond beam interaction,
the energy deposition and heat transfer in the material is taking place within
the pulse duration. In ultra-short pulse processing, the energy transfer to the lattice
occurs after the entire pulse duration. The temperature increase and thermal
behavior is then described by a two-temperature model which takes into account
that laserematerial interaction takes place generally between photons and elec-
trons with an overheated electron gas; and an energy transfer to the lattice by a
material-specific coupling coefficient [2].

The effect of the absorbed optical energy on thermal ablation of matter is driven
by the pulse duration and is subdivided into four regimes for linearly absorbing
matter:

• absorption of the optical energy by quasi-free electrons (tge < 10 fs);
• thermalization of the electrons, called the electron system (tee < 100 fs);
• interaction between the electron and the phonon system (tep < 10 ps); and
• thermalization of the phonon system (tpp < 100 ps).

The durations of the single processes within the brackets are exemplary if given
for copper. Two limiting cases can be distinguished:

Pulse duration larger than the thermalization of phonons s > tpp
For s > tpp, the times for absorption of the photons and the thermalization of the
electron and phonon system are much smaller than the pulse duration, resulting in
the description of heating by one temperature for the electron and the phonon sys-
tem. Ablation affects the subsystems as an instantaneous process. The threshold flu-
ence for ablation (fluence ¼ energy per area) scales with the square root of the pulse
duration and a thermal penetration depth can be defined as:

dtherm ¼ 2

ffiffiffiffiffiffiffi
ktp
cpr

s
(3)

depending on the thermal property of matter, with k the thermal conductivity, cp the
heat capacity, r the density, and tp the pulse duration of the applied radiation. The
thermal penetration depth d defines the region beyond the focus diameter (tool diam-
eter), which can be thermally modified, such as by the amorphization of crystalline
substrate. This regime is called the heat-affected zone. The processing diameter is
given by 2(w0 þ d).
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Pulse duration smaller the electronephonon relaxation time s < tep
For s < tep the processes within the electron and the phonon system are decoupled.
The temperature development for these systems are described by a two-temperature
model representing two coupled differential equations:

Ce
dTe
dt

¼ v

vz

�
ke
vTe
vz

�
þ S� m

�
Te � Tp

�
(4)

Cp
dTp
dt

¼ m
�
Te � Tp

�

Ce and Cp represent the heat capacities of the electron and the phonon system, k
the heat conductivity of the electron system, S the applied optical energy, m the
electronephonon coupling constant, and Te and Tp the temperatures of the two sys-
tems. Ablation of materials is characterized by negligible melt and small mechan-
ical load of the irradiated region. The processing diameter is comparable to the
focus diameter.

In nanosecond laser processing, this energy transfer occurs during the duration of
the laser pulse, whereas in picosecond laser processing, the energy transfer occurs
after a certain interaction time. For metals, this transfer time is generally in the
range of some picoseconds. In this case, the material is heated up after the end
of the laser pulse, so that there is no interaction of the photons with melted and
evaporated material. The result is a much more accurate ablation because the
ablation is mainly due to vaporization of the material and not by melt expulsion.
The second reason for the use of picosecond pulse durations in laser ablation is the
very high intensity of the pulses. With peak intensities of more than 1010 W/cm2,
all materials are vaporized rather than merely melted. As a consequence of these
high intensities, the ablation rate per pulse is quite low, because for vaporization
an excessive amount of energy is needed. In Figure 3, a direct comparison of
laser-ablated steel with nanosecond pulses and picosecond pulses is shown. It
can be seen clearly, that in nanosecond ablation, the residual melt after ablation is
much stronger and the geometry is affected by melt resolidification. In picosecond
ablation, almost no melt can be found in the ablation area and clean surfaces with a
surface roughness of <0.5 mm can be produced by laser ablation.

FIGURE 3

Comparison of nanosecond laser ablation (left) and picosecond laser ablation (right) of steel.
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PROCESS PRINCIPLES FOR LASER ABLATION
Micro-structuring with laser radiation adopts one of the following techniques:

• mask technique, and
• scribing technique.

The mask technique is appropriate for 2.5-dimensional structuring, for example,
application in lithography and the generation of micro-fluidic systems and nano-
scaled optical devices such as gratings. The scribing technique is adopted for full-
3D structuring and is comparable to mechanical milling.

MASK TECHNIQUE
For mask-based laser ablation, the laser radiation is formed and homogenized by a
telescope and projected onto a mask representing the desired intensity distribution.
The mask is imaged by an objective to the final intensity distribution. The transversal
miniaturization m is given by:

jmj ¼ f

g� f
; (5)

This relation is known from the optical geometry, with the focal length of the
lens f and the distance of the mask to the lens g (Figure 4).

The precision of the working tool is described by Abbe’s law, which gives the
theoretical resolution limit Dx of an objective for noncoherent radiation:

Dx ¼ 1:22
lf

DL
¼ 0:61

l

NA
(6)

and depends on the objective diameter DL and on the numerical aperture of the
objective NA.

Telescope

Mask

Aperture stop

Object Lens

TargetExcimer Laser

g f

FIGURE 4

Principle of mask projection imaging. Laser radiation is collimated and homogenized by a

telescope and a homogenizer to illuminate the mask. The mask itself is imaged on the target.
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SCRIBING TECHNIQUE
Scribing is a common technique for structuring with laser radiation. Similar to mill-
ing, the working tool “laser radiation” is moved relatively to the substrate and
removes matter in the focal regime by melting, vaporization, or photo-ablation.

The spatial intensity distribution of the laser radiation depends, among others, on
the applied laser resonator. Of special importance for micro-structuring concerning
focusability is the radiation, which should exhibit a spatial Gaussian intensity distri-
bution. Micro-structuring applying this radiation benefits of the property of Gaussian
radiation to be focused to the smallest possible value, called the diffraction-limited
focus, resulting in a beam radius of:

w0z
2lf

D
z

l

NA
; (7)

with l the wavelength of the applied radiation, f the focal length of the objective, and
D the beam diameter of the radiation close to the objective. The working tool diam-
eter is given by 2w0 and defines the working tool precision. The numerical aperture
is given by NA ¼ D/f for objectives with large focal length (f >> 15 mm) and by
NA ¼ n sin q for microscope objectives (f < 15 mm), with the refractive index of
the medium between objective and the substrate and q the aperture angle of the
objective.

Micro-structures, like a cavity, are generated by ablation with laser radiation
displacing the laser radiation relative to the work piece and carrying out a meander
trajectory, removing the material in layers (Figure 5). In general, the laser displace-
ment of the laser beam is realized by high-speed galvanometer mirrors. Focusing

FIGURE 5

Principle of 3D-laser machining by laser scribing technology.
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of the laser beam is either made by either adjustable lenses set before the scanning
mirrors or by telecentric lenses.

The ablation rate per length depends on the ratio between the applied intensity to
the threshold intensity for ablation and on the overlap, o:

o ¼ 1� v

2fpwp
: (8)

where wp represents the processing diameter, v the relative velocity, and fp the pulse
repetition rate. The processing diameter for mechanical ablation (e.g., milling) is
given by the tool diameter, whereas the processing diameter for laser ablation is
given by the focal diameter (tool diameter) and the process precision, described
below. Applying laser radiation for micro- and nano-structuring, the appropriate
tool diameter is obtained by reducing the wavelength and increasing the numerical
aperture. The last one is obtained by decreasing the focal length of the objective or
by increasing the beam diameter close to the objective (Example: l ¼ 355 nm;
NA ¼ 0.5 0 w0 z 0.7 mm).

Microscope objectives are often used for focusing laser radiation to small focal
diameters <10 mm. The focal diameter is varied during processing by changing the
objective, or changing the beam diameter in front of the objective, or positioning the
laser radiation extra focally. Different to mechanical milling, laser radiation is
contact-free and massless, resulting in reduced delay times for positioning of the
working tool. Mechanical micro-milling with tool diameter <100 mm exhibits posi-
tioning times in the range of minutes, whereas laser radiation is positioned within
fractions of seconds.

EXAMPLES
In the production of micro-scaled products and products with micro- and nano-
scaled surface functionalities, laser ablation becomes a more and more important
tool which is able to generate structure sizes in the range of 10e100 mm and with
new machining strategies, even within a range smaller than 1 mm. Using ultra-
short pulsed lasers with pulse durations of 10 ps in pulse bursts of several pulses
with a time spacing of 20 ns each and adapted pulse energies, the surface quality
of metal micro-ablation has been increased significantly. With a combination of
ultra-short pulses and high-resolution interference methods, structures with dimen-
sions of less than 300 nm can be generated, either in polymer parts directly, or in
steel replication tools. For mass replication of those structures to achieve improve-
ments in wetting capabilities or optical properties of surfaces, a new laser-supported
embossing technology has been developed.

The availability of these new process variants and improved beam sources
qualifies the laser as a universal tool, especially in the area of micro-mold processing.
The wide range of materials processed by lasers spread out from hard materials such
as tungsten carbide for tool technology to even ceramics, glass, and diamond, with
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accuracies of better than 10 mm, which make the technology useful for the process-
ing of innovative tools, and also for high-temperature mass replication processes.

With the newly developed laser ablation technology using ultra-short pulsed
lasers in the picosecond range, accuracies of better than 5 mm and surface roughness
of less than 0.5 mm can be provided for the manufacturing of micro-molding tools
(Figure 6).

Using this new laser ablation technology opens a new field of the micro-processing
of tools, which allows the manufacturing of micro- and even nano-scaled functional
structures on polymer, metal, and glass components. With laser ablation using pico-
second lasers, a machining technology with accuracies <1 mm is available which
can be applied to all kind of materials. In Figure 7, the surface of a replication tool

FIGURE 6

Laser-manufactured micro-injection molding tool insert.

FIGURE 7

Micro-structured replication tool for self-cleaning surfaces (left), super lotus effect on micro-

structured polymer surface (right).
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is shown, whereby laser ablation in tungsten carbide micro-pits with sizes between
1 and 5 mm have been produced. Due to the process characteristics of laser ablation,
submicrometer-scaled substructures are produced, which further increase the surface
area. Tools like this have been successfully tested for the replication of polymers to
achieve functional surfaces. In Figure 7, the result of a wetting test shows that by
micro-structuring, a super hydrophobic effect can be produced.

FIGURE 8

Micro-fluidic channels ablated with excimer laser radiation.

FIGURE 9

Comparison of characteristic states during laser processing with short pulsed (upper) and

ultra-fast pulsed lasers (lower).
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By mask technique, ablation with UV-excimer lasers, especially polymer parts
can be produced in a very flexible way. Among others, micro-fluidic systems require
very small channels and reservoirs in the geometry range of several 10 mm. With
mask-based excimer ablation, a tool for rapid prototyping is available for the
manufacturing of single parts in small lot sizes [6] (Figure 8).

CONCLUSIONS
Laser micro-ablation has been shown to be a versatile tool in the machining and
production of micro-parts and micro-replication tools. Using ultra-short pulsed
lasers with material-adapted wavelengths, the quality of the ablation process
can be increased significantly compared to long pulses (Figure 9). With an opti-
mized energy deposition, a significant reduction of the surface roughness down to
Ra < 0.7 mm could be achieved over a wide parameter range, the best achieved
roughness being Ra ¼ 0.5 mm. Using this optimized parameter, laser ablation
can be used for the generation of micro-replication tools as well as for the direct
manufacturing of small parts in different materials such as ceramics, steel, and
sintered metals showing the potential for high-precision tool manufacturing for
high-accuracy parts.
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INTRODUCTION
Products are becoming smaller, lighter, and more compact, and standards and qual-
ity requirements are rising. Micro-machining is finding more applications in many
products in the aerospace, automotive, medical device, jewelry, and consumables in-
dustries. There are many forms of micro-machining processes such as micro-
milling, laser machining, electrodischarge machining (EDM).

All micro-manufacturing technologies are constantly evolving and new technol-
ogies are also joining the initial set of micro-technologies due to the new research
developments and the growing demand for more accurate, defects-free, machined
micro-surfaces as well as special requirements for the machined surface integrity
like requirements for roughness suitable for optical applications and no defective
layer after the machining process.

Electrochemical machining (ECM) and especially electrochemical micro-
machining (mECM) became an attractive area of research due to the fact that this
process does not create any defective layer after machining and that there is a
growing demand for better surface integrity on different micro-applications such
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as micro-fluidics systems, optical systems, and stress-free drilled holes in the auto-
motive and aerospace sectors.

ECM is considered as a nonconventional machining process and there is no direct
contact between the tool electrode and the workpiece. The process requires maintain-
ing a small gapdthe interelectrode gap (IEG)dbetween the anode (workpiece) and
the cathode (tool electrode) in order to achieve acceptable machining results (i.e.,
accuracy, high aspect ratio with appropriate material removal rate, and energy effi-
ciency). Other major advantage of this process is that there is no wear on the tool
electrode unlike the micro-EDM process and the final roughness of the machined
surface depends severely on the type of the electrolyte and the grain structure of
the workpiece material and easily can be achieved surfaces with optical quality.

This chapter presents the mECM process and its suitability for micro-applications
and research challenges. Technological characteristics of the process together with
basic calculations are explained. It is also presented here the latest developments in
the area of mECM and future steps of this rapidly growing research area in order the
process to become more predictable and easy to use.

WORKING PRINCIPLES
ECM is an electrolytic process which works on the basis of anodic dissolution of the
workpiece. Electrolysis is the passing of current between two electrodes in an elec-
trically conductive solution called an electrolyte which completes the circuit [1].
A simple example of an electrolysis process is between an impure copper anode
and a pure copper cathode in a temperature-controlled, quiescent solution of copper
sulfate with a constant current source connecting the two electrodes [2]. Copper
atoms from the anode are dissolved and travel through the electrolyte to the cathode
where it is subsequently deposited. The process discussed above can be used to
purify copper as any impurities within the copper anode are not deposited at the
cathode due to either being insoluble or having a different deposition potential to
copper [3]. The copper ions move through the solution via several mechanisms.
The first being diffusion; diffusion is the movement of ions within a solution influ-
enced by concentration gradients with ions moving from high concentrations to
lower concentrations in an attempt to equalize the concentration throughout the
solution [1]. In this case the concentration of copper ions at the anode surface is
much higher than the concentration of copper ions in the bulk of the solution; hence
the copper ions diffuse away from the anode toward the bulk solution and the copper
cathode. The concentration of copper ions at the cathode surface is lower than the
bulk concentration because copper ions are consumed at the cathode surface. The
copper ions also travel through the solution via migration; migration is the move-
ment of ions due to a potential field [1]. In the example, the positive copper ions
are electrostatically attracted to the negatively charged cathode. Usually in electro-
chemical experiments examining electrode reactions, a background electrolyte with
a high concentration is used to mitigate the effects of migration in the solution [1].
The majority of the current is carried by the background electrolyte so the effect of
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migration on the species being studied is negligible. The third mechanism in which
the ions could move through the solution is convection. Convection is movement due
to external mechanical forces such as stirring or bubbling gas through the solution
[1]. In the case of copper electrolysis the solution is unstirred and kept at a constant
temperature so the ions are not subjected to any large convection effects, be that
natural or forced convection, e.g., stirring the solution. This allows the effects of
convection to be ignored in the analysis.

The reactions happening at the electrodes are as follows:

At the anode : Cu/Cu2þ þ 2e�

At the cathode : Cu2þ þ 2e�/ Cu

These two reactions happen simultaneously. This prevents charge accumulation
anywhere within the circuit [1]. There are also counter ions in the solution so the
solution remains neutrally charged.

Figure 1 shows a schematic of the reactions occurring within the electrolyte dur-
ing the purification of copper.

The impure copper anode is dissolved and hence reduces in mass. The insoluble
impurities collect underneath the anode. No other reactions take place at either elec-
trode as copper is less reactive than hydrogen, determined in the electrochemical
series. If a metal more reactive than hydrogen had been used, hydrogen gas would
have been produced at the cathode, i.e., if the standard potential of the half-reaction
relating to the working electrode material is negative with respect to hydrogen,
hydrogen will be formed at the electrode [4].

FIGURE 1

Schematic of copper purification process.
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ECM works on a similar basis as described above for the purification of copper.
ECM utilizes the anodic dissolution process used in copper electrolysis but confines
the current to allow more precise and accurate machining. This enables different
shapes and contours to be machined using this method.

Here the controlled anodic dissolution of iron in sodium nitrate electrolyte will
be used as an example to show the differences in the process compared to the elec-
trolysis of copper. In order to control the areas on the workpiece which are affected
by the anodic dissolution the gap between the tool and the electrode is reduced to the
micrometer range [5]. This helps to confine the current to the desired areas. The iron
ions are dissolved in the same way as the copper ions, however the two processes
differ once the ions have been dissolved. In the electrolysis of copper, the ions
remain in the solution until they are deposited onto the cathode. This is undesirable
in the ECM process as it will alter the shape of the cathode tool over time [6].
To avoid this, the electrolyte is selected to react with the iron ions once they have
been dissolved. The iron ions react with hydroxide ions which have been formed
from the electrolytic breakdown of water to form insoluble metal hydroxides. These
precipitate out of the solution [7], removing the ions from the solution and prevent-
ing them from being deposited onto the cathode. This process, however, is electro-
less, meaning it is a spontaneous reaction that will happen regardless of a current
being passed or not and it does not occur at the electrode surface. The total current
passed is not affected by this reaction. Figure 2 below schematically shows the pro-
cesses occurring during ECM of an iron workpiece in sodium nitrate.

FIGURE 2

Schematic for the anodic dissolution of iron in NaNO3.
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The reactions occurring at the electrodes are as follows:

Anode : Fe/Fe2þ þ 2e�

Cathode: 2H2Oþ 2e�/H2 þ 2OH�

The formation of the iron hydroxide happens away from the electrode surface in
the electrolyte and happens via the following electroless reaction:

Fe2þ þ 2OH�/FeðOHÞ2

MECHANISM OF THE ANODIC DISSOLUTION
The molecules of substances in aqueous solutions dissociate into cations and anions
carrying an electric charge depending on the valence, n. As the amount of the cations
is equal to the anions, the whole solution stays electrically neutral. When a metal
electrode is submerged into the solution, and the metal electrode is negatively
charged, it attracts the positively charged cations. If the metal is positively charged,
it attracts the negatively charged anions. In this way the so-called electrical double
layer (EDL) is formed, which is similar to the effect observed in a thin capacitor
where one layer represents the surface charges on the solid electrode and the other
the charges of the ions in the electrolyte (see Figure 3). Therefore on the anode ap-
pears potential Vanode and on the cathode appears potential Vcathode. The EDL plays
very important role in the micro-ECM process.

The value and the sign of the open circuit potential for different metal elec-
trodes can be determined according to the standard hydrogen electrode. When
there is no applied external potential, the transition of metal cations from one phase
into another is inhibited. In order to have a process of anodic dissolution, it is
necessary to apply an external potential U0, which should be higher than U (see
Figure 4)

U0 > U ¼ ½Vanode þ ð�VcathodeÞ�:

FIGURE 3

Appearing of a potential on the boundary between the metal electrode and the electrolyte.
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After applying U0, there is no more electrostatic forces holding the cations to the
surface and dissolving the anode becomes the dominant process. Now there are con-
ditions for anodic dissolution of the anode material. The ions in the IEG start to
move under the influence of the applied electric field. Current, I, starts flowing in
the IEG. The current value is determined by the Vworking and the resistance of the
IEG R.

U0 ¼ Vanode þ ð�VcathodeÞ þ Vworking

ECM process is very popular for material volume removal (ECM sinking) and
shaping the anode using DC current by using complex-shaped cathode electrodes.
Recent developments in this area aim at the use of much smaller electrodes with
a smaller IEG size for machining complex features with simple shape electrode.
This requires improving severely the resolution of the anodic dissolution and respec-
tively the achieved accuracy. These developments led to the appearance of a new
area of ECM technology defined as “pulsed electrochemical machining.”

Pulse electrochemical micro-machining (also referred to as mECM, mPECM,
EMM, PECMM, PEMM) exploits the capacitive properties of the EDL at the elec-
trode/electrolyte interfaces: it has been demonstrated that the electrical model of the
electrochemical cell behaves as an RC circuit [8e12]. The charging constant
(s ¼ RCDL, where CDL is the overall capacitance of the cell and R is the electrolyte
resistance) of the EDL depends on the distance between the tool and the workpiece
(which actually corresponds to the charging current path): the farther the tool is
from the workpiece surface, the longer the charging time of the EDL will be [13].
By using this property, the localization of the material removal can be controlled
very accurately by setting the pulse duration according to the charging time of the
EDL. This became the stepping stone for the development of the micro-ECM tech-
nology. The frequency and the pulse duration vary respectively depending on the
application [14e17].
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FIGURE 4

Potentials appearing on the two electrodes forming the electrical double layer in the

electrolytic cell and applied external U0 potential.
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More detailed behavior of the process can be obtained by the so-called polariza-
tion curves which will depend on a number of conditions like material of the elec-
trodes, electrolytes, working temperatures, and many others.

POLARIZATION CURVES AND POURBAIX DIAGRAMS
In ECM, polarization curves are used to determine whether the electrolyte selected is
a suitable choice for the metal workpiece material. The polarization curve can also
reveal at what potential the machining should be conducted at [17]. Pourbaix dia-
grams disclose information about how the potential and pH affect which phases
of the metal are stable [17].

Polarization curves show the currentepotential relationship of a metale
electrolyte system. The experiment is set up with a working electrode made from
the material of interest, a counter electrode, e.g., a platinum flag and a reference
electrode, e.g., an Ag/AgCl electrode [18]; see Figure 5.

Within the potentiostat there is a voltmeter to measure the potential difference
between the working electrode and the reference electrode. There is also an ammeter
to measure the current being passed through the counter electrode. The potentiostat
controls the potential of the working electrode with respect to the reference electrode
throughout the experiment while recording the current being passed between the
working electrode and the counter electrode. The shape of the curve is unique for
each metaleelectrolyte combination.

Figure 6 shows a typical polarization curve observed for a surface that undergoes
passivation and then the breakdown on the passivation layer, plotted as the potential
versus the logarithm of the current. On Figure 6, section AB shows the current

FIGURE 5

Experimental setup for polarization experiment.
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increasing due to the anodic dissolution of the workpiece; section BC shows the cur-
rent decreasing due to the passivation of the surface layer; CD is the transpassive
region where there is no electrical connection due to the insulating passive film; sec-
tion DE shows the current rising again as the passive layer is broken down regaining
electrical contact and continuing anodic dissolution.

Pourbaix diagrams, also known as a potential/pH diagram, map possible stable
phases in an aqueous electrochemical system at room temperature only [19]. These
can be used as a guide to determine the pH and potential at which the ECM could be
carried out at by considering whether the stable phases are solid or aqueous. If the sta-
ble phase is aqueous it is highly likely that anodic dissolution will be successful [17].
This is because the workpiece should react to form a soluble compound and
therefore the workpiece would dissolve. However, if the stable phase is a solid, it
is more likely that a passive film will form on the surface of the workpiece rendering
the dissolution process unsuccessful [17]. They do not reveal any kinetic information
so the information gained should not be used in isolation but can be used as a pre-
liminary guide to help decide initial machining parameters. Pourbaix diagrams are
read much like a standard phase diagram but with different axes (see Figure 7).

BASIC CALCULATIONS IN ECM AND/OR MICRO-ECM PROCESS
In the calculations shown below is assumed that material removal is purely due to
electrochemical processes, i.e., there is no mechanical material removal or
crumbling of grains of material or hydrodynamic erosion, electric erosion, or
micro-cutting by abrasive. The material removal rate in ECM can be expressed by
Faraday’s first law.

According to the first law of Faraday, the mass of metal ions removed Dm is pro-
portional to the current DI during time Dt:

Dm ¼ kDIDt
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FIGURE 6

Polarization curve showing passivation.
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where, k is the so-called electrochemical equivalent of the workpiece material,
which equals the mass of ions carrying 1 unit of electric charge, 1C (i.e., 1 As).

This equation also can be written using the volume of the removed material DV
and the density of the material r:

DVr ¼ kDIDt/DV ¼ kDIDt

r

Using Faraday’s second law, the electrochemical equivalent for the reaction:
Me/Menþ þ ne� can be expressed in the following way:

k ¼ A

nF

A is atomic weight of the metal Me
F is Faraday’s constant (96,500C)
n is valency of the workpiece material

For example, iron has an atomic weight of A ¼ 55.85. In its divalent form
(n ¼ 2) this metal has an electrochemical equivalent k ¼ 29 � 10�5 g/As;

The trivalent iron (n ¼ 3) has k ¼ 19 � 10�5 g/As.
If an alloy consists of i elements such that each element accounts for a fraction zi

of the total and it is assumed that each element dissolves independently and simul-
taneously with the others, the electrochemical equivalent of alloy may be found by
the following equation:
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FIGURE 7

Pourbaix diagram for an ironewater system at room temperature [19].

Basic calculations in ECM and/or micro-ECM process 129



k ¼ 1

F
P zini

Ai

The current efficiency of anodic dissolution, h, is calculated using the ratio
between the current responsible for metal dissolution, DIdis; and the total current,
DItotal. It can also be calculated using the ratio between the mass removed from
the electrode, Dmreal, versus the calculated mass loss, Dmcalc. Alternatively volumes
can also be used in the same way.

h ¼ DIdis
DItotal

¼ Dmreal

Dmcalc
¼ DVreal

DVcalc

Efficiency of 100% means that the total current is carried by ions of dissolved
metal. For zero efficiency, the current passes without metal dissolution. It is often
convenient to express the current efficiency in terms of a percentage ratio. Current
efficiency h depends greatly on the material of the workpiece, type of electrolyte as
well as the machining conditions, mainly on the current density, the temperature, and
the flow rate of electrolyte as well as the type of power supply. The current efficiency
in micro-ECM, where short pulsed DC current is used, is much lower than in the
volume (sinking) ECM process using normal uninterrupted DC power supply.

The coefficient of electrochemical machinability, KV is equal to the volume of
material dissolved from the anode per unit electrical charge and can be given by
the following equation:

KV ¼ hk

r

The coefficient KV can only be determined experimentally and its value for some
commonly used metals is given in Table 1 below.

Table 1 Coefficient for Electrochemical Machinability KV for Most Commonly

Used Metals

Metal (Unit)
Atomic
weight (g) Valence

Density
(g/cm3)

KV at current
efficiency 100%
(h[ 1) (mm3/Amin)

Aluminum (Al) 26.98 3 2.71 2.06

Cadmium (Cd) 112.40 2 8.67 4.1

Chromium (Cr) 51.896 2
3
6

7.2 2.25
1.51
0.75

Cobalt (Co) 58.93 2
3

8.92 2.05
1.38

Copper (Cu) 63.546 1
2

8.97 4.39
2.20

Gold (Au) 196.967 1
3

19.33 6.40
2.13
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Material removal rate (MRR) can be defined either as the volume removed per
time:

MRR ¼ dv

dt
;

or the mass removed per time.
MRR ¼ dm

dt which also leads to equation

MRR ¼ KvI

Table 1 Coefficient for Electrochemical Machinability KV for Most Commonly Used

Metalsdcont’d

Metal (Unit)
Atomic
weight (g) Valence

Density
(g/cm3)

KV at current
efficiency 100%
(h [ 1) (mm3/Amin)

Iron (Fe) 55.847 2
3

7.86 2.21
1.47

Lead (Pb) 207.19 2
4

11.36 5.74
2.79

Magnesium (Mg) 24.312 2 1.75 4.43

Manganese (Mn) 54.938 2
3
4
6
7

7.48 2.26
1.48
1.15
0.77
0.65

Molybdenum (Mo) 95.94 3
4
6

10.22 1.95
1.47
0.98

Nickel (Ni) 58.71 2
3

8.92 2.11
1.36

Platinum (Pt) 195.09 2
4

21.47 2.79
1.47

Silver (Ag) 107.9 1 10.5 6.39

Tantalum (Ta) 181 5 16.62 1.31

Tin (Sn) 118.69 2
4

7.31 5.05
2.52

Titanium (Ti) 47.90 3
4

4.52 2.19
1.65

Tungsten (W) 183.85 6
8

19.31 0.98
0.74

Vanadium (V) 50.95 3
5

6.09 1.74
1.05

Zinc (Zn) 65.37 2 7.15 2.85
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From this equation can be concluded that MRR in ECM is dependent on electro-
chemical properties of the workpiece material (KV) and proportional to the total
current.

Specific energy consumption of an ECM process is defined as energy needed for
removal of unit volume of machining material, i.e., e ¼ dE

dV.
During time dt, energy consumed in ECM is equal to dE ¼ UIdt, where U is the

applied voltage and the volume of dissolved material is dV ¼ KvIdt.
Therefore, e ¼ U

Kv
, which means that the specific energy consumption is ratio

between the applied voltage and coefficient of electrochemical machinability.

ELECTROLYTES
The electrolyte has three main roles in the ECM process: it carries the current
between tool and the workpiece, it removes the product of the reaction from the
IEG, and it removes the heat produced from the passage of current [20].

The most common electrolyte used for ECM is a concentrated salt electrolyte,
namely sodium chloride or sodium nitrate. These are used as they are relatively inex-
pensive and they do not cause damage to the machinery [21].

The choice of electrolyte determines the reactions that happen at both the work-
piece and the tool electrode but also within solution. Firstly there are two main types
of electrolyte: passivating and nonpassivating electrolytes [22]. Passivating electro-
lytes will encourage the development of a passive layer on the workpiece. A passive
layer is usually formed of metal oxides and hydroxides which can spontaneously
form upon contact with the electrolyte or only once a current is flowing through
the system [23]. This will depend on both the electrolyte and the metal involved.
Many passive films are electrically insulating and form a barrier on the workpiece
surface. This is usually detrimental to the machining process and in some cases
can completely prevent any dissolution from occurring. This is not to say that the
formation of all passive layers is unwanted. Sometimes the formation of a passive
layer, which is more easily broken down, can improve the resolution of the
machining, obtaining a more precise shape with sharper edges and corners [17].
The energy consumption for this method is higher due to the increased potential
required to break through the passive layer [12]. A surface is said to be passive if
the corrosion resistance is increased under conditions where bare metal would
significantly react [23]. Nonpassivating electrolytes do not, as the name suggests,
form a passive layer. They usually contain aggressive ions, such as chloride, which
destabilize the formation of a film [17]. This results in a higher machining rate but
the surface finish is compromised along with the machining resolution [24].

The concentration of the electrolyte can also affect the machining quality and
rate [25]. An electrolyte with a higher concentration can carry more current as there
are more ions available within the solution [26]. This means that the machining rate
will be higher as the amount of material removed is proportional to the amount of
current passed over time. The current lines extend further into the solution when

132 CHAPTER 6 Micro-electrochemical Machining



the concentration is higher as the resistance of the electrolyte is reduced. This means
the reaction at the workpiece can occur further away from the tool electrode which
decreases the resolution of the machining process [13]. This issue has been
overcome by the use of pulsed potential waveforms allowing the use of high-
concentration electrolytes to maintain high machining rates [13].

When an alloy is used as the workpiece, choosing an appropriate electrolyte can
be difficult. One electrolyte may be a good choice to machine one component of the
alloy but may hinder the dissolution of the other components leading to an evenly
machined surface. A way to combat this is to use a mixed electrolyte. This has
been successfully demonstrated by S H Choi et al. [27] in the machining of a
WC-Co alloy. It was demonstrated that while sodium nitrate was a good electrolyte
for the tungsten element of the alloy it encouraged the formation of an oxide film on
the cobalt element. Sulfuric acid was added to the electrolyte at a concentration of
0.2 M which helped dissolve the cobalt binder in the alloy allowing for even
machining of the surface.

The electrolyte also serves the purpose of removing the reaction products from
the machining gap [28]. The gap between the tool and the workpiece is very small,
just a matter of micrometers, to enhance the precision of the machining. This gap can
very quickly become blocked with the solid metal hydroxides which are formed
when the dissolved metal ions react with the hydroxide ions in solution. It is imper-
ative to remove this precipitate from the IEG to prevent a short circuit occurring or
causing damage to either the workpiece or the tool electrode. This is done by pump-
ing the electrolyte through the gap at high rates to flush any precipitate from the gap
[28]. This is carried out in different ways; the most popular way is to expand the
IEG, pump electrolyte through in a pulse before closing the gap to its previous
position [13]. There is no electrolyte flowing while the electrodes are at their closest
positions. Another method is to constantly pump the electrolyte through the system
but this requires a much sturdier tool electrode to prevent the tool from being mis-
placed or bent by the electrolyte flow. Flushing the electrolyte through the gap also
reduces the thickness of the static diffusion layer at the electrode surfaces. This is
beneficial as it increases the machining rate by reducing the time it takes ions to
diffuse to the electrode surface from the bulk solution and vice versa [26].

The third role of the electrolyte is to remove excess heat from the reaction zone
[17]. Joule heating is the heat released when current is passed through a conductor.
The heat produced is proportional to the square of the current and the electrical resis-
tance. The heat is generated due to the resistance encountered when passing current
through the electrolyte.

There are several reasons as to why it is important to remove the heat from the
IEG. One being to prevent the electrolyte from boiling in the gap [29]; this creates
bubbles in the gap, increasing the resistance across the gap and can cause sparks to
occur between the two electrodes. This damages both the tool and the workpiece and
can prevent any further machining taking place.

Another reason the temperature of the electrolyte needs to be controlled is to
ensure the surface finish is of an acceptable standard. It was reported that when
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the electrodes were heated above 40 �C, the surface quality of the machined part was
reduced [17]. Hence it is clear to see that the temperature needs to be controlled to
enable good quality machining to take place.

IEG CONTROL AND MODELING
IEG CONTROL METHODS
During the machining process, the tool electrode is moved in order to maintain con-
stant IEG. The dimension of this gap can vary from a few mm to 100 mm depending
on the application and has a dramatic influence on the machining accuracy. When
drilling micro-holes, the feedrate of the tool electrode should match the material
removal rate of the process to maintain the gap size and at the same time to reduce
the chances for short circuits to occur [30]. The IEG is very difficult to control
because it cannot be measured directly.

The different issues influencing the IEG size that can be met during an ECM pro-
cess have been summarized as follows [31,32]: (1) local variation of the electrical
conductivity in the IEG caused by the appearance of bubbles in the electrolyte;
(2) difficulty in determining anodic overpotential changes; variation in local anodic
current efficiency; (3) nonuniformity in the distribution of the electric field in the gap
region; (4) presence of stray current lines.

In 1996, Wei et al. proved that the machining current could be used as a sensing
parameter to evaluate the IEG [33]. It was concluded that it is therefore possible to
conceive an online gap measurement system that can be used to control this param-
eter in real timedwhich confirmed the statements from Rajurkar et al. [34]. This
technique was used by Schuster et al. who monitored the distance between the
tool and workpiece by measuring the current flowing through the cell [8]. Since
then, most of the published gap control strategies use the machining current to assess
the IEG conditions and control the motion of the tool electrode.

Different control methods have been experimented and they can be summarized
according to the logic used.

• Binary logic control methods: constant tool feedrate associated with tool
retraction when the overcurrent protection is triggered

This method is based on setting a maximum machining current value.
Authors such as Yong et al. (Figure 8) and Ozkeskin developed a control system

based on the measurement of the current passing through the system [35]. To be able
to control the gap during the machining process, they moved the tool toward the
workpiece until a “current jump-up” and then retracted the tool by a few microme-
ters. Mithu et al. used the same logic [30]. A similar approach has been adopted by
Bhattacharyya et al. who controlled the IEG using an “electrical conduction
method”: 1 V was applied to the IEG and the resulting current was measured to
check if there was electrical contact (short circuit) between the tool electrode and
the workpiece. This event then triggered the retraction of the tool (moved upward)
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to break this contact [36]. Recently, Mithu et al. were able to determine the short
situation by analyzing the shape of the current during machining [37] which is an
encouraging step to develop a process monitoring system.

Cagnon et al. and Choi et al. controlled the motion of the tool by using a short-
circuit detector: if a short circuit occurred during machining the tool was retracted
until there was no more contact between the tool electrode and the workpiece to the
initial value of the IEG [38,39].

• Analog control method

In 2004, Schuster et al. proposed a patented “method for electrochemically pro-
cessing material” [35]. They also presented a way to control the IEG within a 10 mm
range. The current peaks were measured via a current peak detector and their values
were compared with the desired value. The output of the comparator was passed
through a low-pass filter (integrator) and a downstream amplifier. This amplifier
controlled an electromagnetic mechanism that had a 10 mm travel distance. The
position of the workpiece was then adjusted with respect to the measured current
peaks. The authors claimed that the gap was “sufficiently small to obtain the desired
local resolution” and “sufficiently high to avoid short circuits.” However, no specific
distances were mentioned.

• Fuzzy logic control (FLC)

Labib et al. [35] pointed out the necessity for the controller to have decision-
making capabilities. They observed that the occurrence of sparking was efficiently
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Flowchart for a control of the interelectrode gap [7].
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prevented when FLC was applied to the ECM process and encouraged further
research to develop FLCs for the EMM process. Moreover, it is worth mentioning
that fuzzy logic was also used to control the process in EDM, wire EDM [40,41],
and electrochemical discharge machining [42,43].

The combination of an active control loop with adaptive neuro-fuzzy inference
system or optimization algorithms seems very promising as some authors have
already used neural networks to tune the machining parameters in ECM [44e47].
Recently, micro-herringbone grooves were machined in hydrodynamics bearings us-
ing a simulation-assisted mECM process [42]. Fuzzy logic was also applied to con-
trol the gap during an ECM process using a 6D force sensor while measuring the
machining current [43].

• Computer numerical control (CNC) system with tool retraction and constant
feed rate

Finally, in 2010 a CNC system was developed for mECM process using a soft-
CNC architecture based on RT-Linux. This system used a real-time module to
handle the motion, short-circuit detection (the detection signal was coming from
the pulse generator), and gap adjustment aspects [44]. The authors managed to
mill a hexagonal star and micro-stepped cavities at a feedrate of 6 mm/min using
G code generated from standard CAD/CAM software.

As mentioned previously, the majority of the authors consider that the most reli-
able sensing parameter to control the IEG is the current [34,35,38,48,49], so a good
relationship between the current and the gap size must be defined. The only way to
answer this demand is to create electrical model(s) of the IEG.

INTERELECTRODE GAP MODELING
In 2000, Schuster et al. experimented mECM with ultrashort pulses by taking into
account the effect of the EDL [50,51]. Studies showed that a capacitor was a suitable
representation of the EDL in this process [50,52]. The electrical model of the gap
that they used is presented on Figure 9.

Kozak [47] and Marla et al. [53] improved this model by adding nonlinear resis-
tors (ra and rk) in parallel with the EDLs (Figure 10).

They claimed that the current going through the double layer was actually the
sum of two different currents (Figure 11):

• The charging current: It is the current density that flows through the double layer
when the latter is getting charged.

• The faradaic current: It is the current that causes the dissolution of the material
when the EDL is fully charged.

It can be said that the current representing the gap size is the faradaic current
because it only starts flowing through the cell when the EDL is fully charged, and
is therefore strongly related to the IEG resistance. The use of this model has been
reported by other authors as well [52,54,55].
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To increase the amount of faradaic current contained in each pulse, Kozak et al.
made mECM trials by combining a DC voltage source and a pulsed voltage. The role
of the DC voltage was to keep the EDL partially polarized, then the voltage pulses
would remove material more efficiently and at the same time, the tool would be pro-
tected from corrosion. The DC voltage was therefore relatively low and below the
activating potential of the electrochemical reaction [14]. However, some other
authors claimed that applying an appropriate value of negative voltage during the
pulse off-time would improve the unloading/reloading times of the EDL without
the dissolution of the tool [56].
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Electrical model of the interelectrode gap proposed by Kozak J et al. [47] for the
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The amount of faradaic current per pulse decreases when the pulse width be-
comes shorter since the charging time takes a greater portion of the pulse. Further-
more, if the pulses are too short, then the EDL cannot fully charge and therefore no
faradaic current is created.

The current is mainly influenced by the conductivity of the electrolyte and the
gap size. However, the conductivity of the electrolyte is influenced by several param-
eters including the ionic concentration (i.e., pH, Cl�, NO�

3 ) and the temperature.
Therefore, if the current is used as a sensing parameter, the properties of the elec-

trolyte have to be carefully maintained constant within the IEG, otherwise the rela-
tionship between the measured current and the gap size changes.

In order to have a more accurate representation of the gap, the side walls of the
cathode (tool electrode) should be insulated to prevent the current from flowing
through them: only the current flowing through the front face of the cathode can
be used to indirectly measure the IEG size unless a very complicated algorithm is
created to compensate for the change of the active zone on the cathode electrode.

EQUIPMENT FOR MICRO-ECM
Micro-ECM is a relatively new process and it is still trying to secure its place on the
market among the other micro-manufacturing technologies. The main problem is
that the process is very complex and requires a set of interdisciplinary skills and
knowledge. Existing equipment is predominantly in the laboratories and in the
last few years there is noticeable increase of the research activities in this area. Still
there are many obstacles linked with the needed equipment for micro-ECM process
to be securely placed on the market of micro-manufacturing technologies.
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• Power supplies for micro-ECM process should be special as they should be able
to provide pulses with amplitude 1e15 V, current up to 5 A (depending on the
cathode working area), and frequency range from 1 KHz to 5 MHz with min-
imum pulse width (on time) of 50 ns. This kind of device is hard to design
mainly because it requires the metal-oxide semiconductor field effect transistors
(MOSFETs) to be switched at a very high frequency. Indeed, most of the
silicon-based power transistors commercially available are designed to work at
a maximum switching frequency of 1 MHz and are limited by their turn-on and
turnoff times. To make a MOSFET turn on in a few nanoseconds, a high current
pulse (of several amperes) has to be applied to quickly charge the capacitor at its
gate. Therefore in most cases a special gate driver needs to be developed [51].

• Short-circuit protection: Machining at a very small IEG dramatically increases
the chances for short circuits to occur. Short circuits are very undesirable as they
might damage the tool, alter the quality of the workpiece surface, and even
damage the pulse generator. Therefore, an ultrafast short-circuit protection is
necessary to be built into the power supply unit. Most of the solutions imple-
mented for that purpose measure the current flowing through the system via a
sensing resistor in series with the gap. Moreover, the measured current is used as
a machining parameter to control the IEG [31].

• Electrical connections: One of the critical parameters of the mECM process
circuitry is the inductance of the cables connecting the power supply unit (PSU)
to the electrodes [52]. The parasitic cable inductance increases the rise time of
the voltage pulses especially for pulse durations below 1ms. At high frequency,
the impedance of the cable becomes so big that only a portion of the output
power is delivered to the IEG and the pulses are distorted. The cabling therefore
limits the frequency at which machining can occur and problems have been
reported above 1 MHz [54]. To solve this issue, or at least diminish the effect,
special low-inductance cables should be used and still though their length must
be minimized. The electrical connection of the anode electrode is also
complicated and important as few rules have to be followed:
• Only the machined material has to be exposed to the electrolyte and the

electrical connection.
• The cables should be with low inductance and with minimum length.
• In the best case the working zone should be in a structure acting like a

Faraday cage to shield/prevent RF emissions and reduce parasitic
inductance.

In the case of on-the-machine electrode preparation (similar to the micro-EDM
process) the power supply should be able to reverse the polarity of the pulses and the
wiring should support this as well.

• Spindle: The spindle also can be designed so that it can accommodate the PCB
from the power supply with the high frequency and severely reduce the length of
the connection cables. In the case of high frequency power supply and high
current (up to 5A) it is not suitable to use the traditional carbon or silver brushes
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because the transmission of high current has a detrimental effect on them and
they do not work well at high frequency (parasitic inductance). At the moment
the authors propose a solution to reliably transmit high frequency pulses through
a liquid metal bath (e.g., mercury or galinstan) by designing a slip ring (see
Figure 12).

APPLICATIONS AND EXAMPLES
Micro-ECM is a diverse process that can, theoretically, anodically dissolve any elec-
trically conductive material provided the right machining conditions are applied,
including the correct choice of electrolyte. This machining process has many appli-
cations including die sinking, profiling and contouring, grinding, drilling, and
polishing.

Die sinking is used to form items such as watch cases or other 3D micro-
structures. In these cases 3D micro-features are machined on the cathode electrode
which is then used to create the features onto the anode workpiece (Figure 13) [54].
This allows a complex shape to be fashioned quickly, easily, and repeatedly once a
tool electrode has been designed.

FIGURE 12

Proposed electrochemical micro-machining spindle design with built-in mercury slip ring for

minimizing the current path and minimizing the inductance.
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ECM can also be used to polish a surface, a technique also known as electro-
chemical polishing. This is used to remove burrs from a product created using a con-
ventional machining method [54].

Drilling is conducted using a thin tool electrode that is approached to the work-
piece as machining commences. Usually the outer edge of the tool is insulated to
prevent an overcut from forming. In some cases, the pulse duration was increased
when the tool reached a desired location during drilling, in order to create cavities
(undercuts) into the workpiece and machine complex features (Figure 14) [55].

To enable micro-contouring machining the ECM process has to be adapted.
Generally a tool electrode is moved along a designated, computer-controlled
pathway to create the desired shape in the workpiece. In this way complex shapes
and contours can be created without the long process of designing a tool electrode
and the tool electrode shape is simple. The tool position is important here, but using

(a)
(b)

FIGURE 13

Scanning electron micrographs (a) the tool and (b) structure in Ni substrate [54].

FIGURE 14

Micro-cavities machined by controlling dissolution time and pulse duration [55].
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a very small tool, on the micrometer scale, it can be difficult to place the tool accu-
rately. To solve this issue, the tool is created in situ creating a fine electrode from a
thicker piece of wire similar to the electrode grinding in micro-EDM process. To
achieve the high precision required for micro-features the potential is applied in
short pulses. The accuracy is dependent on the pulse duration; the shorter the pulse
the higher the accuracy. A triangular-shaped trough measuring just 1 mm deep and
approximately 200 nm wide was successfully machined with a 500 ps pulse [13].
Figure 15 shows the feature using a scanning electron microscope.

For micro-ECM, each machining is possible to find the optimal range for the
IEG; a gap too small may cause sparking or short circuits which could cause damage
to either the workpiece or tool electrode and a gap too large would not facilitate
machining as the potential pulse would not be of a duration long enough to charge
the workpiece surface sufficiently to enable anodic dissolution. This is because
the dissolution is exponentially dependent on the potential drop, which is linked
to the IEG. Still a methodology how to determine the optimal IEG has not been
suggested.
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INTRODUCTION
A further distribution of applications with integrated micro-features or micro-
systems requires technologies to replicate the corresponding micro-structures. In
addition to the structuring of silicon, glass, or metals by different structuring
processes, the replication of micro-structures is based typically on polymers.
Polymers, especially thermoplastic polymers, are commercially available and are
characterized by a large bandwidth of properties. Here for most applications a
suitable polymer which fulfills the requirements of the application can be found.

Hot embossing is one of the established replication technologies for the replica-
tion of a micro-structured master, a so-called mold insert. The available replication
processes are listed below [1e4,30]:

• Micro-reaction injection molding,
• Micro-injection molding,
• Micro-injection compression molding,
• Micro-hot embossing,
• Micro-thermoforming,
• Nano-imprint lithography (NIL) processes.

All these processes are not in competition to each other, since they have their
own specific characteristics and merits. Therefore, depending on the requirements
like stress in molded parts, flow length, number of replications, or cost-
effectiveness, the replication process can be determined. Nevertheless, the design
and the arrangement of the structures will define the suitable replication technology.
Hot embossing is a technology which is suitable for the replication of a large
bandwidth of structures especially structures with high aspect ratios. In this
chapter, such a process is presented. The technology of hot embossing machines,
hot embossing tools, and examples of typical applications will underline the merits
and flexibility of hot embossing.

The replication technique of hot embossing of micro-structures can be traced back
to the second half of the twentieth century. Already in 1970, hot embossing had been
implemented by a group of researchers from RCA Laboratories at Princeton, NJ,
USA [5]. The objective of their work was to develop a low-cost reproduction tech-
nique of surface hologram motion pictures for television playback. A master tape
was made by electroplating nickel into photoresist patterns. The master was run
through heated rollers together with a vinyl tape and, thus, the micro-structure was
transferred into the vinyl. The molded structures were characterized by a depth of
0.1 mm and a lateral resolution of 1 mm. In 1978, Gale et al. [6] used a hot embossing
technique for the replication of surface relief structures for color and black-and-white
reproductions. These relief phase grating structures refer to a recording of light in
zero-order diffraction. These structures, with a height of 1e2 mm and a spacing of
around 1.4 mm, were replicated from a nickel mold insert into transparent PVC by
hot embossing at a molding temperature of 150 �C and a pressure of 0.3 MPa. The
structures were also replicated in polycarbonate and acetate.

148 CHAPTER 7 Hot Embossing



The structures replicated by hot embossing today are characterized by high
aspect ratios, smaller feature sizes down to the nanometer range, and vertical
sidewalls with a surface roughness below 40 nm (Figure 1).

Before the hot embossing process was established in micro-structure technology
experiments were done by reaction injection molding. This process enables injection
of mixed liquid monomers and a starter into a micro-structured mold and the mold-
ing occurs by polymerization in the mold [7]. Micro-structures of polymethylmetha-
crylate (PMMA) and polyamide were molded successfully, but at the beginning of
these experiments the filling and the demolding of filigree micro-structures with
high aspect ratio was a challenging aspect. Nevertheless, because of the difficulties
in controlling the polymerization and the high shrinkage of the molded part, the hot
embossing technique based on polymer foils was investigated. Beside fundamental
tests with micro-injection molding, basic experiments in 1989 with an embossing
technique of PMMA material marked the start of the use of micro-hot embossing
for the production of LIGA structures [8] (LIGA is a German acronym for lithog-
raphy, electroplating, and moldingdLithographie, Galvanik, Abformung). With
further development of the LIGA technique, the development of the hot embossing
technique also proceeded. At the beginning the technique was based on laboratory
machines with a low grade in automation which required the control of every mold-
ing step by the user. The precision of the molding machine regarding the press force,
the molding velocity, and the temperature distribution was also improved. A mile-
stone in the development was the use of computer-controlled tensile testing
machines for hot embossing applications. Such machines, already available in
many material testing laboratories, can fulfill the requirements for micro-hot
embossing, including high stiffness of the machine, precise motion, the control
system for force and velocity combined with a measurement system, and an
interface to the user. An integration of a molding tool with a heating and cooling
system completed the required components for hot embossing. Subsequently, this
concept was further developed into commercially available machines. Together

High aspect ratio structures nano structures [32] 

(a) (b)

FIGURE 1

Polymethylmethacrylate replicated structures. (a) High aspect ratio structures and (b) nano-

structures [32].
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with further development of the hot embossing technique, these kinds of machines
are now part of state-of-the-art hot embossing technology [9]. Independently from
the developments based on the use of tensile testing machines, new concepts based
on the use of the hydraulic drives were also established [10]. There are also other
types of machines existing in various research laboratories and industries, as a result
of independent development and/or customized applications.

On the basis of the hot embossing technology available at the present time, hot
embossing is a well-established process in industry and science with a large
bandwidth of process variations. The replication of Fresnel lenses for overhead
projectors or concentrating solar systems [11] is also established, like the replication
of CDs by the related process of injection compression molding. The development of
NIL with thermal and UV curable materials opens a way for hot embossing
technology to be extended to the nano-structuring methods. A new level of different
applications, such as surface modifications in the nano-range or the replication of
structures in the wavelength dimensions of light, will pave a way to a new class
of applications. The development of the hot embossing technique is closely linked
to the development of structuring techniques for the fabrication of mold inserts.
Today, structures of mold inserts in a range below 10 nm can be fabricated. The
hot embossing process in combination with polymers is well suited for the
replication of these structures and it can make contributions to the volume produc-
tion of new applications based on nano-structuring. One of the key merits is its
flexibility in setup, which allows for convenient changing of the mold and molding
material. Therefore, hot embossing is also a popular process in laboratories for
micro-structuring. The process is characterized by a large bandwidth of possible
process variations, such as double-sided aligned molding, molding of through holes,
molding of polymer stacks, thermoforming by polymer melts or structuring by hot
punching. These variants offer attractive characteristics for micro- and nano-
replications and for the development of micro- and nano-systems.

HOT EMBOSSING PROCESS
To illustrate the fundamental of the process, the case of single-sided hot embossing
is described below. The principle of a one-sided hot embossing cycle is represented
schematically in Figure 2. Between the micro-structured mold insert and a metal
plate with a rough surface, the so-called substrate plate, a semifinished product,
i.e., a polymer foil, is positioned. The thickness of the foil exceeds the structural
height of the tool. The surface area of the foil covers the structured part of the
tool. The tool and substrate are heated under vacuum to the polymer molding tem-
perature. When a constant molding temperature is reached, the two steps of the
molding cycle are initiated. In the first step, the mold insert and substrate are moved
toward each other (in the range of 1 mm/min) until the preset maximum embossing
force is achieved. In the second step, the embossing force achieved is held at a
constant value for a defined holding time. To generate a constant force, the relative
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movement between the tool and substrate has to be controlled. The force is now kept
constant over an additional time period (packing time, holding time). During this
period, the plastic material flows in the radial direction and the residual layer will
be reduced under the acting constant force (packing pressure). At the same time,
the tool and substrate move further toward each other, while the thickness of the re-
sidual layer decreases with packing time. During this molding process, the temper-
ature remains constant. This isothermal embossing under vacuum is required to fill
the cavities of the tool completely. Air inclusions or cooling during mold filling may
result in an incomplete molding of the micro-structures, in particular at high aspect
ratios. Upon the expiry of the packing time, cooling of the tool and substrate starts,
while the embossing force is maintained. Cooling is continued until the temperature
of the molded part drops below the glass transition temperature or melting point of
the plastics. When the demolding temperature of the polymer is reached, the molded
part is demolded from the tool by relative movement between the tool and the
substrate. Demolding only works in connection with an increased adhesion of the
molded part to the substrate plate. Due to this adhesion, the demolding movement
is transferred homogeneously and vertically to the molded part. Demolding is the
most critical process step of hot embossing. Depending on the selected process
parameters and the quality of the tool, demolding forces may vary by several factors.
In extreme cases, demolding is no longer possible, the structures are destroyed dur-
ing demolding.

Apart from the one-sided molding described, the process is also used for double-
sided positioned embossing. The principle of the process remains the same. Instead
of the substrate, however, another tool is applied. To demold the molded part from
one of the two tool halves, special demolding mechanisms, such as ejector pins or
pressurized-air demolding, are used. For a better understanding, the schematic
representation of embossing in Figure 2 is limited to the major process steps.
Depending on the tool and the polymer used, the process and process parameters
have to be adapted to any changes.

FIGURE 2

Schematic view of the hot embossing process.
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The characteristics and merits of hot embossing may be summarized as follows:

• The molding process is characterized by short flow paths, only from the molten
polymer film into the micro-cavities;

• Because of the moderate molding velocities in the range of 1 mm/min only
moderate shear stress in the polymer will be generated. This results in
comparative low residual stress in the molded parts;

• If the molding temperature is set to the range where the relaxation times of a
polymer corresponds to the cycle times of molding, the stress induced by
molding can be decreased by relaxation processes. This option requires the
knowledge of the temperature-dependent relaxation behavior of the polymer;

• The use of standardized mold inserts allows for the quick change of a micro-
structured mold, which underlines the flexibility of the technology;

• Beside the quick change of the mold insert, the polymer can also be changed
quickly. Only a new polymer foil has to be placed between the mold insert and
the substrate plate (Figure 1). This allows for replicating a mold insert into
several polymers in a short time.

• The technology allows for a variety of process variations, for example, double-
sided molding, molding of through holes, multilayer molding, and also
thermoforming of a high-temperature polymer foil by a low-temperature
polymer melt;

• Compared to injection molding, the process may be characterized by longer
cycle time. Although the development shows that with an effective technology
the cycle times could be reduced, the process is economically well suited for
small and medium series production. Nevertheless, because of the high
flexibility this process can be adapted to several requirements and it, therefore,
is of high potential for the development of prototypes within laboratories.

PROCESS VARIATIONS
Asmentioned above hot embossing is not limited to the case of a single-sided molding
cycle. The concept of hot embossing allows for modifying the process according
to the requirements of further applications of the molded parts. Representative of a
large number of modifications, the concepts of double-sided molding, multilayer
molding, the molding of through holes, and roller embossing, are described in this
section.

DOUBLE-SIDED MOLDING
Double-sided molding paves the way to a further large family of molded parts. For
example, double-sided structured parts are part of micro-fluidic systems where
through holes are essential features. Although fraction lines with thin residual layers
can be designed to separate molded parts, in general, with double-sided molding,
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the possibility of three dimensional structuring could be enabled. A precondition for
such designs is the correlation of two mold inserts which are positioned opposite to
each other and adjustable laterally relative to each other. Use of markers or the orien-
tation on characteristic structures of the design is recommended. After a coarse
adjustment of both mold inserts, a first part should be molded. In a second step
the differences in the lateral dimension between the markers on the top side and
the bottom side of the molded part have to be measured. The transparency of the
most polymer is helpful, because it enables the determination of the misalignment
of the markers with an optical measurement system, focusing on the top and on
the bottom of a thin molded part. The misalignment can be split into a transversal
(x,y) direction and a rotational (in the perpendicular axis of the part) misalignment.
With this measured data the alignment of both mold inserts can be corrected by an
alignment system integrated in a hot embossing tool. The alignment can be done
separately in the transversal and rotational directions (Figure 3). These alignment
systems are optional components of commercial hot embossing machines
(for example, Jenoptik Hex03) and are a precondition for double-sided molding.

MULTILAYER MOLDING
Another illustrated approach [12], e.g., for the fabrication of through holes is the use
of a polymer composite, a stack of two different polymer films (polymer 1 and
polymer 2). The structured part with through holes will be molded onto a layer of
a second polymer (polymer 2) (Figure 4). After demolding of the molded composite
the first polymer can be separated from the second polymer, in this case the carrier
layer, by peeling. The advantage of this method is the maintenance of the adhesion
on the substrate plate. This allows for demolding the molded composite in the
vertical direction by the precise movement of the hot embossing machine. The
adhesion between the first polymer and the second polymer has to be high enough

FIGURE 3

Principle of alignment for double-sided molding.
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to withstand the tensile forces during demolding. Additionally, a form closed
connection, effected by the penetration of the mold insert into the second polymer,
will support the connection of both polymers. This approach is only suitable for
selected material combinations, because of the required adhesion and further
separation.

THROUGH HOLES
Inmicro-system technology the need ofmolded parts with through holes is increasing,
especially micro-fluidic components like micro-pumps, micro-valves, or fluidic
components for lab-on-a-chip systems, are common examples. The fabrication of
through holes is, therefore, an actual aspect in fabrication of micro-system
components. To reduce the postprocessing steps, through holes should be fabricated
already duringmolding. Because of themolding principle, this requirement is difficult
to achieve. Asmentioned above, hot embossing is characterized by a squeeze flow of a
polymermelt. Typical molded parts are therefore characterized by a residual layer. On
the one side this residual layer is necessary to obtain the pressure for filling
micro-cavities, on the other side for the fabrication of parts with through holes, these
residual layer should be completely displaced. Themethods for fabricating these holes
can be split into the postprocessing methods to remove thin residual layers and in
methods that are characterized by the selected substrate plates allowing for fabricating
through holes already during molding. Finally, a new development is discussedda

FIGURE 4

Principle of two layer molding for molding through holes.
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principle that allows for fabricating through holes with a two-step process, a molding
cycle and a cutting cycle which gives the name of this processdhot punching.

To avoid any postprocessing of molded parts, through holes should be fabricated
already during the embossing cycle. This can be achieved by the use of a
combination of modified mold inserts and selected substrates [13]. The principle
refers to a complete displacement of the residual layer in selected areas, achieved
by embossing free standing structures of the mold inserts into modified substrates.
This enhanced molding principle requires a sensitive setup of the process parame-
ters and a proper selection of the substrate materials, because of the relatively high
load on the structures during molding. The risk of damaging filigree structures of
the mold insert increases, especially when the diameter of the through holes
decreases.

Representative of the process variation of molding through holes, the approach
of molding onto a stack of foils is described here. In this approach, additional to
the conventional metal substrate plate, a flexible layer is put on top. This layer
consists typically of a polymer layer and a metal film. By the selection of the
materials and film thickness, the flexibility of this combination can be influenced.
Figure 5 illustrates the principle. Because of the flexibility of the layer, in selected
areas the polymer melt can be displaced completely from the top-side of the mold
insert. By using this technique it is possible to retain the residual layer in large
contact surfaces, e.g., at the margin regions of the mold insert, and to completely
displace the residual layer in small contact areas. During the cooling state the desired
dwell pressure will be generated by the flexible layer and not by the residual layer.

HOT PUNCHING
The principle of hot punching is a two-step method for molding through holes
(Figure 6). In the first step a selected mold insert will be replicated in an amorphous
polymer with high glass transition or a semicrystalline polymer with high melting
temperature. The replication refers to a single molding on a rough substrate plate.
Instead of peeling off the molded part from the substrate plate, the replicated part
remains on the residual layer after demolding. The molded part will be used as a
second, to the first mold aligned mold insert, here the so-called matrix. In the second
process step a thin film of another polymer with a lower glass transition temperature

FIGURE 5

Schematic view of a configuration for the molding of through holes with the use of a stack of

foils.

Process variations 155



FIGURE 6

(a) Principle of hot punching for molding through holes and (b) holes fabricated by hot

punching [14].
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than the matrix is positioned between the mold insert and the molded part. The mold
insert and substrate are heated to a temperature in the range of the glass transition
temperature of the thin polymer film which should be significantly below the glass
transition temperature of the matrix. The third step of this method is simply another
embossing cycle structuring the thin film of polymer between the mold insert and the
remaining matrix. Because of the high accuracy of the alignment of the previously
molded matrix compared to the mold insert, the structures of the mold insert will
match the inverse structures of the matrix properly. Differences of thermal expan-
sions will be compensated for by the relative flexibility of the polymer matrix,
compared to that of the mold insert of metal. During the second molding step the
mold insert now cuts holes inside the thin polymer film. This principle can be
seen as a shearing process. The punched areas will remain in the matrix, where
the matrix has to renewed after several punching steps. Depending on the design
and the thickness of the polymer film, the demolding of the punched polymer film
from the matrix can be difficult to achieve and should be accomplished carefully,
otherwise damage of the polymer film will occur. To help the process a release agent
may be used [14].

The advantage of this method is the use of a wide range of mold inserts without
any modifications. The material combinations are manifold. Besides the differences
in softening temperatures, no adhesion between the used polymers is a precondition.
Because of the two-step molding, this method is more time-consuming. For series
production the method has to be improved.

THERMOFORMING OF HIGH-TEMPERATURE POLYMERS
BY HOT EMBOSSING
In accordance with the molding of through holes the concept of two-layer molding
can also be used for the thermoforming of thin films of semicrystalline high-
temperature materials like LCP or polyether ether ketone (PEEK). Thermoforming
refers to the straining of a polymer, typically by air pressure. The gas pressure is
substituted for by a polymer melt. The starting point refers to a combination of
two polymer films, a thin film of a high-temperature polymer and a second film
of a material with lower softening temperature. A suitable combination is, for
example, PMMA as molding material and PEEK as thermoforming material on
top. Similar to multilayer molding, the combination of materials has to be selected
carefully. The molding temperature has to be set such that the low-temperature
polymer is in the melting range and the semicrystalline high-temperature polymer
foil is in a temperature range above the transition temperature but below the melting
temperature. In this temperature range the amorphous part is softened which reduces
the elastic modulus of the high-temperature semicrystalline polymer which supports
the straining of the polymer film. A characteristic of this method is the combination
of a molding step (PMMA) and a simultaneous thermoforming step of the high-
temperature polymer foil (PEEK).
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The achievable thickness of the foils depends on the process parameters and the
necessary molding force. Experiments show that good results for this kind of
thermoforming can be achieved up to a film thickness of 100 mm. The thickness
of the polymer film has to be selected in relation to the size of the cavities. To obtain
a three-dimensional shape the thickness of the polymer foils has to be much lower
than the lateral dimensions of the mold cavity, otherwise the polymer foil will not fill
the cavity completely. Further, the material combination has to be selected in such
way that only a moderate adhesion is effective between both foils after molding,
because the thin foil has to be separated from the molded low-temperature polymer
manually by peeling. With this method a three-dimensional structuring is possible,
the rear side of the thin polymer foil showing the inverse structure of the front side
that is similar to the mold insert (Figure 7).

ROLLER EMBOSSING
Roller embossing or roll-to-roll embossing is a well-established modification of the
hot embossing process. Using rolls instead of plates, a continuous molding can be
achieved with advantages regarding the molding times and disadvantages regarding
the height and the aspect ratio of the molded structures (Figure 8). Tan et al. [15]
used this approach, the so-called roller nano-imprint lithography, to fabricate sub-
100-nm patterns. Two methods were investigated. The cylinder mold method refers
to a thin-structured metal film bent around a smooth roller. In particular, a compact
disk master with a thickness of 100 mm was used. The second method, the so-called
flat mold method, refers to a structured silicon wafer mold placed on a polymer
substrate. A smooth roller mold is rotated over the mold and the deformation of
the mold under the pressure of the roll imprints the structures into the polymer. In
both methods the roller temperature is set significantly above the glass transition
temperature. For PMMA, the roller temperature is set in a range between 170 and

FIGURE 7

Principle of thermoforming of a thin polymer film by hot embossing.
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200 �C and the platform temperature in a range of 50e70 �C. Roller speeds from 0.5
up to 1.5 cm/s were investigated, the pressure being set in the range between 300 and
4800 psi.

MATERIALS FOR HOT EMBOSSING
Most applicable materials for hot embossing are thermoplastic polymers [28].
During a molding cycle a thermoplastic polymer undergoes several temperature-
dependent aggregate states. Switching to another aggregate state changes the
material properties significantly. Based on the molecular structure of amorphous
and semicrystalline polymers, different aggregate states and different transition
ranges can be determined. The thermal behavior of thermoplastic polymers may
be described with the time-dependent shear modulus over temperature.

Based on the shear modulusetemperature diagram, typical molding windows for
embossing amorphous and semicrystalline polymers can be specified. Amorphous
polymers show, theoretically, a wide temperature range for hot embossing,
beginning at the glass transition temperature and ending before the decomposition
range. In practice the molding window depends on several other parameters and
has to be set in dependency of the design, the molding area, and the technique
used in the embossing machine. Due to these factors, the actual molding window
is smaller than the theoretical window and can be set approximately in the range
of 20 up to 100 K above the transition temperature. In contrast to the amorphous
polymers, semicrystalline polymers show only a small gap of temperature suitable
for hot embossing. As described above, the decrease of the shear modulus occurs
in a small temperature gap in the melting range. At the beginning of this range
the stiffness of the polymer is too high for molding. The risk of damage to a
micro-structured mold is high. At the end of the range, marked by a low shear
modulus, semicrystalline polymers show typically a behavior like a fluid with low

FIGURE 8

Thermal roller hot embossing. (a) single roll and (b) second roll.
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viscosity, which is not suitable for hot embossing because the pressure needed for
embossing with free flow fronts cannot be achieved. Therefore, the molding window
can be found approximately in the middle of the small gap of the melting range. In
practice, an exact temperature has to be set during molding. The temperature range
of amorphous polymers is considerably larger than that for semicrystalline
polymers, which in practice makes it easier to mold amorphous polymers in hot
embossing (Figure 9).

Beside thermoplastic polymers alternative materials become more important.
Glass, metallic glass, metals with low softening temperature can also be structured
by this technology. In this case, the technique has to be modified to achieve
temperatures in the range of 600 �C or higher. Especially if metallic glass is
replicated the heating and cooling rates have to be taken into account which makes
it necessary to develop special molding tools.

HOT EMBOSSING TECHNIQUES
COMPONENTS
The technology components for micro-hot embossing mainly include four groups
(Figure 10):

• The embossing machinedthis is responsible for delivering the press force and
the accurate molding velocity. The challenge of the technology is to obtain a
high stiffness at high force and also a precise relative motion between the mold
and the substrate plate. This requirements result in a stiff frame design
consisting of two crossbars and mostly four massive guiding pillars. To obtain a
press force one of the crossbars is fixed. Another crossbar is moved by a precise
motion system, like a spindle drive or a hydraulic drive.

• The tooldthis is mounted between the two crossbars and is responsible for the
heating and cooling of the mold, substrate plate, and polymer sheet. A typical
tool consists of two halves, the top half fixed onto the top crossbar and the
bottom half fixed at the lower crossbar, each with a single heating and cooling
system. With an approximation of both halves, an integrated vacuum chamber
will be closed and isolates the micro-structured mold insert and the substrate
plate against the ambient pressure. Optionally, an alignment system is integrated
that allows to adjust, for example, two mold inserts against each other or to mold
on prestructured substrates.

• The micro-structured mold insertdthis is reversibly fixed onto the tool. Opposite
the mold insert another mold insert or a substrate plate will be positioned. A
wide range of micro-structured mold inserts can be used, for example, inserts
produced by mechanical machining or mold inserts fabricated by lithographic
techniques.

• A precise controlling systemdthe precise control of the press force, the motion
of crossbars and the temperature is one of the technological challenges. Besides
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the control of the process parameters, the measurement of the press force,
temperatures inside mold inserts, and the distances between the mold insert and
the substrate plate is the task of the control unit. As an interface to the user, it is
also a task to prepare and visualize all data, allowing the user to set up and
control the process in an effective way.

Hot embossing machines have been developed to different levels, beginning with
simple manually controlled hot embossing machines, for example, for general
laboratory use, up to high level machines with a high grade in automation, used
in industry and in scientific research.

COMMERCIALLY AVAILABLE MACHINES
The market of commercially available hot embossing machines is comprehensive.
The first hot embossing machine suitable for hot embossing of high aspect ratio
was developed in Karlsruhe at FZK in cooperation with Jenoptik Mikrotechnik.

Jenoptik Mikrotechnik
Jenoptik Mikrotechnik [9] was one of the first companies providing a complete
family of hot embossing machines. Each member of the hot embossing machine
family is suited for different kinds of embossing tasks. The machine HEX01 is
the smallest machine, compact and with a maximum force of 100 kN already

FIGURE 10

Schematic view of the components of a hot embossing machine.
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suitable for the most molding tasks, especially up to a molding area of 4 inches. If
larger areas should be molded the machine HEX02 fulfill the requirements regarding
molding forces up to 200 kN and molding temperatures up to 300 �C. If, further,
double-sided molding is required, the machine HEX03 additionally is equipped
with a precise alignment system and an integrated microscope that allows the
alignment of the tool to be accomplished very easily. The latest machine, HEX04,
is especially designed for large area replication under high molding force of up to
600 kN. All these machines are characterized by an electrical heating unit, a
convective cooling system, a spindle drive, and flexible controlling by a macro-
language. The family of hot embossing machines is shown in Figure 11. Jenoptik
stops the fabrication of their embossing machines in 2011.

Wickert press
Another company that manufactures hot embossing machines is Wickert
Maschinenbau [10]. Already in the past this company build the first machine

(a)

HEX01

(b)

HEX02(c)

HEX03

(d)

HEX04

FIGURE 11

The hot embossing family of Jenoptik. (a) HEX01, (b) HEX02, (c) HEX03, and (d) HEX04.
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“MS1” used in industry for hot embossing of micro-spectrometers. In 2003, a new
generation of hot embossing machine was developed. The machine WMP1000
(Figure 12) is characterized by a hydraulic drive, a molding area larger than
8 inch and a maximum force of 1000 kN. The machine was developed in particular
for industrial use, therefore an automatic handling system was integrated with the
machine. In parallel an optimized molding tool was developed to reduce the heating
and cooling times, which finally resulted in a significant reduction of cycle times.
Further, a user-friendly control panel was integrated, allowing the control of the
machine in an effective way. Nevertheless, the realized concept requires more infra-
structure for the operation of the machine. For example, a separate room for the hy-
draulic pumps and a solid foundation for the heavy machine which also has with a
large overall height will be required.

EVGroup
The company EVGroup [16] offers three hot embossing machines with different
levels of automation [17]. The hot embossing machine EVG510HE is a basic
machine for lab applications, focused on high accuracy and flexibility. The machine
EVG520HE is characterized by a semiautomatic molding process, while the hot
embossing machine EVG750 is, in contrast, fully automated (Figure 13). This
high level of automation is suited for large serial production. The machines are
compatible with standard semiconductor manufacturing technologies and allow
the molding on substrates up to 200 mm. The hot embossing system EVG520HE
includes a vacuum chamber, a drive unit with a high press force up to 600 kN,
and a heating system which allows the molding of a wide range of polymers.
Both machines are equipped with an alignment system.

FIGURE 12

Hot embossing machine Wickert WMP1000.
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HOT EMBOSSING TOOLS
Apart from the molding press and the micro-structured mold insert, hot embossing
tools are essential components for any hot embossing system. The hot embossing
tool may be defined as an interface between the molding press that is responsible
for applying the molding force and molding velocity and the micro-structured
mold insert to be replicated in polymers. Compared to macroscopic molding tools,
such as tools for injection molding, where the structures are part of the tool, tools for
micro-replication are characterized by a reversible integration of a micro-structured
mold insert. This concept results from the different and incompatible fabrication
processes of the macroscopic tool and microscopic structures. The tasks of a hot
embossing tool are similar to tasks known from macroscopic molding tools, on
the one hand. On the other hand, the embossing tool has to fulfill tasks that are
specific to the molding of micro-structures, such as the generation of a vacuum.
In detail, a hot embossing tool has to fulfill the following tasks.

• Heating and cooling of the polymer film by heat conduction of the mold insert
and substrate plate;

• Fixation of different kinds and sizes of mold inserts;
• Hermetic sealing of the mold insert, polymer, and substrate plate against ambient

pressure;
• Generation of a vacuum to fill the micro-cavities completely;
• A demolding unit which allows the demolding of the embossed parts in the

vertical direction at a controlled demolding velocity;
• Optional alignment of both mold halves, if double-sided molding or positioned

molding is desired.

(a) (b)

FIGURE 13

Nano-imprint machines. (a) EVG520HE and (b) EVG750.
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From these tasks, the requirements to be met by a molding tool can be deduced,
including minimum requirements for molding and optional requirements for specific
tasks.

BASIC TOOLS FOR HOT EMBOSSING
The requirements and concepts underlying the design of tools for hot embossing
were described above. An example of a hot embossing tool with an optimized heat-
ing and cooling concept was developed at the Institute of Microstructure Technology
at the research center of Karlsruhe. In this case, thermal mass is reduced, while the
stability and evenness of the surfaces needed for molding micro-structures on large
areas of a thin residual layer are maintained (Figure 14).

The functioning of this tool is illustrated in Figure 15. To reduce the heated
masses by the largest possible extent, the hot and cold areas of the tool are separated
thermally. Hence, such a tool is divided into a heating plate and a so-called cooling
block (Figure 15). In the basic state of the tool, both functional units are insulated
thermally by an air gap produced with the help of springs (Figure 15(a)). This air
gap is retained when melting the polymer. The contact force is generated by the
springs only (Figure 15(b)). Due to thermal insulation, the relatively thin heating
plate and the mold insert can be heated rapidly. In the displacement- and force-
controlled embossing process, the molding force presses the heating plate onto
the massive cooling block, which results in a mechanically stable setup, by means

FIGURE 14

Schematic view of a basic molding tool with reduced thermal mass.
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of which homogeneously thin residual layers may be produced even on large areas
(Figure 15(c)). As soon as the heating plate is in contact with the cooling block, heat
is removed from the heating plate to the comparably large and permanently cooled
cooling block. As the cooling block acts like a heat sink, the heating plate and the
mold insert can be cooled down rapidly. Subsequently, the components can be
demolded (Figure 15(d)). Except for the vacuum chamber, the tool halves are
designed symmetrically and consist of a water-cooled cooling block and a heating
plate each. The heating plate is lifted off the cooling block by prestressed disk spring
packages. Mold inserts of 250 mm in diameter can be fixed onto the heating plate,
and the maximum molding temperature is 300 �C. In this tool, the heating plate can
be clamped to the cooling block using a magnetic clamping system. A tolerance-free
opening movement of the hot embossing machine thus allows for offset-free
demolding. As in conventional hot embossing tools, substrate plates roughened by
lapping or sand blasting may be used for demolding. The demonstration tool is
presented in Figure 16.

For precise temperature control, the heating plates of the basic tool are divided into
four zones each, which are controlled separately and may be set to various
temperatures. In this way, a highly homogeneous temperature distribution can be
achieved in the mold insert. In the hot embossing process, three different temperatures
can be input for each tool half: the molding temperature is the temperature to which

(a) (b)

(c) (d)

FIGURE 15

Schematic view of the process steps of hot embossing with the basic molding tool. (a)

Insertion of the semi-finished product, (b) heating of heating plates, (c) build up of molding

force and pressing of the heating plates onto the cooling block, and (d) cooling and

demolding.
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the heating plates are heated, while the embossing temperature is the temperature at
which the embossing force starts to build up. At the demolding temperature, demold-
ing of the embossed component starts. The molding temperature is measured directly
in the individual zones of the heating plates, and the embossing and demolding
temperatures are measured in the mold insert and substrate plate, respectively. As
the mold insert cools quickly when the embossing force is generated, it may be
reasonable to select a molding temperature far above the embossing temperature.
As a result of the thermal inertia of the heating plate and the cooling block, cooling
of the polymer melt is then slowed slightly: this allows the fabrication of very thin
components of low stress.

The heating concept based on a spring was also implemented by Schift et al. [18]
for the molding of wafer-type substrates. A clamped stack of the stamp and substrate
was preassembled in an alignment system, and it was not in contact with the heating
plate, under action of the spring system. The gap was closed by the acting of force,
pressing the stack onto the heating plate. After embossing, the force was set to a low
value which results in the separation of the stack from the heating plate under action
of the springs. The molded part is cooled and can be demolded manually.

MICRO-STRUCTURED MOLD INSERTS
For every replication process a mold or the so-called master is necessary to copy the
structures of the mold into a molding material. The mold is split into the tool and the
mold insert with the micro-structured surface. In theory every micro-structured
surface can be used as a mold insert. A precondition is that the mold material and
the micro-structures will withstand the temperature and mechanical load during

FIGURE 16

Lower half of a basic molding tool with a moldable surface area of up to 250 mm diameter.
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molding. Nevertheless, for successful molding, and especially demolding, the mold
inserts has to fulfill the following requirements:

• The yield stress of the mold material at the maximummolding temperature has to
be significantly higher than the stress effected by the molding force;

• To avoid any bending and to ensure the greatest possible evenness of the mold,
the residual stress inside the mold, caused by the fabrication process, should be
reduced to a minimum;

• The mold material should show chemical resistance against the polymer;
• A high heat conductivity of the mold material to reduce the heating and cooling

times;
• For cost effectiveness the lifetime of the mold should be extended over many

cycles;
• To support successful demolding, the surface roughness, especially of vertical

sidewalls, should be reduced to an unavoidable minimum;
• Demolding angles are advantageous because they facilitate demolding. In contrast,

undercuts prevent the successful demolding of micro-structures. Even small
undercuts in the submicron range can increase demolding forces significantly.

Regarding the requirements, especially the requirement of high yield stress, it is
obvious that mold inserts, fabricated in metals, are well suited. The technique of
micro-structuring of metals is therefore essential for mold fabrication, but also glass
or polymers like UV-transparent polydimethylsiloxane (PDMS) or high-temperature-
resistant PEEK can be used for selected replication tasks [29]. Nevertheless, regarding
the lifetime of a mold insert, high stiffness molds fabricated of metals are widely used
for replication. An overview over the different mold fabrication processes is shown in
Figure 17.

The structuring processes can be split into two groups: direct structuring methods
like mechanical machining, electric discharge machining, or laser structuring [19];
and lithographic methods like E-Beam lithography, UV lithography. For structures
with high aspect ratios, X-ray lithography is also used to structure the mold inserts.
All lithographic processes require the step of electroforming to obtain a metal mold
insert. Each structuring method has different characteristics and is therefore suitable
for different kinds of applications.

Representative for the large number of suitable mold inserts two electroplated
mold inserts are shown in Figure 18: a typical LIGA mold insert with high aspect
ratio structures with dimensions of 28 � 66 mm2 and a thickness of 5 mm and as
an alternative for larger structured areas a 4-inch nickel shim mold insert with a
typical thickness of approximately 300 up to 500 mm.

APPLICATIONS
This section presents some applications where hot embossing plays an important
role for their fabrication.
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FIGURE 17

Overview of the mold fabrication processes [30]. PDMS, polydimethylsiloxane.

(a) (b)

FIGURE 18

Electroplated LIGA mold insert, structured by X-ray lithography. The height of the structures

is 750 mm. Nickel shims are characterized by a thickness in the range of several hundred

micrometers and are well suited for the replication of structures with low aspect ratios on

large areas, typically 4 or 6 inch. (a) LIGA mold insert and (b) Nickel shim mold insert.
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MICRO-OPTICAL DEVICES
Micro-optical devices are one of the main applications in micro-system technology.
The devices that can be replicated by hot embossing are manifold, beginning at
micro-optical components like lenses, mirrors, optical benches, or waveguides, up
to micro-systems like micro-spectrometer, distributed feedback laser systems, opti-
cal switches, fiber connectors, photonic crystals, or antireflection films [20e21].
Because of the requirements regarding structure sizes, surface quality, and accuracy
of lateral distances, the mold inserts for hot embossing are typically fabricated by
lithographic processes.

Optical wave guides
For optical interconnection the replication of polymeric waveguides opens a new
field of applications. Depending on the application, monomode or multimode wave-
guides with different sizes are required, beginning with lateral dimensions of
approximately 6 mm [22] up to 500 mm [23]. Sufficient for the most applications
is an aspect ratio in the vicinity of unity, but typically a guiding path over several
millimeters or centimeters is desired. The design refers typically to freestanding
rectangular shapes without any additional supporting structures, which makes it
necessary to reduce internal stress inside the structures to avoid any deformation
of the shape of the waveguides. Several techniques allow the modification of the
refractive index of the material, for example, the UV radiation of PMMA, which
makes this material suitable for the replication of waveguides. Representative for
a variety of polymer waveguides, replicated rectangular waveguides and further
optical splitters are presented in Figure 19.

MICRO-FLUIDIC DEVICES
Micro-fluidic systems are part of life science technology and diagnostic and
therapeutic biomedical engineering. Passive micro-components like capillary
micro-channel structures and the so-called wells, reservoir areas, or miniaturized
sample chambers, can be part of micro-total analysis systems or lab-on-a-chip
systems [24]. Representative for passive micro-fluidic systems are, for example,
capillary electrophoresis chips. Active micro-fluidic components like pumping
systems or valve systems are mostly part of complex total analysis systems.

Capillary analysis systems
The functioning of a capillary electrophoresis system can be explained principally
by Figure 20. The systems consist of two intersecting micro-channels with wells
at the beginning (buffer) and at the end (waste). The first shorter channels will
contain the sample material which should be analyzed, the longer channels contains
a buffer solution. To achieve a flow an injection of the sample fluid into the buffer
fluid at the intersection point, a difference in potential has to be obtained by
electrodes integrated in the wells. By an electric switching the sample volume
located in the intersection area can be injected into the longer separation channel.
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FIGURE 19

Molded optical waveguides with a cross-section and height of approximately 6 mm [22,31].

The electroplated nickel shim mold was fabricated by UV lithography and replicated into

polymethylmethacrylate. The refractive index of the molded waveguides was modified after

replication by UV radiation. The basic optical waveguide elements allow further the

development of interactions between waveguides for subsequent applications.

high voltage

high
voltage

sample

Injection

1
3

2

separation

Detection

FIGURE 20

Principle of a capillary electrophoresis system. The principle refers to an intersection of two

micro-channels where a small volume of the sample fluid is injected into the long fluid

channel with a buffer fluid inside. During the flow the sample volume will be separated into its

components, which can be detected at the end of the flow path. The injection and the flow

are supported by a high voltage difference between the buffer and the waste.

172 CHAPTER 7 Hot Embossing



In this channel the plug is separated into its components, depending on molecule size
and electric charge [25]. Characteristic for micro-fluidic structures are grooves
typically with an aspect ratio in the vicinity of unity and a flow path of up to several
centimeters which can be arranged in a shape of a meander to achieve compact
systems. For easy handling of these structures it is recommended to arrange such
capillary electrophoresis (CE) systems onto standardized platforms, for example,
micro-titerplates with an area of 125 mm � 85 mm. On this area, for example, 96
CE systems could be integrated (Figure 21).

MICRO-NEEDLES
Another application for the hot embossing technique is an example of a medical
technique, in particular in drug delivery. Micro-needles are one of the minimal
invasive drug delivery systems entering the body through the skin. Therefore the
outer layer of the skin (stratum corneum) with a typical thickness in a range between
10 and 20 mm has to be disrupted. The thickness of this layer determines the mini-
mum height of the needles. The biocompatibility of selected polymers and the fabri-
cation of an array of micro-needles for the drug delivery make this application well
suited for polymer replication processes. One of the requirements is a hollow needle
which makes it necessary to integrate a fluid channel inside the polymer needles.

A suitable fabrication method is the replication of micro-needles by double-
sided, positioned hot embossing. In this case a cone-shaped needle on the one
side hits a cone-shaped hole in the other side of a two-sided molding mold insert
(Figure 22). The achievable accuracy regarding the homogeneous thickness of the
sidewalls depends here on the overlay accuracy of both mold halves. The advantage
of this method is that only a thin residual layer on the tip of the cone has to be

FIGURE 21

Micro-titerplate with 96 capillary electrophoresis (CE) systems [24,25]. (a) Microtiteplate with

96 CE-systems and (b) micro-fluidic channels with electrical connections.
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disrupted. This can be done, for example, easily by laser structuring. The fabrication
of the mold inserts, the positive cone- and the negative cone-shaped hole can be done
by mechanical machining.

Finally, the residual layer of the needle has to be eliminated. In this case the
residual layer is beside the carrier layer of the needle, also located in the tip of
cone. To achieve a fluid channel through the needle, the residual layer has to be
removed. A molded micro-needle with a fine hole in the tip is shown in Figure 23.

FIGURE 22

Double-sided molding of micro-needles. To achieve hollow cone-shaped needles, double-

sided positioned molding of a cone-shaped needle into a cone-shaped hole is required.

FIGURE 23

Molded micro-needles with a through hole on top of the cone-shaped needle.
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CHANGE OF SURFACE PROPERTIES
As already mentioned the process of hot embossing is well suited to structure the
surface of thin films, even in the nano-range. Using a surface structuring the surface
properties can be changed, for example, from hydrophilic to superhydrophobic
surfaces [26,27]. By this replication process the surface properties can be controlled
on large scale, for example, by roll-to-roll process (Figure 24).

THE OUTLOOK
The examples presented above are only part of a pool of applications, but they
underline the relevance of the hot embossing or thermal nano-imprint process as
established replication technology. Further developments in hot embossing and
nano-imprinting will be supported by new applications, especially if large series
are required. Here the kind of automation and standardization of, e.g., molding

(a)

(c) (d)

(b)

FIGURE 24

Change of wetting behavior by surface structuring. The unstructured surface (c) shows a

contact angle of around 100� (a). With surface structuring by hot embossing (d) the contact

angle of the same material increases to around 170� (b). In this example a cellulose-based

biodegradable material was used [26].
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formats will also help to establish this technology in the industry as replication
technology. Especially, the cycle times have to be minimized in future, which
corresponds to an efficient heating and cooling system. Optimized molding tools
are therefore a key issue for cost-effective molding. In combination with already
well-established handling systems in macroscopic processing the process times
can be minimized and hot embossing can be established as an industrial replication
technology. A cost-effective replication also requires large molding areas. These
molding areas correspond to the fabrication methods of the mold inserts which
are limited individually. To overcome these limits, molding tools with multiple
mold inserts can be used. These aspects are mainly in the foreground of interest
for a cost-effective use of hot embossing. Independently of the potential to optimize
the cost-effectiveness, hot embossing will still be a well-suited process for the first
replications of prototypes. In this case the future may shift the replication to
structures with smaller structure sizes in the nano-range in combination with high
aspect ratios, e.g., larger than 5. Further, those structures will be replicated over large
areas such as 8 inches or more. Nevertheless, all replication processes are inspired
by the requirements of the further applications and these applications will finally
determine the structure sizes, the molding areas and the kind of automation. A
further development will focus on the roll-to-roll embossing to upscale the small
areas of the conventional embossing to cost-effective large area fabrication. In
this case also the mold fabrication technology has also to be upscaled. Here beside
laser structuring and etching technologies the structuring area of lithography pro-
cesses should be increased to provide large format molds with structures in the
nano-range for roll-to-roll applications. Here the development on hot embossing
also corresponds to the development in molding tool fabrication and master
structuring.
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INTRODUCTION
As the trend of miniaturization of various products, devices, and equipment continues,
demands for complex micro-components increase significantly. The emerging needs
include tubular micro-components (e.g., diameters <1000 mm), such as those used in
micro-fluidic devices, medical instruments, thermal management systems, and labo-
ratory analysis equipment, and within a variety of other areas, for which micro-
tubes need to be shaped into components with functionalized features [1].

Shaping polymeric tubes was, traditionally, enabled with processes such as
tipping, necking, expanding, and flaring. These are used largely for the shaping of
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polymeric tubes to be used for the connections in fluidic devices, containers, or for
medical use, such as catheter tubes [2,3]. The corresponding items of equipment,
which are mainly manually operated for the shaping of medium-sized tubes, e.g.,
those often used in hospitals, usually involve a very slow process, and the quality
of the part is hard to measure and control. Therefore, such equipment cannot be
used for volume production purposes, nor for the shaping of micro-tubes, as had
been proposed earlier. Research activities dealing with the application to high-
volume production of tubular components with cross-sectional dimensions below
1000 mm have shown that traditional forming techniques cannot be directly trans-
ferred to the manufacture of polymeric micro-components [4]. Alternative processes
and equipment, which are of shaping capabilities and volume production character-
istics for the manufacture of polymeric tubular micro-components were required.

Furthermore, in most cases, a single process may not be able to complete the task
of manufacturing a component with all of the designed features, due to the different
requirements on raw materials and specific forming requirements. Hence, a proper
process chain or the combining of several processes can be a solution, to enable
the achieving of desired processing efficiency and product quality. Some process
chains developed/used in micro-manufacturing have been commented upon in the
literature [5e8], such as combining lithographic tooling and injection molding tech-
niques, combining a LIGA (a German acronym for lithography, electroplating, and
moldingeLithographie, Galvanoformung, Abformung) process with direct laser
micro-machining, ultra precision manufacturing of self-assembled micro-systems,
etc. Ideally, a process chain for micro-manufacturing should be short in order to
achieve high efficiency, reduce manufacturing errors, and eliminate unnecessary
handling/transport/packaging of micro-components between different processes.
Hybrid manufacturing processes may take advantage of the merits of individual
micro-manufacturing methods/processes while some uentialherited disadvantages
may be overcome, e.g., combining electrical discharge machining (EDM) with laser
machining, combining EDM with electrochemical machining, etc. Around the con-
cepts of either integrating process chains or realizing the hybrid processes, some
manufacturing platforms and systems have been evolved worldwide [9e13]. The
multiple processes manufacturing platform discussed here is one of these hybrid pro-
cess machines mentioned above, which will focus on the mass production of poly-
meric micro-tubes into functional micro-tubular components.

PRINCIPLE
HOT EMBOSSING
Hot embossing may be categorized mainly as a polymer molding process and has
long been established as a capable technology for the precise and qualitative manu-
facture of plastics parts with fine micro-structures and nano-structures [14,15]. As
a fabrication technique for creating micro-structures at the surfaces, hot embossing
often uses mold inserts for the forming/shaping of polymeric parts, which is
similar to other replication techniques such as micro-injection molding and
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micro-closed-die-forging. Compared with other micro-replication processes, the
material flow distances are normally much shorter and the velocity is much lower,
which results in a significantly lower shear stress of the polymer. This will give
the hot embossing technology a good advantage for a reduced system complexity,
shorter production cycle time, cost efficiency, etc. Over the last 20 years, the process
variants of hot embossing have been developed, including double-sided molding,
multilayer molding of polymer composites, molding of through holes, hot-
punching, roller embossing, and found to be within the range required for micro-
system applications [15]. These process variants highlight the flexibility of hot
embossing to satisfy different requirements according to existing and emerging ap-
plications of the molded components. Among the various hot embossing processes,
there are some that are often used for the molding of the structures on plane surfaces
such as polymeric sheets and thin films or foils, to produce mostly 2.5D features, but
were not designed specifically for the forming of micro-tubes. Hot embossing of
polymeric micro-tubes is to form 3D features (both outer and inner features), which
would require more dedicated tool design and process control, including consider-
ation of the stiffness of tubular structures and relevant material flow.

The hot embossing process for the shaping of polymeric micro-tube is designed
to achieve reduced features at the tips or intermediate sections of the micro-tube.
With some variations from the conversional hot embossing process, the processing
sequence of sharing micro-tubes is as shown in Figure 1 (a) the tool-set would be
heated to the required temperature either by an external heating device, e.g., a car-
tridge heater or by hot air; (b) the tube would be fed into the lower shaping die
(a short tube or a continuous tube coil is possible, depending on the application);
(c) the tube would be heated rapidly by contact with the die due to the small volume
of the material involved; (d) the lower die would secure the tube properly while it is
embossed by the upper tool. A proper pressure would be maintained for a specific
time to allow shape-setting and even fusion-bonding at the inner folded interfaces,

FIGURE 1

Processing sequence of a hot embossing polymeric micro-tube.
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and hence, an inner pore/feature would be formed. At this stage, to maintain shape
stability, a cooling mechanism may be necessary (e.g., compressed air cooling
or water cooling), depending on the polymeric material to be used. (e) The
upper-tool would then be lifted while a mechanical gripper would hold the shaped
tube; (f) the flash formed may also be trimmed off by a following sharing process
(optional) after the shaped tube is moved into another station (similar to progressive
stamping); and (g) finally, the scrap and shaped part are removed from the lower die.

Finite element (FE) simulation of the embossing of micro-tubes is aiming to
examine the shaping capability of the proposed process and in-depth understanding
of the influential parameters. Shown in Figure 2, is a 3D model illustrating the form-
ing a necked-profile at the intermediate section of a polytetrafluoroethylene micro-
tube (outer diameter 0.37 mm and inner diameter 0.27 mm) which leads to the
formation of a large amount of flash and a small central pore (<10 mm is possible).

A plane strain model simulation of the central section of the tube (smallest
necked part) is shown in Figure 3, in order to demonstrate the sequence of the
material flow during the embossing. Subjected to the compression by the upper
and lower dies, four clear shearing sections at the tube wall are formed, accompanied
by material flow in both the vertical and horizontal direction. After both of the die
cavities are filled, the transversal flow of the material prevails, which leads to the
formation of flash as well as to a reducing size of the pore, until the pore disappears
due to the continuing compression from the upper die.

In order to confirm the shaping capability of the micro-tubes, a comparison of a
series of simulations with different die cavity shapes and dimensions can be seen in
Figure 4. Employing the same micro-tube, by controlling the ratio of the material
flow in the vertical direction (the direction of the tool movement) and the transversal
direction it is possible to control the ratio of the height to the width of the formed
central pore as well as its transitional shape of the pore edges. In general, an oval
pore is inevitably formed due to the tube being compressed in one direction only.
However, the FE simulation also showed that controlling the shape of the central

FIGURE 2

Three dimensional finite element simulation of embossing of a micro-tube.
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pore is possible by controlling the die cavity shapes and dimensions properly. It was
further confirmed that the die geometry and die/tube material interface conditions
are major factors in determining the material flow and, hence, the formation of
the central pore: among these factors, the depth of the die cavity, the transition of
the die entry, as well as the friction between the die and workpiece are the most influ-
ential and need to be thoroughly studied. For a particular tube material and initial
geometry, an optimal setting of these parameters/conditions is necessary.

To demonstrate the technical and commercial viability for volume production at
a full industrial scale by manufacturing prototype products which meet all of the

FIGURE 4

Illustration of influences on the pore formation from the die cavity geometry.

FIGURE 3

Material flow sequences during the embossing of a polytetrafluoroethylene micro-tube.
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functional requirements for applications, a series of experiments were conducted,
with a hot embossing machine developed by researchers in University of Strathclyde
[16]. These experiments were also useful for the study of the material characteristics
such as thermal behavior, flow behavior, shaping ability, and quality of end products.
Several typical thermoplastic polymeric tubes with different materials, wall thick-
nesses, and glass transition temperatures were tested with their corresponding
settings of the forming parameters. The experimental results showed that various
outer profiles can be formed at the tips and/or at the intermediate sections of the
tubes, and inner features (pores) below 5 mm in length along the long and short
axis of the oval shapes formed can be achieved with properly controlled processes
(a sample result is shown in Figure 5). The forming results obtained from the exper-
iments are very similar to those observed from the process simulations.

There are a number of factors that are considered to be the main influences in the
hot embossing process and its application as well as the quality of formed micro-
tubular parts, these being discussed as follows.

The hot embossing process for shaping polymeric micro-tubes can be regarded as a
good solution for mass production. The cycle time is relatively short. Compared with
the conventional methods for the shaping of polymeric materials such as injection
molding and injection compression molding, the required forming temperature is
much lower. The good repeatability of the component quality achievable with the hot
embossing machine is also an advantage for the shaping of micro-tubular components.

The processing temperature is important for hot embossing as it influences signif-
icantly the material flow under the embossing force. Compared to the hot embossing
on a plane area for creating surface micro-structures, shaping a micro-tube involves
longer material-flow paths, e.g., the formation of flash when shaping necked sections.
Therefore, the heating of the polymer should be maintained at a higher level that

FIGURE 5

Scanning electron microscope image of a polytetrafluoroethylene tube after hot embossing;

and its cross section (insert).
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allows for the viscous flow of the material. This reduces the shrinkage of the shaped
micro-structures as well as the friction which occurs at the workpiece/die interfaces.
Figure 6 shows a comparison of the shaped tubes with two different temperatures for
polyethylene terephthalate (PET) tubes. With a higher temperature, the shaped sec-
tions were seen clearly to have even material flows. The high temperature also results
in better performance in respect of bore-reduced necking (external and internal),
noted upon examination of the tube cross sections.

Similar to the hot embossing of polymers on plane surfaces, a constant pressing
force and a relatively slow shaping process are preferable for the hot embossing of
polymeric micro-tubes in order to achieve a fully shaped geometry, to reduce the
shear stress on the heated polymeric tube and to reduce residual stresses within
the shaped part. This helps to reduce the level of defects such as distortion in the
formed component and separation of the bonded surfaces.

Holding time is crucial to the formation of fully sealed interfaces due to bonding
of the polymer under an elevated temperature. Longer holding-time will allow for
the fusion-bonded interfaces to settle down without separation after cooling. It is
obvious that it is a parameter which will affect the production rate. However, to
ensure good quality of the part to be produced, a longer holding-time is preferred.
On the other hand, a longer hold-time may affect the tool life due to the sustained
hot condition of the die/tool.

MICRO-BLOW MOLDING
Micro-blow molding applied to serial production is a new manufacturing method for
tubular polymeric micro-components. The process principle is based on the forming
of polymeric tubes by internal pressurization with a superimposed axial tensile stress
under optimized temperature. As an important advantage, this forming technology

FIGURE 6

Comparison of the specimens produced at two different temperatures.
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enables the manufacture of hollow complex-shaped components in a one-piece
design on an economic basis for volume production. Additionally, a vast variety
of available polymeric materials allows the starting material to be tailored to the
desired properties for processing and application. For this reason, a wide range of
conventional products is manufactured today by the blow molding processes at
macro-scale, such as containers for the food industry and the pharmaceutical indus-
try, and for components for the automotive applications [17].

Blow molding comprises a category of forming processes for polymeric mate-
rials, based on the expansion of tubular or hollow shaped initial products by internal
pressurization within a die cavity which corresponds to the final component geom-
etry. Figure 7 shows the principle of a micro-blow molding process, developed with
the intention to transfer blow molding technology to the high-volume production of
polymeric micro-components. The initial polymeric tube is positioned between two
die halves which contain forming die cavities having the final shape of the compo-
nent to be produced. While in this position, the tube is sealed and connected at one
end to an air pressure supply. The tool elements which are sealing and the workpiece
ends are designed in such a way that an axial tensile force Fa can be superimposed on
the force resulting from the application of the internal pressure pi.

The forming process is started after the closing of the forming die halves, with a
controlled application of the forming loads pi and Fa to the now expanded work-
piece, until the latter achieves complete contact with the surrounding die cavity.
While raising the internal pressure to form the workpiece, the temperature of the
forming dies, which was kept constant until this stage, is decreased rapidly by means
of an integrated tool-cooling system, to stabilize the formed component shape, and
to reduce its excessive shrinkage. After opening the die halves, the formed compo-
nent can be ejected. Figure 8 shows, as an example, micro-blow molded compo-
nents, manufactured with the process described above. For the forming of these
components, polymeric micro-tubes made from PET with an outer diameter of
1340 mm and a wall thickness of 170 mm were expanded at a forming temperature
of 90 �C, and calibrated with an internal pressure of 18 bar.

FIGURE 7

Principle of the micro-blow molding process.
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Particularities which have to take into consideration when scaling down blow
molding processes for serial production concern not only the reliable handling of
the micro-workpieces and the suitable thermal management, but also the component
removal from the forming die cavities, forming tool design, and sealing strategies to
pressurize the formed workpiece.

The necessary modifications in thermal management as well as the factors that
have to be taken into account concerning the component removal are caused by
the so-called size effects. These result here from the increased ratio of the workpiece
surface to its volume A/V. The ratio A/V is relevant for all effects which are domi-
nated by surface effects, in particular, concerning heating or cooling, friction, and
adhesion [18]. Regarding a thin-walled initial tube as an example, its outer surface
can be determined roughly by A z d p l, where d is the mean tube diameter and l the
tube length, and the volume by V ¼ d p t l, where t is the tube wall thickness. Hence,
for a tube with t << d, the surface to volume ratio can be written as:

A=V z t�1 (1)

This means that the importance of size effects will increase with the factor 1/t,
when decreasing the component size.

Shaping of polymer micro-components by blow molding requires, as well as for
the conventional forming of polymer macro-parts, the application of a specific and
elevated workpiece temperature. In conventional processes, this heat energy is either
already provided by the extrusion process which delivers the extruded and heated
tube directly between the forming dies, or by a preheating in case where, for
example, injection molded components are used for the initial parts. A comparable
strategy, where the micro-tube is provided to the process as a preheated part, was
considered not to be feasible. Due to the above-mentioned higher ratio of outer sur-
face to volume A/V of micro-tubes compared to conventionally sized tubes, upon a
heat energy being applied, it dissipates faster by emission, which results in an insuf-
ficient forming temperature at the start of the process.

FIGURE 8

Micro-blow molded components.
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For this reason, in the micro-blow molding process as described above, the
necessary heat energy is provided by the heated forming die halves. This ensures
also a constant distribution of the heat energy applied by the surrounding tool,
and avoids the local stiffening of the formed micro-component by a local tempera-
ture decrease. However, this heating strategy requires that the formed component has
to be cooled down at the end of the process to improve its dimensional quality.
Further, in the case that the expanded tube wall stays for a comparatively long
time within the heated die cavity without being cooled down, local overheating of
the component may occur. In conventional blow molding processes this cooling
effect is provided by the unheated cavity of the forming die.

Adhesion of the heated and formed micro-component to the shaping die cavity
has a significant impact on process reliability and product quality. Exceeding a crit-
ical amount of adhesive force can result in distortion of the formed component
when it is removed from the forming die cavity. Due to the increased ratio A/V,
this impact of adhesion forces is higher for micro-tube forming compared with con-
ventional blow molding. Although the adhesion forces are of similar dimension for
micro- and macro-forming, the resulting stresses within the wall of the micro-
component, when it is removed from the die cavity, are higher due to the lesser
wall thickness of these parts. In principle, common mold-release agents can be
applied to reduce adhesion. However, this application means additional effort
and process time as well as the eventuality of the deposition of release agent residue
in the die cavity.

CROSS ROLLING
Cross rolling is a cold forging process to reduce the micro-tube diameter uniformly
on a desired section by means of a pair of rotating rollers. Applying a pressure higher
than the yield stress to the material, results in a permanent deformation. The princi-
ple in cross rolling (Figure 9) is to use two symmetrical rollers to apply such a pres-
sure to a micro-tube on only two sides while it rotates. In this way the diameter of the
tubes is reduced gradually until the desired shape is achieved. It is possible to control

FIGURE 9

Processing sequence of the cross rolling polymeric micro-tube.
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the diameter by adjusting the motion of the rollers. When the rollers are removed,
and the procession stops, the tube expands slightly due to elastic recovery. This
action gives rise to a demand for the material to have a low yield strain.

As shown in Figure 10, the process simulations are in good agreement with the
experiment results. In general, there is no limit on the outer diameter of a tube to be
cross rolled. One small drawback of the process is that it works mainly for relatively
thick-walled tubes, e.g., for polycarbonate the wall thickness should be around 1/3 of
the outer radius.

Figure 11 shows some sample parts of polycarbonate tubes, produced with the
cross rolling process.

FIGURE 10

Comparison of the results of cross rolling process simulation and experiment.

FIGURE 11

Micro-blow molded micro-tubular parts.
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THE WHOLE SYSTEM
As an innovative micro-manufacturing solution for the manufacture of functional-
ized, tubular micro-components for a variety of applications from a range of poly-
meric materials and geometries, the system targets for applications are that the
shaping would normally be required at either of the two ends of a micro-tube or/
and at intermediate sections of the tube where basic shapes such as a reduced sec-
tion, e.g., a tip, or an expanded section, V-shaped or U-shaped opens; or/and reduced
diameters, e.g., necks and other profiles; or/and expanded hollow sections with
certain outer profiles, etc. The identification of the requirements on the shaping
led to a definition of the processes needed to convert micro-tubes into functionalized
components. The processes included in the platform are tip-forming is to be effected
with the hot embossing process, and reduced sections effected with cross rolling and/
or hot embossing, while expanded sections are to be enabled with a blow molding/
thermal expansion process. Moreover, sectioning tubes, creating micro-sized holes
in the tube-walls as well as the removal of flash would rely on the use of a dedicated
layer system. At the same time, the platform also took the requirement for volume
production into account, such as effectiveness of the handling, efficiency of the
shaping, ease for quality control, etc. These processes together form a high-yield,
high-flexibility process chain for the shaping/fabrication of polymeric, tubular
micro-components.

The manufacturing platform is to integrate individual processes in the form of
integrating individual modular machines which are linked through a global
handle system: a robotic manipulator (Figure 12) capable of feeding the tubes;
while each of the modular machines has its own inter-handling device and can
pick up the shaped components. In such a way, each modular machine can be a

FIGURE 12

Schematic diagram of the “Polytubes micro-factory.”
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stand-alone machine for different applications, but can also be integrated onto a
common platform for an integrated process chain (Figure 13). Other advantages
are high manufacturing flexibility (the process combinations can be easily reprog-
rammed); high modularity (a highly modular system); and the system is easily
configured, etc.

MATERIALS
All three micro-tube forming technologies were tested, with series polymer mate-
rials, including PI, PEEK, PP, PA, PC, PET, COC materials, etc., ranging from outer
diameters of 1.5e0.037 mmwith various thicknesses. All processes must not exceed
the maximum strain of the material, which may lead to breaks, cracks, or other types
of failure of the tubes. It was found that a certain process is particularly suitable for
certain materials, and challenges arose when there was the need to link these pro-
cesses into a process chain to process the same material for a component. For
instance, processes such as hot embossing and cross rolling are mostly suitable
for the shaping of thicker tubes, while blow molding is ideal for the shaping of
thin tubes: this situation is similar to that encountered in laser-drilling and trimming.
In general, amorphous polymeric materials are ideal for shaping and quality control,
while more effort is required when dealing with semicrystalline polymeric materials.
Nevertheless, the manufacturing platform mentioned above does provide a flexi-
bility to form different process chains to deal with different materials/geometry
combinations.

FIGURE 13

Polytubes process chain variations.
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FORMING TOOLS AND MACHINES
HOT EMBOSSING
To enable the high-quality hot embossing of polymeric micro-tubes, tools
(Figure 14) were designed and constructed to enable modular insertion of core
dies; precision guiding of the micro-tube within the dies; heating and cooling units
with a temperature-control system; heat insulation for improved heating efficiency;
precise alignment of the upper and lower die sets, etc. The tool design also took the
requirement for automated handling into account.

To demonstrate the technical and commercial viability for volume production at
a full industrial scale by manufacturing prototype products which meet all functional
requirements for applications, a series of tests with the hot embossing machine that
had been developed was conducted. The hot embossing machine is a miniature
desktop machine (Figure 15) which integrates a linear press, forming dies and
tool components with heating and cooling units, precision guides and machine
frames, and an automated micro-tube handling system. To ensure fully automated
operation, a multiaxis micro-tube handling system was developed as an automatic
raw material feeding and component pickup device to serve the hot embossing
machine. The machine and process parameters such as press force, travel speed
and distance, temperature as well as holding time can be easily set with a software
interface developed within the project. In summary, the system has the following
features: integrated force, position, and signal control; maximum force 3 kN;
smallest force measuring 0.83 N; maximum stroke 100 mm; distance resolution
0.049 mm; working temperature up to 500 �C; four axis micro-tube handling unit;
and a selection of the integration interface.

A programmable logic controller was used to control and automate the various
electromechanical operations of the machine. With the implementation of the con-
trol system, the following key parameters can be controlled during the hot emboss-
ing process.

FIGURE 14

A close-up view of the hot embossing tooling (cylindrical and cuboid tooling).
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Press force: The hot embossing force and holding force generated by the linear
actuator during hot embossing can be preset accordingly for each polymeric
material and geometry to be dealt with. Control of how long the holding force
should be maintained (holding time) is a key factor in determining the quality of
the shaped micro-component. Another associated factor is the production rate.
A higher production rate to be achieved suggests that a shorter holding time may
have to be used, which may mean a sacrifice of part quality.
Press stroke: This parameter can be controlled independently of the press force,
which gives flexibility for micro-shaping which needs separate control on both
parameters. It is especially useful for the shaping of polymeric materials where
maintaining a certain level of the pressure is necessary when the deformation
needs time to be settled/completed, e.g., when accompanied by a cooling
process.
Machine RAM speed: The machine RAM speed should be adjusted to suit the
shaping of a particular material where it is desirable to meet the cycle time
requirement as well as to address the strain rate sensitivity of the deforming
thermoplastic material. The latter has an effect on the shaping ability of the
material as well as on the failure forms of the part.
Heating temperature: This is an important parameter in the hot embossing of
thermoplastic materials. Depending on the tubular material and final shapes to
be achieved, the temperature at the tool surface may be expected to be raised
above the glass transition temperature, Tg, or melting point, Tm, for easier
shaping. To form a bonding at the folded surfaces of the inner surface of a tube
and, hence, a sound central pore, a temperature above the Tm (for crystalline
thermoplastics) is expected, in order to achieve viscous fluid and sufficient
fusion at the interfaces.
Holding time: This parameter can be preset. While maintaining a constant force
on the upper tool, the tool will be held for a period of time after the machine

FIGURE 15

The micro-tube hot embossing machine system (computer model and prototype machine).
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RAM stroke is completed. Compared with the hot embossing of a polymeric
material on a large plane area, the micro-tube cools down rapidly to below the
glass transition temperature due to small material-volume being involved.

MICRO-BLOW MOLDING
To obtain short cycle times for high-volume production, an appropriate design for
the forming tools and the thermal management is required to ensure that the heat
energy to heat the next tube to be formed, is provided within a comparatively short
time. In comparison to conventional blow molding process design, the tool elements
are heated by embedded heat cartridges. This enables the continuous application of
heat energy to the formed component, in order to retain it at a stable forming tem-
perature. In accordance with investigations into the thermoforming of micro-
polymeric bulk components presented in Ref. [19], a suitable forming temperature
is about 20 up to 30 �C above the glass transition temperature Tg of the formed poly-
meric material.

Important aspects concerning the design and manufacture of the forming tools
are the determination of a suitable mold parting line and the taking of measures for
die cavity venting. Parting lines with a symmetrical material distribution within
the two forming die halves are recommended. For the case of parting lines that
lead to unsymmetrical material distribution, a locally adapted thermal energy sup-
ply is often necessary, in order to obtain the required forming results. Suitable
knowledge concerning the tool manufacture in the presently required micro-
dimension is of importance to ensure the intended accuracy of the formed compo-
nents is obtained. This concerns, in particular, the design of measures for die
cavity venting to avoid air becoming trapped between the formed component
and the die cavity wall. Figure 16 shows an example of forming tool inserts for
micro-blow molding which were used for the fabrication of the formed compo-
nents presented in Figure 8.

New strategies are necessary for the robust sealing and pressurization of the blow
molded micro-tubes. Conventional blow forming processes, which are working with
just extruded polymeric tubes, use mandrels to supply pressurized air into the work-
piece. The mandrel, which has to be inserted with precision into the tube end, is
clamped by closing the forming die halves to achieve sealing. A sealing system
for micro-tube molding has to be designed in such a way that it avoids loss of process
reliability, which latter may be caused by imprecision when inserting the mandrel
into the initial workpiece.

Figure 17 presents an automated micro-blow molding machine system capable of
the volume manufacture of polymer components made from micro-tubes, designed
on the basis of the findings developed in Ref. [4]. The machine system contains
various actuators for the controlled application of the process loads, sealing, and
thermal management, as well as for component handling, and enables the pressuri-
zation and forming of micro-tubes below a diameter of about 1300 mm with pres-
sures of up to 50 bar.
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CROSS ROLLING
Cross rolling has been used successfully with large-size metal bars but not with
micro-tubes. The development work reported here was undertaken at Institute of
Product Development (IPU) of Denmark, which developed a machine that is flexible
and can produce any cross rolled shapes, with minimum changes in the size of the
clamps and in the shape of the shaping tools (Figure 18).

FIGURE 16

Example of forming tool inserts for micro-blow forming.

FIGURE 17

Micro-blow molding machine system.
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This machine reveals the full potential of the process and also enables volume
production in an automated way. The whole cross rolling machine (Figure 19) is
525 � 150 � 150 mm in size. The rollers are interchangeable so that it is possible
to deal with the forming of different geometries. The tube is clamped firmly by a
set of two pneumatically controlled rotational clamps so that it cannot be bent during
the process. The whole setup is mounted on a guide rail to allow for the small tension
generated when the tube is necked during which the surface length of the tube may
be increased to enable it to form to the curvature of the rolls, but its overall length
measured along the axis of the machine may be decreased. The rotation of the tube
and the rollers is controlled by two servomotors and the rotational speed of the tube
can be adapted to the rotational speed of the rollers giving a minimum of sliding

FIGURE 18

Roller for cross rolling forming.

FIGURE 19

Modular cross rolling machine.
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between the rollers and the tube. The speed of the tube can, in this way, also be
increased during processing, when the diameter changes, to keep the sliding to a
minimum. The pitch of the rollers is controlled by a small servomotor. The mean
considerations for this system development are repeatability and precision; flexible
regarding tube diameter; and flexible regarding length and a possibility to apply ten-
sion during processing.

POLYTUBES “MICRO-FACTORY”
The micro-factory (manufacturing platform) has been demonstrated to provide flex-
ibility to form/configure different process chains to deal with different materials/
geometry combinations or applications. Each modular machine is stand-alone
equipment that could be used for on-site production separately or in a combination,
and they are also extendable for processing other materials in addition to polymers.
With proper programming, different process chains could be enabled to suit
different applicationsdseveral possible process chains, developed by Sysmelec,
Switzerland, are illustrated in Figure 20. Other relevant modules, as part of whole
system, such as laser drilling, part handling are detailed and can be found in the rele-
vant chapters.

Three levels of integration were considered: (1) process control and handling
integration on individual modular machines; (2) manufacturing platform control
which links individual machines/modules; and (3) platform management system
integration for production management (Figure 21). The dialogue interfaces for
communicating with the platform from the individual modular machines and the
requirements on the mechanical integration (mechanical and safety interfaces and
others) were defined prior to the software development which was tested later on
its integration functionalities and effectiveness.

FIGURE 20

(a) Graphical illustration of the micro-factory concept; (b) The manufacturing platform used

for testing the concept (Sysmelec, Switzerland).
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APPLICATIONS
Major advantages of the three micro-tube forming technologies consist in the
possibility to generate hollow shaped complex geometries in a single forming step
from economically priced extruded polymer tubes. Creating new micro-
manufacturing facilities with new manufacturing capabilities was also aimed to sup-
port product innovations, e.g., expanding applications of polymeric-tubes at much
smaller length scalesdpotential applications including medical engineering (e.g.,
catheters (cardiovascular, intravenous), endotracheal tubes (for intubation or anes-
thesia), medical balloon tubing (angioplasty and stent delivery), intravascular drug
delivery tubing, urological retrieval devices, etc.); biotechnological medical engi-
neering (e.g., shaped inlet and outlet channels for biochemical analysis of liquids
in biochips for easy connection to “macro-world”); chemical industry and medical
engineering (e.g., micro-pipettes for chemical and pharmacy dosage systems, micro-
tubes and micro-needles for drug delivery, micro-capillary reactors for development
of chemical, cosmetic, or pharmacy products, etc.); and general sensor and actuator
applications such as those used in chemical, medical, and biotechnological products
as well as consumer goods.

Several typical tubular instruments were developed as the demonstrators for
testing different forming processes combinations: instruments for electrophysiolog-
ical study of ion channel patch clamp; micro-heat exchangers; and a system for
capillary electrophoresis study. One of the medical instruments developed is shown
in Figure 22. The processes and equipment developed were used for producing parts
for the product demonstrators which were then subjected to laboratory validations

FIGURE 21

Scheme of the manufacturing platform integration. PMS, production management system.
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and testing. The results from these evaluations were further used to update the design
and manufacturing knowledge which was further used to optimize the process and
machine development.
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INTRODUCTION
The essential condition for the market success of micro-systems is the cost-effective
production of micro-structures on a large scale. In recent years, plastic molding
techniques such as injection molding, which is a suitable process for medium-
and large-scale fabrication, have been adapted for the necessities of micro-
components fabrication. Injection molding is a process technology that has been
well established in the production of polymer parts in the macro-dimensional range
for decades. Therefore, vast know-how and machine technology is available to be
made use of in micro-injection molding (mIM) as well.

Moreover, the fabrication costs of molded micro-parts are only slightly affected
by the complexity of the design. Once a mold insert has been made, several thousand
parts can be molded with little effort. The cost of raw material in most cases is negli-
gibly low, because only small material quantities are required for micro-components.
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Therefore, parts fabricated by mIM, even from high-end materials, are suitable for ap-
plications requiring low-cost and disposable components [1]. The result is that plastic
products manufactured by mIM have made successful entry into the market. In fact,
peculiar characteristics such as production capability, disposability, biocompati-
bility, optical properties, just to mention a few, pose plastics as the best choice for
numerous micro-products. Fields of application of micro-molded products are
micro-optics (waveguides, micro-lenses, fiber connectors, micro/sub-micrometer
gratings), micro-mechanics (micro-gears, micro-actuators, micro-pumps, micro-
switches), information storage and data carrier devices (CDs, DVDs, Blu-ray Discs,
sensor discs), micro-fluidic systems (blood analysis, DNA analysis), medical
technology (hearing aid, components for minimal invasive surgery, micro-dispensers,
micro-needle arrays), micro-reactors (micro-mixers, micro-heat exchangers), biomed-
ical applications (bioreactors, artificial skin, cell culturing).

When downscaling systems, products, and their components, the limits of con-
ventional manufacturing techniques are reached. This initiated the improvement
of conventional techniques and the further development of new ones, as in the
case of the mIM process. Lateral dimensions in the micrometer range, structural de-
tails in the sub-micrometer dimensional level and high aspect ratio (aspect
ratio ¼ depth/width) of 10 and above are achieved. There are a variety of applica-
tions already known for the micro-molding of thermoplastic polymers and many
more are expected to arise in the future.

mIM SCENARIO
Injection molding is one of the most versatile and important operations for the mass
production of complex plastic parts. Injection-molded parts typically have good
dimensional tolerance and require almost no finishing and assembly operations. In
addition to thermoplastics and thermosets, the process is also being extended to
such materials as fibers, ceramics, and metal powder materials, with polymer as
binders. Among all the polymer-processing methods, injection molding accounts
for 32% by weight of all the polymeric materials processed [2]. Innovations of
the conventional injection molding process have been continuously developed to
further extend the applicability, capability, flexibility, productivity, and profitability
of this versatile mass production process.

In particular, mIM is an innovative technology for replication on the medium-to-
large scale of micro-components. mIM introduces additional design freedom, new
application areas, unique geometrical features, and sustainable economical benefits,
as well as material properties and part quality that cannot be accomplished by the
conventional injection molding process.

mIM (also called micro-molding) refers to the production of parts that have

• weight in the range of milligrams, overall dimensions, functional features, and
tolerance requirements that are expressed in terms of micrometers, as well as
miniaturized gate and runner system (see Figure 1, top);
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• overall dimensions in the macro-range, weight of the order of grams, and areas
with micro-features. Such micro-structures have dimensions, functional fea-
tures, and tolerance requirements that are expressed in terms of micrometers
down to nanometers (see Figure 1, bottom).

On the basis of these definitions, micro-molding can be also regarded as one type
of molding technology recently defined as “precision injection molding” [3].

Among the various micro-manufacturing processes, mIM possesses the advan-
tage of having a wealth of experience available in conventional plastics technol-
ogy, standardized process sequences, and a high level of automation and short
cycle times.

Due to the miniature characteristics of the molded parts, however, a special
molding machine and auxiliary equipment are required to perform tasks such as
shot volume control, process parameters control, injection, ejection, plastification,
inspection, handling, packaging of molded parts, etc. Furthermore, micro-
machining technologies are needed to produce the micro-cavity.

mIM TECHNOLOGY
The development of micro-injection technology entered a first phase between 1985
and 1995 [4]. During that period, injection molding technology for macro-parts with

(a) (b)

(d)(c)

FIGURE 1

Example of a micro-molded part: (a) micro-gear and (b) detail view of micro-teeth, material:

polyoxymethylene; macro-part with a sub-micro-structured region; (c) high-density DVD

disc; and (d) detail view of sub-micro-features, material: polycarbonate.
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micro-structured details started and no appropriate machines were available. Only
modified commercial units, hydraulically driven and with a clamping force of usu-
ally 25 up to 50 tons, could be applied for the subtle way of replicating micro-
structured mold inserts with high aspect ratios by injection molding. After, a second
stage occurred from 1995 to 2000 when, with the collaboration between mechanical
engineering companies and research institutes, special micro-injection units or even
completely new machines for the manufacturing of real micro-parts were developed.
The task was to reduce the minimal amount of injected resin, which is necessary to
guarantee a stable process (i.e., improve the process repeatability) and increase
replication capabilities of very small features (down to 20 mm).

Following this intense developing stage, a number of machines equipped with
special features for micro-injection have been produced by leading manufacturers.
Minimum shot weights down to 25 mg are now feasible, micro-features can be repli-
cated in a short cycle time, and three-dimensional micro-products are produced,
which can now successfully enter the market.

MICRO-MOLDING WITH CONVENTIONAL INJECTION
MOLDING MACHINE
The fabrication of micro-molded parts becomes a challenge when conventional in-
jection molding machines (see Figure 2) are used for the replication of very small
parts. If such machines are adapted to the direct production of a micro-product,
i.e., parts with a part weight down to a milligram, they produce precise but large
sprues to achieve the minimum necessary shot weight to perform the process prop-
erly. Very often, over 90% of the polymer is wasted and this waste can be an impor-
tant cost factor (considering, e.g., plastic material for medical applications, it is not
unusual for 1 kg of special material, e.g., polyaryletheretherketone, to cost V100).
Moreover, the large sprue increases the cooling time and, simultaneously, the cycle
time [6].

FIGURE 2

Schematic view of a hydraulic injection molding machine with its main components [5].
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In conventional injection molding, an injection cycle is composed of the main
phases described in the following (see Figure 3).

1. Plastificationdduring the plastification phase, the screw is rotating to build up
the melt polymer necessary for the injection phase. The pressure pushes the
screw backward. When sufficient polymer has built up (i.e., shot volume is
plastificated), rotation stops.

2. Injection, filling, and packing phasedwhen the mold is closed, the screw is
advanced (injection). The melt polymer fills the sprue, the runners, and the mold
cavity (filling). The screw begins rotating again to build up more polymer
(packing).

3. Cooling and ejectiondafter the polymer is solidified (cooling), the mold opens
and ejector pins remove the molded part (ejection).

A problem which occurs with the small shot weight typical of micro-parts is
related to the size of pellets used in standard injection molding. Conventional injec-
tion molding machines utilize screws with diameters down to 14 mm. Thus the depth
of the screw channels should have at least the dimensions of a single grain. Hence,
when the screw moves just 1 mm, about 185 mg of plastic are injected. For example,
even one single pellet of poly(methylmethacrylate) (PMMA) weighs 24 mg. This
exceeds the part weight of, e.g., gears for the watch industry of 0.8 mg. Again, to

Rotating and
reciprocating screw

1

2

3
Ejector
pins

Molded part

FIGURE 3

Phases of the injection molding process.

mIM technology 205



produce such gears, relatively huge runner systems are used to compensate for this
issue (Figure 4).

It is clear that these data represent a limit for correct processing of an injection-
molded micro-part: the minimum shot weight for a stable production lies in the
range of tenths of a gram. When producing parts at the lower limit of the machine
capacity, problems such as dwelling time of the material will appear, with risk of
polymer degradation [5].

A screw for melting and injecting polymers combines four functions in one sin-
gle unit:

• Plastification and homogenization
• Metering
• Locking
• Injection

A conventional reciprocating screw used in macro-machines presents the
following problems when it is employed on molding micro-parts:

• It is difficult to control the melt metering accuracy as a result of the screw
structure and the limitation to reduce screw size.

• Because of the channel configuration, there is a melt backflow when high in-
jection pressure is applied to fill small and micro-cavities.

For further downscaling of the injection molding process, these issues have to be
solved by dividing the four functions of the screw at least in two different units:

• A screw for plasticizing and homogenizing
• A piston for metering and injection

mIM MACHINE
In order to control the metering accuracy and the homogeneity of the very small
quantities of melt in the mIM process, a new micro-molding machine that uses an

FIGURE 4

Comparison of runner systems to mold micro-part with conventional injection molding

machines (right) and with micro-injection molding machine (left) [7].
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injection system comprising a screw extruder and a plunger injection unit has been
developed over the last 10 years.

The main difference between the new micro-molding machine design and the
conventional macro-machines with the conventional reciprocating screw injection
system is that by separating melt plastification and melt injection, a small injection
plunger of a few millimeters in diameter can be used for melt injection to control
metering accuracy. At the same time, a screw having sufficient channel depth to
properly handle standard plastic pellets and yet provide the required screw strength
can be employed in micro-molding machines.

The typical solution provided by a mIM machine consists of the splitting of the
four functions of the reciprocating screw (plastification, metering, locking, inject-
ing) into different components (see Figure 5).

The plastification takes place in a dedicated functional part of the machine,
which is separated from the injection unit.

• The very small amount of plastics needed is plasticized either by a plasticizing
small screw (diameter of 14 mm, see Figure 6) or in an electrically heated
cylinder, and then fed into the injection cylinder by a plunger (diameter of
5 mm) (Figure 7).

• A second plunger with a diameter of just 5 mm down to 2 mm, depending on the
machine configuration, injects the molten material into the cavity. It is driven by
an electric motor and a precise linear drive. Typically, the shot weight can be
varied between 5 and 300 mg.

The mIM process steps are the following (see Figure 9):

1. Plastic pellets are plasticized by the fixed extruder screw and fed into the
metering chamber.

2. The shutoff valve closes in order to avoid backflow from the metering chamber.

FIGURE 5

Injection unit of a micro-injection molding machine [7].
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3. After the set volume has been achieved, the plunger in the dosage barrel delivers
the shot volume to the injection barrel.

4. The injection plunger then pushes the melt into the mold.
5. Once the plunger injection movement is completed, a holding pressure may be

applied to the melt. This is achieved by a slight forward movement (maximum
1 mm) of the injection plunger.

The injection piston is usually capable of a maximum injection speed of
400e900 mm/s and it is able to inject up to the parting line of the micro-cavity
(i.e., the pinpoint gate); in this way no sprue is attached to the molded part (see
Figure 8). This design feature is particularly suitable for the mass production of
micro-injection-molded components for the following reasons: it allows shorter
filling time due to the lower volume to be filled, it avoids short shots due to

FIGURE 6

Comparison of dimensions between screw and injection plungers for micro-injection molding

(left) and a screw for conventional injection molding (right).

FIGURE 7

Micro-molding machine and the three-stage unit: (1) plastication, (2) metering, and (3)

injection [8].

208 CHAPTER 9 Micro-injection Molding



premature melt freezing allowing better micro-features replication, and it decreases
the cycle time due to shorter cooling time (Figure 9).

More recently, variations of this dedicated machine design developed for micro-
injection molding have been developed. The main drivers for further developments
appeared to be a simplification of the micro-injection unit architecture, an extension
of the maximum injection volume, increased modularity to provide flexibility in
terms of injection piston dimensions, improved melt homogeneity and high accu-
racy. Examples of recently developed micro-molding machine architectures that
use injection units suitable for micro-injection in alternative of the small screw
(diameter 14 mm) and two plungers (diameter of 5 mm) design include the
following components:

• A small screw for plastication (diameter 14e18 mm) and one injection plunger
(diameter 4e8 mm) [10e12];

• Two pistons, one for plastication (e.g., diameter 6 mm) and one for metering/
injection (diameter 2e5 mm) [13];

• Two screws, one for plastication and one for injection (diameter 15e18 and
8 mm, respectively) [14].

PROCESS CONTROL AND ANALYSIS
mIM is a process which enables the mass production of polymer micro-products. In
order to produce high-quality injection-molded micro-parts, a crucial aspect to be
fully understood and optimized is the filling of the cavity by the molten polymer.
As a result, the relationships between filling performance and the different process
parameter settings have to be established.

Characterization of the filling phase during mIM is a challenging task, mainly due
to the dimensions of the cavity (typically in the sub-millimeter range, and even down

FIGURE 8

Micro-molded components and runner systems [9]: thin tensile bar test part

(15 � 3 � 0.3 mm3) including three micro-features (width ¼ 300 mm, length ¼ from

1500 mm up to 2000 mm), material ¼ polystyrene, weight of the complete molded

part ¼ 119 mg (17% for each of the two parts and 64% for the miniaturized runner

system) [8].
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to a few micrometers) and the filling time of the cavity (in the order of a few tens of
milliseconds).

Different approaches have been recently applied in order to accurately describe
the filling of the micro-cavity depending on the process parameter settings. For
example, methods for the analysis of filling performance are the short shots method,
the flow-melt visualization method, and the flow length test.

MICRO-CAVITY FILLING ANALYSIS
Different approaches can be employed for the analysis of the filling stage of the mIM
process. In particular, three methodologies can be applied in order to characterize
filling performances.

• Short shots, where partial filling is obtained by means of part-filled moldings of
increasing volume.

FIGURE 9

Micro-injection molding steps [7].
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• Flow visualization, used to show the progress of the melt front in the cavity
during the injection phase.

• The length flow test, used to evaluate the filling capability of the molding system
in terms of achievable flow length and aspect ratio.

SHORT SHOTS METHOD
In conventional injection molding (i.e., in the macro-dimensional range), a common
approach to study the development of the melt flow inside the cavity is the short shot
analysis. This consists of the injection of a fraction of the molten polymer volume
necessary to completely fill the cavity (see Figure 10).

The application of the short shots method to micro-injection-molded parts has
been shown to be possible when using a mIM machine provided with an injection
plunger [3,8]. One of the main conditions for the applicability of such a method
is that the resolution of the machine (i.e., the smallest shot volume that can be
injected in a controlled manner) has to be smaller than a fraction of the part which
is significant to give information about intermediate stages of the filling. This con-
dition can be fulfilled by injection molding machines having an injection unit with a
plunger. On the other hand, small injection molding machines with the conventional
plastification unit with a reciprocating screw cannot provide controlled short shots in
the order of a fraction of 1 mm3 (typical volume of polymer micro-parts and/or
micro-features). Furthermore, in conventional machines, the acceleration of the
screw may not be high enough to provide the required injection speed in the very
short time needed to produce micro-short shots. As a result, despite the fact that it
is actually possible to inject mold micro-parts with conventional injection molding

FIGURE 10

Short shots of an injection-molded dog bone (material: polyoxymethylene (POM)).
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machines (especially if electrically driven and capable of high injection speed), with
such machines it is not possible to produce reliable micro-short shots. Process con-
dition repeatability in terms of actual speed and injection pressure at the beginning
of the screw movement is lower than when it has reached a steady state injection
movement. Moreover, the produced incomplete micro-parts present free surfaces
with a deformation due to stress relaxation and thermal contraction. This causes
an approximation on the dimensional accuracy of the determination of the actual
flow front during the filling, especially if the target is accurate in the micrometer
range. On the other hand, the short shots method has been proven to be a feasible
method to represent the evolution of the filling stage when performing mIM (see
Figure 11).

FLOW VISUALIZATION TESTS
Flow visualization can also be used to describe the advancement of the flow front
into the cavity during the filling stage. It consists of the use of a high-speed camera
capable of actually recording at high frame rates (in the order of 103e104 frames per
second) of the flow advancement inside the micro-cavity. In order to achieve such
results, the mold has to be provided with a lateral opening (camera access to the

FIGURE 11

Series of short shots of a thin wall micro-molded part with micro-features [8].
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mold) and one side of the cavity made of glass [9,15] (see Figure 12). By subsequent
image processing of the recorded film of the cavity filling, it is possible to perform a
time-dependent analysis on the displacement of the melt-flow front depending of
different setting of process parameter such as melt temperature, mold temperature,
and injection speed. Further, by using a high-speed infrared thermal camera, it is
possible to combine a flow visualization test with a measurement of the melt tem-
perature development inside the cavity, for example, to verify injection rate settings
in the machine and evaluate shear heating effects [16, 17].

The flow visualization method offers a better resolution than the short shots
method. Furthermore, it can be applied not only to mIM machines but also to con-
ventional reciprocating screw machines (mainly because the high resolution is pro-
vided by the high-speed camera). On the other hand, the construction of the mold
itself is quite complicated due to the presence of a perfectly aligned optical glass
and an optical mirror conveying the image from the cavity, through the glass and
on to the external camera. As a consequence, the method appears to be of difficult
implementation in an industrial environment.

LENGTH FLOW TESTS
Length flow tests are used to evaluate the filling capacity of the molding system in
terms of flow length in the cavity and aspect ratio. Usually, a test cavity having con-
stant cross section and a dominant dimension parallel to the flow front advancing
direction is used for the purpose; typically, aspect ratios above 10 are desired. Down-
scaling of such an approach, commonly employed on conventional injection

FIGURE 12

Schematic diagram of a machine equipped with a glass mold cavity and a flow visualization

setup.
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molding, has been proposed for the investigation of filling behavior and processabil-
ity during mIM of semicrystalline polymers (i.e., polypropylene and polyoxymethy-
lene) as well as amorphous polymers (i.e., acrylonitrile-butadiene-styrene) [18].
Investigations are usually carried out by performing injection molding under
different process factors affecting the replication capabilities and the filling perfor-
mance of the process. Then, the achieved flow lengths in miniaturized channels,
defined as the actual length reached by the melt during the molding, are determined
and compared in order to establish the relation between flow lengths and process
parameter settings (see Figures 13 and 14).

FIGURE 13

Part design for process analysis based on flow length test [18].

FIGURE 14

Flow length evaluation of micro-injection-molded features for different thicknesses (D1 ¼ 70

mm, D2 ¼ 100 mm), widths (W1 ¼ 250 mm, W2 ¼ 500 mm), and feature distance from the

injection location (A ¼ near the gate, B ¼ far from the gate).
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To identify which process parameters are the most influential on the achiev-
able aspect ratios during the filling stage of the mIM process, the effects of pro-
cess factors (e.g., barrel temperature, mold temperature, injection speed, holding
pressure) and geometrical/dimensional factors (e.g., width, thickness) are inves-
tigated. The main processing conditions increasing the achievable flow length
are determined by high settings of melt and mold temperatures and of the injec-
tion speed. A decrease of width and thickness of micro-channels limit the melt
flow length because it leads to an increase of the surface-to-volume ratio in mi-
cro-cavities.

The venting of cavity is another aspect that has an effect on the achievable aspect
ratio in mIM. Air entrapment in the cavity can counteract the effect of suitable pro-
cessing conditions and limit the cavity filling capability of the micro-molding pro-
cess. Process monitoring applied to different processing and venting conditions can
be used to study the effects of air evacuation conditions in micro-cavities when repli-
cating polymer micro-parts. The effects of melt and mold temperatures, type of air
evacuation, and injection speed on micro-features flow length and airflow rates
indicate that the considered process factors have a significant influence on airflow
rate and mass of evacuated air. A mold design including an additional venting
capability increases significantly the flow length and the uniformity of the flow front
pattern. This is due to the combined effect of high process settings required in mIM
and the limited venting through the primary split line of the mold, because of the
high accuracy and surface quality of tools used in mIM, which have a significant
impact on the filling performance. Micro-molding experiments using ABS (acrylo-
nitrile butadiene styrene) on a micro-structured component have shown that the pres-
ence of additional cavity venting can extend the flow length by 30% under the same
mIM processing conditions [19].

FILLING ANALYSIS IN mIM USING WELD LINES AS FLOW MARKERS
In injection molding, during the filling of cavities, when two or more flow fronts
meet, an imperfection observable as a line is created. This defect of injection-
molded parts is referred to as a weld line. Weld lines are influenced by material
composition, mold design, and process conditions [20]. Particularly related to
mold design, the basic situations that are conducive to weld line formation are the
presence of [21] inserts in the cavity (i.e., insert molding, see Figure 15), two or
more gates for the part filling, the presence of regions of varying depths, features
in the mold (e.g., pins all through the thickness of the cavity). Weld lines are visible
on the surface of the part (their depth was measured with the atomic force micro-
scope and found to be in the range between 500 and 1500 nm [22]) and they are a
clear trace of the development of the flow melt during the filling of the cavity
(see Figures 16 and 17).

Therefore, weld lines can be used as flowmarkers and, in particular, represent the
position of the flow front at the end of filling. The analysis of the positions of weld
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FIGURE 15

Weld line formation due to the presence of an insert in the cavity during insert molding [8].

FIGURE 16

Simulation of the formation of a weld line due to the presence of a micro-feature

(width ¼ 200 mm) in the cavity (left). Scanning electron microscope images of the actual

weld line shown in the simulation (polymer ¼ polystyrene) (right) [8].

FIGURE 17

Optical image of weld lines due to melt flow front separation.
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lines permits study of the influence of different processing conditions on the filling
capability of the micro-molding process.

In fact, the different paths of weld lines obtained with the different
settings of process parameters can be employed to study the effect of different
process parameters and determine the conditions for better cavity filling
conditions [23]. In particular, a variation of mold temperature and of injection
speed produces modification of the path of the weld lines, pushing toward the
end of micro-features as the polymer melt flows. For example, in the case of
polystyrene, the effect of melt temperature and packing pressure was extremely
limited.

The flow front depth of filling (i.e., the ease of the melt flow to fill micro-
structures) increases with the width of the structures to be filled. The meeting points
of weld lines out of channels 200- and 300-mm wide, as well as the horizontal weld
line in the channel 150 mm, show such behavior (see Table 1).

Table 1 Experimental Depth of Filling Depending on the Channel Width

Channel No. Width (mm)
Depth of
Filling (mm) End of Cavity

1 400 900 Yes

2 450 900 Yes

3 200 301 –

4 600 900 Yes

5 150 �22 –

6 300 710 –

7 600 900 Yes
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Complete filling of micro-injection-molded features (i.e., a good filling perfor-
mance) can be therefore obtained by using a high temperature of the mold (which
decreases the viscosity of the melt and prevents premature solidification) and high
injection speed (which also decreases the viscosity of the melt due to viscous thin-
ning and viscous heating, as well as decreasing the injection time, thus avoiding
premature short shots and incomplete filling). On the other hand, it is not conve-
nient to increase the temperature of the melt, first due to the limited benefit on
the filling performance, and second to avoid material degradation due to material
overheating. An elevated packing pressure is also not advantageous because it can
produce high internal tension on the polymer matrix as well as induce high stress
on the mold itself.

mIM PROCESS CONTROL AND ANALYSIS
The reliable manufacturing of polymer-based micro-components on a mass produc-
tion perspective is directly connected to the capability of controlling the mIM pro-
cess. The influence of process parameters on mIM can be investigated with a mold
with a sensor applied at injection location. It can be used to monitor actual injection
pressure and to determine the cavity filling time (Figures 18e20).

At the injection location where the melt is pushed into the cavity (see Figure 21,
detail A) by the injection piston, a piezoelectric pressure sensor is usually placed
(see Figure 21, detail B). The recording of the in-cavity pressure at injection loca-
tion over time is one of the methods to monitor conventional and mIM processes. It
allows comparative studies to be performed on different process conditions and
evaluation of the process repeatability when molding under the same process con-
ditions. Moreover, especially in the case of micro-molding, it is a powerful method
to calculate the cavity filling time which would not be possible by other means,
since filling of micro-cavities takes place in times in the order of tens of
milliseconds.

The cavity pressure profile, in mIM as well as in precision injection molding, is a
factor directly correlated to the quality of the part [24]. The cavity pressure control,
expressed in terms of both absolute value and repeatability (i.e., standard deviation),
is fundamental for an optimized part and process realization and it is the critical pro-
cess parameter for the precision molding of high accuracy thermoplastic parts [25]
as micro-molded components. For example, an excessive value of the cavity pres-
sure will lead to defects such as flashes (see Figure 22); whereas a large value of
the standard deviation of the pressure indicates a poor cycle-to-cycle process repeat-
ability (i.e., different filling conditions) and therefore different properties of the
molded part.

Analysis of the cavity injection pressure shows that an increase of the tempera-
ture of the melt causes an increase of the cavity injection pressure. This is due to the
fact that higher temperature reduces the melt viscosity, which has as a consequence
the reduction of the pressure drop through the nozzle and runners, resulting in higher
cavity injection pressure. To attain higher injection speed, a higher injection pressure
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must be applied, which in turn increases the cavity injection pressure. The influence
of the temperature is also of importance. At higher mold temperature, close to the
glass transition temperature of the polymer, the melt viscosity is decreased, which
in turn reduces the pressure drop, resulting in a higher cavity injection pressure.

The cavity injection pressure cycle-to-cycle repeatability can provide a valu-
able parameter to determine the process stability (see Figure 23). In micro-
molding, a standard deviation in the order of 10e50 bar, which corresponds to a
coefficient of variation between 1% and 5%, can be obtained [26,27]. As result
of the high process repeatability, the mass of micro-molded parts in the 100-mg
range can be reproduced with a standard deviation within 0.1e0.7 mg [26,28].
Dimensional accuracy of micro-moldings over repeated cycles is in the order of
0.1e1% of the measured characteristic feature (e.g., diameter, height, etc.), form
error such as flatness and position error as concentricity lower than 5e10 mm
can be obtained [29,30].

The injection pressure rises at the injection location and the subsequent reaching
of the maximum cavity pressure can be employed to determine the cavity injection
time (see Figures 23 and 24) under different process conditions. Due to the very
short filling time in micro-molding (of the order of a few tens of milliseconds), sam-
pling rates of the order of 5e25 kHz are recommended to be employed. Experi-
mental results show that an increase of both the temperature of the mold and of
the injection speed lead to a shorter cavity injection time, with injection speed hav-
ing the greatest influence. The cavity injection time can be used also to estimate the
cycle-to-cycle repeatability of the micro-molding process. Standard deviation values
in the range between 1 and 3 ms are usually encountered during micro-molding
(which correspond to a coefficient of variation lower than 1%).

Once the micro-injection molding process has been realized and its performance
optimized, the key stage of demolding needs to be considered. High micro-molding
process settings in terms of temperatures, injection speed, and packing pressure can
contribute to increase the demolding force needed to eject the part. High tempera-
ture settings increase the surface replication at the polymer/mold interface creating
a mechanical interlocking at the surface micro-topography level, which can have a
detrimental effect on the integrity of the part due to higher ejection forces. High in-
jection speed and packing pressure increase the demolding force as consequence of
higher stresses induced in the parts. An increase of 20e25% of the demolding force
at high mold temperature and packing pressure settings, respectively was observed
during the injection molding of micro-fluidic systems using a cyclic-olefin-
copolymer [31].

DEFECTS OF MICRO-INJECTION-MOLDED PARTS: WELD LINES
Weld lines are a reality of the injection molding of complex parts. Multiple gating,
splitting of the melt flow due to inserts in the cavity or through-holes, as well as
changes of thickness give rise to points within the structure where the flowing fronts
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will recombine and weld. An imperfection is observed as a line on the surface of the
molded part (see Figure 25). In the molding of very complex components, a multi-
plicity of weld lines is generated. The weld lines are formed as the mold is being
filled. Weld lines reduce the mechanical strength of components in the macro [21]

FIGURE 18

Effect of (a) mold temperature, (b) injection speed, (c) packing pressure, and (d) melt

temperature on the positions of weld lines shown in Figure 17 [8].

220 CHAPTER 9 Micro-injection Molding



as well as in the micro-dimensional range [20,33]. In particular, an area where the
properties are different from the bulk is created. Weld-line factors (defined as the
ratio between the strength of workpieces containing a weld line and workpieces
with the same geometry but without weld lines) as low as 20% were found on
micro-injection-molded tensile strength specimens. The main causes are incomplete
molecular entanglement or diffusion, the formation of V-notches at the weld surface,

FIGURE 18 cont’d.
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the presence of contamination of micro-voids at the weld-line interface, and
unfavorable molecular or fiber orientation at the weld [20] (Figures 26e28).

It is therefore of great importance to optimize the injection molding process, and
especially the filling phase, in order to decrease such defects. In particular, injection

FIGURE 20

Simulated flow front pattern to be compared with weld lines used as flow markers [8].

FIGURE 19

Injection molding of 300-mmwide micro-features: optical microscope images of the flow front

position shift due to an increase of injection velocity (injection direction from left to right,

Tmelt ¼ 220 �C, Tmold ¼ 55 �C) [8].
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(a) (c)

(b) (d)

FIGURE 22

Effect of cavity injection pressure: micro-flashes do not occur at lower pressure (553 bar (a,b))

and appear at higher pressure (778 bar (c,d)). Melt temperature, mold temperature, and

injection speed were: (a,b) 260�C, 70 �C, 100 mm/s and (c,d) 260�C, 70 �C, 900 mm/s [8].

FIGURE 21

Two micro-cavity mold (a) equipped with in-cavity pressure sensor at injection location

(b) [8].
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FIGURE 24

Pressure versus time curves from the in-cavity sensor. Moldings at two different injection

speeds (100 and 900 mm/s) are shown. Temperatures of the melt and of the mold were

220 �C and 55 �C, respectively. In the chart, two curves sampled from the same molding,

carried out under the same processing conditions, are shown. The increase of the injection

speed produced a decrease of the average cavity injection time from 67 to 30 ms and an

increase of the average maximum cavity injection pressure from 612 to 672 bar [8].

FIGURE 23

Cavity injection time determination from the cavity pressure versus time plot [8].
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FIGURE 25

Simulation of the formation of a weld line due to the presence of two micro-features and the meeting of three melt flow fronts (left) and large-range

AFM scanning of the actual meeting area on a polystyrene micro-molded part (right). The large-range scanning of 700 � 200 mm was obtained

using a software tool for stitching three-dimensional surface topography data sets [32]: 18 different scannings (50 � 100 mm) were employed for

the reconstruction [8].
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speed and mold temperature set at a convenient level can be beneficial in order to
decrease the depth and width of weld lines (see Figures 29e31). A higher temper-
ature of the mold allows a higher molecular mobility (i.e., lower viscosity) which
permits obtaining of smaller weld lines. Higher injection speed causes a decrease
of the injection time, which has the consequence of avoiding premature freezing
of the polymer melt, allowing higher mobility of the polymer at the interface melt
front/mold surface. As a conclusion, higher temperature of the mold and higher in-
jection speed are preferable when molding micro-components with polystyrene
polymer grade in order to decrease the importance of weld lines.

Furthermore, the position of the gate with respect to a considered area of the part
with weld lines is also important. In particular, the longer the flow length, the larger
the weld lines that will form. Increase of width and depth of 30% were observed
when measuring weld lines far from the gate compared with weld lines near to
the gate. To this respect, multigating solutions can be employed to shorten the
flow length along the part of the polymer melt during the filling of the cavity (see
Figure 32).

FIGURE 26

Scanning electron microscope images of weld lines on the surface of the 300-mmwide micro-

features [8].
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FIGURE 27

Atomic force microscope measurement of weld lines produced at the meeting area of two flow fronts [8].
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FIGURE 28

Atomic force microscope measurement of weld lines produced at the meeting area of three flow fronts [8].
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FIGURE 29

Effect of the temperature of the mold on the weld line profile [8].

FIGURE 30

Effect of the injection speed on the weld line profile [8].

(a) (b) (c)

FIGURE 31

Three-dimensional visualization of the effect of temperature of the mold and of injection speed

on weld line topography: (a) scanning electron microscope image of the weld lines meeting

point; atomic force microscope of weld line obtained at (b) mold temperature ¼ 45�C, injection
speed ¼ 200 mm/s, (c) mold temperature ¼ 70�C, injection speed ¼ 350 mm/s [8].
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PROCESS SIMULATION
Simulation programs in polymer replication micro-technology are applied with the
same purposes as in conventional injection molding. To avoid the risks of costly
reengineering, the functions of the final products as well as the manufacturing steps
are simulated extensively before starting the actual manufacturing process: impor-
tant economic factors are the optimization of the molding process and of the tool,
using different simulation techniques.

In polymer micro-manufacturing technology, software simulation tools adapted
from conventional injection molding can provide useful assistance for the optimiza-
tion of molding tools, mold inserts, micro-component designs, and process
parameters.

At present, commercially available simulation tools can work adequately from a
qualitative point of view but numerical values cannot be calculated as precisely as
necessary [34] and therefore simulation is not integrated in the product development
process as extensively as for macro-products. A dedicated software module

(a) (b)

(d)(c)

FIGURE 32

Multigating design of a polymer micro-product produced by injection molding (hole diameter

is 300 mm): (a) micro molded part; simulated flow fronts position at (b) 40%, (c) 75% and (d)

95% cavity fill volume. [8].
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developed for mIM is still not available and therefore experimental validation of
simulation results is needed. To assess and optimize the performance of commercial
simulation software for modeling of micro-scale polymer flows, results from mIM
process monitoring (e.g., sensor measurements), part quality control (e.g., in-
process flow visualization, short shots method), material characterization (e.g.,
rheology measurements) have been employed. The calibration data for quantitative
validation of simulative results are a critical factor for all comparisons. In addition,
most programs have difficulties in simulating exactly the filling of micro-structures
with high aspect ratio. The reason is that commercial software tools developed for
macroscopic applications do not consider microscopic aspects properly.

The main limitations encountered are related to the fact that the rheological data
used in current packages are obtained from macroscopic experiments and that a no-
slip boundary condition is employed, with the consequence that wall slip cannot be
predicted [35]. Moreover, surface tension is not taken into account, but plays a role
on the filling of micro-structures [36]. Usually a constant heat transfer coefficient is
assumed, but it cannot describe the flow through micro-channels [35,37] and its stan-
dard value suitable for the simulation of macro-parts differs substantially from
values indicated for mIM [37e39]. Moreover, rheology data provided by the soft-
ware’s database are obtained at shear rates and pressures typical of capillary rheom-
eters (i.e., over significantly lower ranges if compared with those of micro-molding),
and therefore are not directly applicable and not suitable for micro-scale polymer
flow applications.

However, a proper implementation strategy employed during the set up of the
simulation can improve the quality (i.e., the accuracy) of the simulated results. There
are a number of aspects to be considered in order to improve existing software pack-
ages’ results [40]:

• At the machineesoftware interface boundary: the implementation of the
actual injection speed profile during the filling stage of the cavity and the
verification of the actual cavity injection time [41]. The injection speed is
the most affecting parameter in terms of prediction accuracy of flow length,
shear stress, and melt temperature and it needs to be implemented in the
simulation filling setting according to the strategy adopted in the mIM machine
injection unit control (e.g., the injection profile could be controlled either in a
speed vs time, or in speed vs position configurations).

Further, the nozzle geometry has a large effect on the cavity pressure
compared with the injection pressure; it has to be considered during both pre-
processing (i.e., the geometry model preparation) and postprocessing (i.e., the
evaluation of simulated pressure results) and should be included in the
simulation model [42,43].

• Part modeling guidelines: three-dimensional modeling of the whole molding
system including sprue, runner, gate, mold block, part, and micro-features,
to consider the meshing tolerance compared to the actual dimensions of
the micro-features: a tolerance between the meshed model and the solid
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geometry of 10 mm or lower should be maintained to ensure volume
conservation and correct geometrical representation of the micro-part and
its micro-features. The full molded geometry, including sprue, runners, gates,
and cavities need to be simulated in order to calculate actual filling times,
injection pressure, shear stress, melt temperature in the cavity [44,45]
(see Figures 34).

• Concerning mesh element size: typical mesh size (i.e., element edge length)
settings to achieve the validation of micro-molding simulation results are in the
sub-millimeter to 100-mm range for miniaturized sprue and runners; in the sub-
100 to 100-mm range for the micro-molded part, depending on cross-section
thickness; micro-features and gating areas could have even higher density mesh
with element size down to 10 mm. Best accuracy of simulation results can be
obtained with a number of at least 10 elements across the section [46,47] (see
Figures 34d and 35).

• Regarding the material characterization: the use of experimental micro-
rheological data of the polymer material instead of the default rheology
available in the software database, to use experimental data obtained with
micro-sized cavities (see Figure 33) and high-speed rheometry experiments
(at higher shear rates of 106 1/s and higher) [8,48e50].

FIGURE 33

Polystyrene 143 E micro-rheology curves for a channel 200-mm wide at melt temperatures of

200, 225, and 250 �C and 143 E macro-rheology at 200 �C (i.e., obtained with conventional

capillary rheometer). Viscosity of polymer melt flowing in micro-channels is lower than in the

macro-dimensional range due to the wall-slip effect [8].
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(a) (b)

(c)

(e)(d)

FIGURE 34

(a) Micro-injection-molded part (material ¼ polyoxymethylene); (b) three-dimensional

meshing of the part including the gate; (c) three-dimensional modeling of part and micro-

features; (d) three-dimensional mesh of the part and its micro-features with 10 layers of

element in the thickness direction; (e) three-dimensional mesh of the complete molding

system including mold block, nozzle, sprue, runner, part, heating elements, cooling channels.

(a)

(b)

FIGURE 35

Accurate 3D meshing (right) of gate (a) and micro-features (b) (width ¼ 300 mm) of micro-

injection-molded part (left) [8].



Optimized simulations can provide results with improved accuracy and they can
effectively be employed to validate mIM experimental results in terms of cavity in-
jection pressure, cavity injection time, mass/length/flow pattern of short shots and
full part (see Figure 36), weld lines position [41,46], optimized micro-molding
design features such as runner system configuration and dimensions [45], as well
as increase in the mIM process understanding by verifying critical conditions of
the melt flow such as shear stress, melt flow front temperatures [51], flow micro-
jetting [46], and surface micro-features replication [52e55].

CONCLUSIONS
mIM is recognized as a manufacturing process enabling the mass fabrication of poly-
mer micro-components. Fundamental process parameters for the control of both the

FIGURE 36

Experimental and simulated short shots method: flow front positions at (a) 42%, (b) 58%, (c)

81% and (d) 100% of the total fill volume [8].
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micro-product and the process are the temperature of the melt, the temperature of the
mold, the injection speed, and the cavity injection pressure. Process simulation can
be used for polymer micro-product and process design, and can provide at the pre-
sent time mostly qualitative input to the designer and the process engineer. Further,
process analysis methods and optimization tools are being used in order to provide
reliable validation of both process and simulations.
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[47] Marhöfer DM, Tosello G, Hansen HN, Islam A. Advancements on the simulation of the
micro injection molding process. In: International conference on multi-material micro
manufacture (4M 2013), San Sebastian (Spain), 8e10 October 2013; 2013. p. 77e81.

[48] Chien RD, Jong WR, Chen SC. Study on the rheological behaviour of polymer melt
flowing through micro-channels considering the wall-slip effect. J Micromech Micro-
eng 2005;15(8):1389e96.

[49] Chen C-S, Chen S-C, Liaw W-L, Chien R-D. Rheological behavior of POM polymer
melt flowing through micro-channels. Eur Polym J 2008;44:1891e8.

[50] Kelly AL, Gough T, Whiteside BR, Coates PD. High shear strain rate rheometry of
polymer melts. J Appl Polym Sci 2009;114(2):864e73.

[51] Griffiths CA, Dimov SS, Brousseau EB, Packianather MS. The finite element analysis
of melt flow behaviour in micro-injection moulding. Proc Inst Mech Eng Part B J Eng
Manuf 2008;222(9):1107e18.

[52] Tosello G, Hansen HN, Islam A. Two-component injection moulding simulation of
ABS-POM micro structured surfaces. In: Proceedings of the 13th international confer-
ence of euspen (European society of precision engineering and nanotechnology),
27e30 May 2013, Berlin, Germany, vol. 2; 2013, ISBN 978-0-9566790-2-4. p. 47e50.

[53] Lee JG, Bong-Kee L, Kang TG, Kwon TH. Experimental and numerical investigation of
injection molding with microrib patterns. Polym Eng Sci 2010;50(6):1186e98.

[54] Tada K, Fukuzawa D, Watanabe A, Ito H. Numerical simulation for flow behaviour on
micro- and nanomoulding. Plast Rubber Compos Macromol Eng 2010;39(7):321e6.

[55] Yang C, Li L, Huang H, Castro JM, Yi AY. Replication characterization of microribs
fabricated by combining ultraprecision machining and microinjection molding. Polym
Eng Sci 2010;50(10):2021e30.

238 CHAPTER 9 Micro-injection Molding



Net Shape Manufacture
of Freestanding Ceramic
Micro-components
through Soft Lithography

10
Hany Hassanin, Kyle Jiang

School of Mechanical Engineering, The University of Birmingham,

Birmingham, West Midlands, UK

CHAPTER OUTLINE

Introduction............................................................................................................ 239

Process.................................................................................................................. 242

Fabrication and characterization of the molds .......................................................... 242

Ceramic slurry preparation and control .................................................................... 244

Sintered micro-components ..................................................................................... 251

Conclusions............................................................................................................ 254

References ............................................................................................................. 255

INTRODUCTION
The advent in micro-electromechanical systems (MEMS) through the past decade
has been the driving force for the development of manufacturing techniques for
high-temperature resistant micro-components. Most MEMS technology-based mi-
cro-components are constructed using silicon-based materials fabricated using con-
ventional technologies such as UV lithography, etching, or micro-machining.
However, silicon does not withstand the high temperature, which poses one of the
biggest technical challenges in several high-temperature applications. Ceramics
have outstanding properties such as high temperature resistance, high wear resis-
tance, and high compression strength [1e3].

Conventional ceramic-forming techniques are well established for shaping fine
features in the millimeter scale. However, it is a challenging to get net shape ceramic
parts when they have micrometer size features. Additive manufacturing (AM) is a
group of fabrication processes where three-dimensional parts are constructed by
adding layers of materials on point, line, or planar surfaces. The structure formation
of this technique is computer controlled. AM is a direct writing technique, which
does not require molds. A moving device such as laser, light, or ink-jet performs
the shaping of the designed pattern. Objects in this technique are created
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incrementally [4]. AM processes include stereolithography, laser micro-sintering,
three-dimensional printing, fused deposition modeling, laminated object
manufacturing, and ink-jet printing [5e8]. There are two main drawbacks of these
techniques. First, the resultant parts normally exhibit unfavorable surface roughness
on all inclined surfaces, which is a typical consequence of the stair-stepping effect
due to the formation of the buildup layers. Second, the final components from the
AM usually suffer from relatively low density and large shrinkage. This is because
the employed ceramic suspension has a low solid loading, which affects the dimen-
sional tolerance and the utility of the designed micro-components (Figure 1).

Micro-injection molding is a productive forming technique for ceramic micro-
fabrication. It can be used to fabricate a wide variety of sizes, complexity, and mate-
rials. This technique is much similar to plastic injection molding. Polymer or wax is
melted and put together with ceramic powder to form a composite slurry. A micro-
injection molding machine injects the molds with the mixture under heat and pressure
(Figure 2). Afterward, the molds are left to cool and solidify to form the green parts,
which can be later demolded. For micro-components with high aspect ratio, demold-
ing becomes a problem. A photoresist fabricated by UV or X-ray lithography is
typically utilized as a lost mold to overcome the demolding problems. After forming
a component, the mold is removed by plasma etching to avoid the micro-components
damage caused by the conventional melting or dissolving methods [5e7].

Electrophoretic deposition has been successfully used to shape ceramic micro-
components. In this process, electric current is applied to a well-dispersed colloidal
suspension, which results in migration of the suspended particles and forming a
consistent deposition on the electrode surface (Figure 3). The mold is then being
demolded and sintered in order to densify the powder compact. To produce parts
with high mechanical properties and low surface roughness, well-dispersed suspen-
sions should be employed. One of the disadvantages of this technique is the resultant
low sintered density and the necessity to burnout the mold, which can easily damage
the micro-components due to high organic content of the mold [8e12].

x y 

z 

ledomMAledomdengiseD

FIGURE 1

Schematic diagram represents stair stepping properties of additive manufacturing (AM) built.
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Soft lithography is a nonphotolithographic fabrication technique, which estab-
lished on replica molding (REM) for fabrication of micro- and nano-structures from
nonphotosensitive materials. Soft lithography is an increasingly popular technique
for its low-cost template replication feature for a wide variety of applications. In soft
lithography, a soft mold is used as a stamp with patterned relief micro-structures on
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FIGURE 2

Schematic diagram of injection molding setup.
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FIGURE 3

Schematic diagram of electrophoretic deposition principle.
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its surface to generate components with micro- and nano-features. The elastomeric
stamp or mold is the key element in this process. There are several materials that
have been used for the elastomeric stamps, for example, poly(dimethylsiloxane)
(PDMS) elastomers (or silicone rubbers) are used in most applications; some groups
have used polyurethanes, cross-linked Novolac resins, and polyimides. On the other
hand, five subtechniques have been developed, and they are micro-contact printing,
REM, micro-transfer molding, micro-molding in capillaries, and solvent-assisted
micro-molding [13e16].

Based on the analysis of the reviewed ceramic micro-fabrication techniques, one
can say that soft lithography is regarded the most suitable technique to develop
freestanding ceramic micro-parts. When compared to the reported techniques,
micro-parts fabricated using soft lithography does not suffer from low resolution,
poor surface finish, and low density, which are the main limitations reported by other
methods. In addition, soft lithography is considered productive and low-cost fabri-
cation method where the mold can include many micro-molds.

PROCESS
Soft molding is considered an efficient technique for replication of pattern in the sur-
face of a mold. Various kinds of ceramic materials can be patterned using this tech-
nique. The whole fabrication procedure starting is illustrated in Figure 4.

The process starts with the conventional UV lithography process. A clean wafer
is coated by a photoresist followed by a soft baking process. Afterward the exposure
is performed by applying UV radiation onto the silicon substrate through a chrome
mask. In negative photoresists such as SU-8, parts exposed to UV radiation become
insoluble while the unexposed parts remain soluble in the resist developer. After
development, the design is formed from the remaining solid resist on the wafer.
Finally, a hard baking step is performed to ensure that mold properties do not change
during the use of the mold, especially at higher temperature, and to anneal any sur-
face cracks. A soft mold is an elastomeric mold that produces the inverse of the mas-
ter mold. It is often used to manipulate suspensions or slurries that are dried or cured
as part of the soft lithography process. The replication process starts by casting a pre-
polymer mixture into the fabricated master mold. The mold is then cured and trans-
formed to an elastomeric material, which is then peeled off from the master.
Afterward, the soft molds are filled with a ceramic material. Finally, the green pat-
terns are demolded and sintered to produce the micro-parts.

FABRICATION AND CHARACTERIZATION OF THE MOLDS
Master and soft molds are crucial parts in the soft lithography process, which affect
the quality of each subsequent step. The master carries a micro-pattern design on the
surface that serves as a template for the production of soft mold replicas. There are
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various materials and methodologies used for the production of master and soft
molds. Hassanin and Jiang have compared several of them [17]. In particular,
they used SU-8, BPR100, and silicon to pattern master molds by using either UV
lithography or deep reactive ion etching (DRIE). In addition, they used PDMS
and Dragon Skin in the replication process. SU-8 is a high-contrast epoxy-based
negative tone photoresist. The main advantages of SU-8 are its simple processing,
high chemical stability, good planarization capability, and ability to form thick
layers. High aspect ratio structures with smooth sidewalls are achieved by UV
lithography [18,19]. In addition, BPR100 (Rohm and Haas) photoresist has a wide
variety of applications including electroforming, etching, and wafer-level packing
processes [20]. BPR100 is a liquid negative tone type with a solid content of
58e62% and is typically used to form layers with a thickness ranging from 40 to
130 mm. DRIE using the Bosch process is one of the most important silicon
micro-fabrication techniques. The main advantage of the Bosch process is that it
provides means for deep etching of high aspect ratio patterns with almost vertical
sidewalls and high etching rates. The process consists of many repetitions of alter-
nating etch and passivation cycles. The first cycle is to etch. Repeating the etch and

(1) Silicon wafer

(2) Casting SU-8

(3) UV lithiography

(4) After developing

(5) Casting PDMS

(6) Peeling off PDMS

(7) PDMS soft mold

UV

Mask

(8) Pouring slurry

(9) Drying & demolding

(10) Sintering

FIGURE 4

Schematic diagram of the fabrication process. PDMS, poly(dimethylsiloxane).
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passivation loop results in a high rate and selective etching. Photoresist with a low
etching rate is necessary for optimal results [21]. Soft molds made from PDMS and
Dragon Skin were prepared by mixing their prepolymer and cross-linking agents in a
glass beaker, and degassing the mixture under vacuum to remove bubbles formed
during the mixing. The mixtures were then poured onto the master molds and the
wafer was then placed in a vacuum again to fill the micro-molds and to remove
all residual bubbles. It was then cured by heating. After cooling down, the cured
soft molds were gently peeled off from the SU-8 master mold. SEM images of
various master and soft molds are shown in Figure 5, [17]. The authors concluded
that BPR100 and DRIE silicon molds are not suitable for thick molds. In addition,
their surface roughness values were higher than those found for the SU-8 mold. On
the other hand, Dragon Skin soft molds were shown to have demolding problems due
to strong adhesion with the SU-8 master mold. Therefore, it was not suitable for use
as a soft mold despite having a smoother surface than PDMS.

CERAMIC SLURRY PREPARATION AND CONTROL
Properties of ceramic powders play an important role in the fabrication of ceramic
micro-components. Powder sizes can be varied from nanometers to several micro-
meters, see Figure 6.

Ceramic slurry is obtained by mixing ceramic powder, carrying vehicle, binder,
and dispersant to produce uniformly dispersed ceramic slurry. It is important to opti-
mize the slurry composition in order to obtain high green density, low green

(a) (b)(b) (c)

(d) (e)

FIGURE 5

SEM images of (a) SU-8, (b) BPR100, (c) Deep reactive ion etching silicon,

(d) Poly(dimethylsiloxane), and (e) Dragon Skin molds.
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shrinkage, and sufficient green strength to produce defect-free demolding. Disper-
sant is used to separate the agglomerated particles in a slurry by controlling the inter-
particle forces affecting the colloidal stability of the system. Dispersion of ceramic
powder processing is very important to obtain a high reliability sintered structure.
Any inhomogeneity is a potential flaw in the sintered parts. Hence, the agglomerates,
which exist in most commercially supplied powders, either have to be broken down
or removed [22]. The dispersion condition of slurry has a direct impact to the green
density. Well-dispersed slurry is required to produce green bodies with high packing
densities and uniform micro-structures. Therefore, density and shrinkage measure-
ments of the green parts are typically carried out for the optimization of dispersant
concentration. Green density indicates how tightly the ceramic particles are packed
in the green part. In addition, it is the key for achieving low sintered shrinkage, high
dimensional resolution, and less distortion on resultant sintered part. Therefore, it is
considered as a dominant parameter in forming ceramic micro-components.

Ceramic binder is a substance that is used to bind ceramic particles into the
desired shape in the mold. In addition, it enhances green strength and improves flex-
ibility of the ceramic parts. Polymers and waxes are the two major ingredients that
are mainly present equally in a typical ceramic binder [23e25]. In most of slurry
systems, binders play a crucial part in preparing optimum ceramic slurry. The
more binder added, the stronger the green body is expected. Additionally, binders
must be taken off from green parts before sintering. The more added binder, the
more difficult the debinding process will be. Because of large amount of binder,
more gas will be formed during the binder burnout step, which causes internal
stresses, possible part damage, and geometry distortion.

Water-, preceramic polymer-, and wax-based slurries are employed and their
process parameters are optimized for the fabrication of ceramic micro-components
using soft lithography [24]. Water-based slurry process has been employed exten-
sively in many forming techniques, such as tape casting and slip casting. The use
of water as a dispersing liquid is attractive because of cost, environmental, and

d50=400 nm d50=12.0 µm

(a) (b)

FIGURE 6

SEM images of alumina powders of different powder sizes (a) 400 nm, (b) 12.0 mm.
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health benefits. Aqueous binders such as Duramax B-1000 (Rohm and Haas, USA)
and Duramax B-1007 (Rohm and Haas, USA) were used together in the experi-
ments. They are commercially available low-foaming binders. In addition, their
high dispersion in water enables an effective adsorption on the powder in water,
reducing possible cracks on the green body during drying. The high solid loading
of the binders increases the particle binding in the green body, which improves its
flexibility. During the drying of the slurry, the polymer particles bind the particles
together and increase the green strength. On the other hand, Duramax D-3005
(Rohm and Haas, USA) was used as a dispersant. D-3005 is an ammonium salt of
a polyelectrolyte, commercially available for dispersing different ceramic powders
in aqueous suspensions. D-3005 has a low molecular weight, which makes it effec-
tive at low use levels. The dispersant is supplied as a 35% solution in water. It was
found that the minimum binder concentration used in the slurry without damaging
the resultant green parts during both drying and demolding processes was about
20:25 mg/g powder for different powder sizes. Less binder concentration increases
the possibility to damage the green parts. Using the optimum binder concentration
resulted in complete and crack-free green parts as shown in Figure 7.

Polymer-derived ceramics are fabricated through pyrolysis of preceramic
polymers. They offer a great variety of chemical and micro-structure modifications,
allowing molecular tailoring of ceramic materials with improved properties
compared to conventional ceramic materials. They gain in importance with the
increase of advanced precursor materials, such as polycarbosilane, polysilazane,
polysiloxane, and polyborosilazane. They have been used to fabricate net shape
monolithic ceramic MEMS by either micro-casting a ceramic precursor liquid into
a mold that has been prepared by conventional lithographic methods or by micro-
forged molds [26]. Recently, polymer ceramics have been successfully used to fabri-
cate alumina composites by hot pressing of poly(allyl)carbosilane-coated alumina

(a) (b)

FIGURE 7

SEM images of green ceramic micro-components fabricated using water-based slurry

(a) Micro-connecting rod, (b) Micro-gear.
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powder into green pattern shapes, with subsequent pyrolysis and pressureless sinter-
ing. Polysiloxazane preceramic coatings resin (PCR) was used as a binder [27]. The
commercial product of PCR used in the experiments was HTA 1500 Slow Cure
(KiON Speciality Polymers, Germany). It is a clear and low-viscosity coating resin
designed to cure at room temperature curable with 100% solids within 1 h. The
polymer pyrolysis after curing results in conversion of the cured polymer to amor-
phous and crystalline ceramic phases. Therefore, using PCR over organic binders
is expected to be better than conventional polymeric binders as it works both as
the binder and as the additive of ceramic inclusion within the sintered ceramic matrix
[27]. However, many of the green micro-components suffer from several defects
(Figure 8). By adjusting the slurry composition and curing time, a few undamaged
near-net shape green micro-pistons were produced (Figure 9).

Paraffin wax is a mixture of alkane hydrocarbons having CnHnþ2 formula where
20 � n � 40. They are solid in room temperature and start to melt in temperature
starting from 37 �C. Paraffin wax is a very popular binder in low-pressure injection
molding for its low cost and versatile working temperatures. In addition, the resul-
tant high-strength green parts make it effective binder for complex shape ceramics
[28]. Paraffin wax (SigmaeAldrich, UK) has the melting point of 53e57 �C.
Ceramic slurry based on paraffin wax could be improved with the addition of disper-
sants, which improves ceramic particle dispersion and enhances wetting of the
binder on the ceramic particles [28]. Stearic acid (C18H36O2) supplied by Sigma-
eAldrich, UK with a melting point of 69e71 �C was used as a dispersant in the
paraffin wax-based slurry. Paraffin wax played the role of both the binder and the
carrying medium. In the mixing step, the minimum amount of binder, which pro-
vides the necessary convenient molding process, was decided as the optimization
criterion. For binder concentration less than 50 mg/g powder, it was found that it
is difficult to mix the ceramic slurry using mechanical stirrer. By increasing the
binder concentration to about 200 mg/g and 100 mg/g, it was easier to get homoge-
neous slurry using mechanical stirring. However, the slurry freezes faster before
completing the filling, especially in thin micro-features, due to its high viscosity.
As a result, incomplete micro-parts were obtained. Further increasing the binder
content to about 260 mg/g, the filling process was improved and a complete filling
was achieved, as shown in Figure 10.

Based on the assessments of the given slurries, water-based slurry proved to offer
the greatest potential to realize suitable ceramic micro-components fabrication
approach.

Sedimentation behavior of aqueous ceramic suspensions with different particle
sizes and dispersant concentrations was studied to find the conditions for the
maximum dispersion [29,30]. Suspensions stability is closely related to particle
size and the amount of dispersant concentration as shown in Figure 11. All particles
have a natural tendency to settle, generating higher sedimentation heights when no
dispersant is added. The sedimentation height of the suspension with the smallest
particle size is the highest when compared to the other suspensions. On the other
hand, the stability is improved with the addition of the dispersant. It is notable
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that as the powder particle size is increased, the required amount of the dispersant to
affect suspension stability is reduced. This is because a higher specific surface area
requires more dispersant. With further increase of the dispersant, the settled height
of all suspensions remained almost constant.

Voids

Voids

 Moisture content resultant voids.

 Broken green parts by insufficient PCR.

 Broken green parts by strong adhesion to PDMS mold.

PDMS

PDMS

(a)

(b)

(c)

FIGURE 8

SEM images of defected green parts fabricated using solvent-based slurry (a) Moisture

content resultant voids, (b) Broken green parts by insufficient preceramic coatings resin

(PCR), (c) Broken green parts by strong adhesion to poly(dimethylsiloxane) (PDMS) mold.
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Viscosity of aqueous ceramic suspensions with different particle sizes and disper-
sant concentrations was studied to find the conditions for the maximum flowability
and the results are shown in Figure 12. Viscosities of all suspensions are initially
improved when the dispersant is added. The addition of the dispersant can gradually
break down ceramic suspension structure by overcoming the attractive forces accord-
ing to the Derjaguin, Landau, Vervey, and Overbeek (DLVO) theory, and thus the
viscosity of the suspension decreases. After showing a minimum viscosity, further
increasing of dispersant concentration resulted into an increased viscosity, which
may be due to the saturation of the particle surfaces with the adsorbed dispersant.
It can be noted that the amount of the dispersant required for ceramic suspensions
to have a minimum viscosity increased with decreasing of the particle size. This is

(b)(a)

FIGURE 9

(a) Optical and (b) SEM images of ceramic green micro-pistons fabricated using solvent-

based slurry.

(a) (b)

FIGURE 10

SEM image of complete green micro-components fabricated using paraffin wax-based slurry

(a) Micro-gear, (b) Micro-connecting rod.

Ceramic slurry preparation and control 249



0
0

200

400

600

Vi
sc

os
ity

 (m
P

a,
s)

800

1000
Particle size = 1 µm
Particle size = 2 µm
Particle size = 12 µm

10 20 30
D-3005 Concentration (mg/g)

40

Shear rate = 100 S–1

50 60

FIGURE 12

Relationship between the suspensions viscosity and concentration of dispersant for

suspensions with particle size of 1, 2, and 12 mm.

0
0

0.1

0.2

0.3

S
ed

im
en

ta
tio

n 
ra

tio
 h

/h
0

0.4
Particle size = 1.0 µ
Particle size = 2.0 µ
Particle size = 12.0 µ

10 20 30
D-3005 Concentration (mg/g)

40 50

FIGURE 11

Sedimentation behavior of aqueous ceramic suspensions of various particle sizes as a

function of dispersant concentration.

250 CHAPTER 10 Manufacture of Ceramic Micro-Components Using Soft Lithography



because a higher specific surface area absorbs more dispersant. Furthermore, it can be
clearly noted that viscosities of alumina suspensions are higher when powder particle
sizes become finer. The high viscosity of alumina suspension with a small particle
size can be attributed to its highest specific surface area and as a result the highest
attractive forces, which restrict particles movements [29].

SINTERED MICRO-COMPONENTS
Sintered properties are important to study in order to assess the performance of the
net shape micro-components. High sintered density, low and uniform sintered
shrinkage, high hardness and fracture strength are essential for mechanical applica-
tions. Green ceramic micro-components are typically sintered using a specified heat-
ing cycle. Sintered density and linear shrinkage of alumina samples with different
particles sizes can be measured. For example, Figure 13 shows this relation with
respect to the dispersant concentration in the ceramic mixture. It can be clearly
seen that by increasing the concentration of the dispersant to an optimum amount,
the densification behavior of the micro-components was enhanced. Further addition
of the dispersant caused sintering density to gradually decrease. It is clearly noted
that the smaller the powder size, the higher the sintered density, and hence the higher
the linear shrinkage. Smaller powders have a higher surface energy, and hence a
greater sintering rate and higher density are expected.

The effect of sintering temperature on sintered density and linear shrinkage of
alumina micro-components fabricated using different powder sizes is shown in
Figure 14. The relative density and linear shrinkage of alumina samples increased

FIGURE 13

Sintered density and linear shrinkage as a function of dispersant concentration.
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gradually as the sintering temperature rose. The relative density of the sample
reached a maximum of 98.3%, 95.3%, and 78.3% with linear shrinkage of 17.6%,
20.7%, and 6.4% for micro-parts fabricated using powder size of 0.7, 1.0, and
12.0 mm respectively and sintered at 1600 �C. The smaller the powder size, the
higher the sintered density and linear shrinkage was obtained when sintering temper-
ature was increased.

Vickers micro-hardness of alumina micro-components sintered at different sin-
tering temperatures is shown in Figure 15. Vickers micro-hardness increased with
the increase of the sintering temperature. This is mainly because of the increase
of sintered density when sintering temperature increased. High density means fewer
pores and hence strengthens the material. In addition, it can be concluded that the
smaller the powder size, the higher hardness the sintered micro-components will
have. The highest Vickers values were 23.05 and 22.1 GPa for 0.7 and 1.0 mm-based
samples after sintering at 1600 �C.

Figure 16 shows flexural strength of alumina samples as a function of sintered
temperature. Flexural strength of alumina increased with the increasing sintering
temperature. The samples reached to the highest flexural strength of 366 MPa for
alumina samples made from 0.7 mm and sintered at 1600 �C. In addition, these sam-
ples have higher flexural strength than alumina samples made from 1 mm throughout
the sintering temperatures. It is generally accepted that denser material has higher
strength.

The fabricated alumina micro-components were inspected using SEM to inves-
tigate the effect of the powder size on the shape retention and edge resolution.
Figure 17 shows SEM images of complete sintered micro-gears fabricated using

FIGURE 14

Sintered density and linear shrinkage of alumina micro-parts as a function of sintering

temperature.
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Al2O3 powders with average particle size of 0.7, 1.0, and 12.0 mm. It can be clearly
seen that the Al2O3 micro-gears preserve their shapes completely after sintering. A
close look to the magnified teeth from the top of the gears was performed for
selected gears. The images demonstrate good edge profiles of the 0.7 and 1.0 mm-
based micro-gears. On the other hand, the 12.0 mm-based micro-gear demonstrates
irregular edge profile and poor resolution.
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Flexural strength of alumina samples as a function of sintering temperature.
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CONCLUSIONS
This chapter reviewed the state of art of ceramic micro-fabrication using soft lithog-
raphy as one of the most robust techniques to fabricate ceramic micro-components.
In this technique, soft molds have been realized from the traditional solid molds to
make a convenient demolding and to reduce the damage of green patterns. The

0.7 µm

1.0 µm

12.0 µm

(a)

(b)

(c)

FIGURE 17

SEM images of alumina micro-gears fabricated using powder size of (a) 0.7 mm, (b) 1.0 mm,

and (c) 12.0 mm.
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complete soft lithography involves the following steps: (1) fabricating rigid master
molds using UV light lithography; (2) producing soft molds from the masters; (3)
making ceramic suspension; (4) filling patterned molds with the ceramic suspension;
(5) demolding and sintering. The entire process chain can be monitored and opti-
mized through different characterization techniques, which lead to develop net
shape ceramic micro-parts with optimum properties.
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INTRODUCTION
On the technology front, during the last decade, the manufacture of micro-
components and the miniaturization of manufacturing equipment/devices, which
deals with the manufacturing at miniature (e.g., <10 mm), micro- (<1.0 mm), and
sub-micro-scale (0.1e1.0 mm), has obtained notable development globally. Various
manufacturing methods have emerged, which deal with a wide range of materials
and applications. Micro-system technology is one of the leading technologies for
producing micro-components ranging from nanometers to millimeters [1e3].
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For the manufacture of large-sized components from the materials, e.g.,
ceramics, cermets, super conductors, magnets, metal composites, and glass, tradi-
tionally, the processes called powder metallurgy would be used. However, these
were not developed for the manufacture of small-sized components due to the
manufacturing routines not being suitable for micro-scale manufacture. Injection
molding [4] and compressive molding [5] are alternative processes often used to
make these components from powders, but such processes, however, involve the
use of the so-called green compacts (mixing the powders with binders, and then
shaping them into the required shapes, followed by high-temperature sintering
which often takes place in furnaces or chambers with a transfer belt). The drawbacks
involved include a long-process chain, difficulty in controlling component accuracy,
the binders, hence affecting the environment, etc.

A process aimed at resolving these problems is called micro-fields-activated sin-
tering technology (Micro-FAST)da manufacturing process to make micro-
components usage directly from powders. The powders are pressed when an external
electric field is applied to them while the powders are joined together through fusion
bonding under high temperatures created either by resistance heating at the powder
interfaces and/or by the mold due to the high current flowing through it. High density
of the structure can be achieved by the coupled actions from the electrical field and
mechanical pressure, i.e., coupled multiphysics fields-activated forming and sinter-
ing. One of the exciting prospects on this method is its efficiency in shaping the
component, e.g., with a high current applied (e.g., 10,000 A) and a fast heating
rate (e.g., a rate of increase of current of 1000 A per second); due to only a micro-
volume of the material to be heated, a component can be formed in a few seconds,
while with a conventional sintering method, usually tens of minutes and even 2 h
are required.

The impact of the technology being researched will be high, not only due to its
high efficiency but also because of several other advantages:

1. No binders are used and hence there is less impact on the environment;
2. It is possible to use all types of materials, even in combinations (e.g., feeding

different kinds of powders into a mold);
3. The materials are fully recyclable;
4. The nano-structures of the materials in the formed parts can be maintained, due

to the ultrafast processing time, hence excellent mechanical properties can be
obtained.

MICRO-FAST SINTERING PROCESS
The Micro-FAST [6e10] sintering process can be seen in Figure 1. It is a method
which has been successfully applied in the forming of micro-components with a
variety of material systems, for instance, metals (Cu, Steel) and alloys (MnZn,
WC-Co). Compared to conventional sintering methods, Micro-FAST is a promising
and energy-efficient technique that uses electricity to quickly raise the compact’s
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temperature and exert pressure simultaneously, which can be turned off immediately
after the preset sintering time. In Micro-FAST, the powder is formed/sintered under
simultaneous actions from the current, high temperature, and forming pressure.
Moreover, loose powder is loaded directly into the die, and the heating is achieved
by passing an AC current through the die to generate the necessary temperature in
the powders, while pressure is applied onto the powders simultaneously. The entire
forming process can be accomplished within 50 s. The direct manufacture from
powder and no additional binders being added to the powder indicate that it is an
energy-conserving and environment-friendly forming process.

Figure 2 is a schematic illustration of the tool-set used in the experiments with a
Gleeble-1500D thermal simulation machine from Dynamic System Inc., USA. The
electric field produced by the machine has low voltage and high current (3e10 Vand
3000e30,000 A). The as-received powder consists of agglomerates which were

FIGURE 1

Illustration of the Micro-FAST sintering and forming process.

FIGURE 2

Tool-set used and experimental setup with the Gleeble-1500D.
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sufficient for making up a micro-product. The weighted powder was loaded into the
die, a model of the die being shown in the lower right-hand corner of Figure 2. Next,
the die, filled with copper powder, was placed into the Gleeble-1500D machine, then
heated rapidly to a certain sintering temperature at a preset heating rate in a vacuum
(<10�4 Pa) (a high electric current passes through the die-set), and at the same time,
a preset pressure was applied to the punch and die-bottom.

ANALYSIS OF PROCESS
ANALYSIS OF SINTERING PROCESS
So far, there are two kinds of sintering process that have been developed for Micro-
FAST, these being constant temperature sintering and electro-heating loops sinter-
ing, as shown in Figure 3. From these two processes, the sintering may be generally
described as a four-stage process: (1) a preheating period, during which the com-
pacts were heated to a low temperature (e.g., 200 �C) and then held for a certain
time, during which dwell time at the low temperature the gas trapped inside the sin-
tered powder system is driven out; (2) a calefactive period, during which the com-
pacts are heated to the preset sintering temperature from the dwell temperature; (3) a
sintering period, when the compacts were held for a certain time at the preset sinter-
ing temperature, or the sintering temperature is fluctuating and cycles for a fixed
number of times; and (4) a cooling period, when the electrical current was reduced
and the compacts were cooled to room temperature. According to the results of the
present experiments, different material powders should be sintered by different sin-
tering processes.

It should be noted that the division of the process into four stages is purely to
enable a simple explanation of the process: there is no clear boundary between
two neighboring stages for the whole work-piece since individual powders in the
die cavity at the same time may be in different states. However, such a treatment
will lead to a meaningful analysis and may yield instructive insight into the forming
and sintering mechanism of the powders.

EFFECTS OF COUPLED MULTIFIELDS ACTIVATION
As described above, the process used for the forming of micro-compacts is actually
one coupled with multifields activation, i.e., a coupled multifields-activated forming
process: forming of the component is enabled under a simultaneous pressure field,
temperature field, and electrical field.

Under the condition of an external pressure-field, the equation of densification
rate may be expressed as follows [9]:
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FIGURE 3

Temperatureetime curve of the compact during the sintering process: (a) constant

temperature sintering; (b) electro-heating loops sintering.
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where dr
dt is the densification rate; g is the surface tension of the materials; h is the

viscosity of the materials; r1 is the radius of the closed gap; r is the relative density
of the sintering sample; sc is the yield stress of the material; and p is the external
pressure. It can be seen that external pressure can contribute to the densification
rate during sintering. When the grain boundary is a perfect sink for vacancies,
two particles approach each other, driven by a force that is obtained by integrating
the stress over the boundary area and by adding the surface tension along the circum-
ference. A porous material shrinks when the total energy decreases with decrease of
the pore volume. Sintering stress is a concept that gives the relationship between the
total energy change and the pore volume change [11].

When an AC current passes through the compacts, Joule heat will be generated at
an interface due to the contact resistance. Figure 4 illustrates the distribution of the
current in the compacts. According to the JouleeLenz’s law, the heat generated by
the current passing through the compact is:

Q ¼ I2Rt (2)

in which Q is the generated heat when current passes through the compact; R is the
resistance of the compact; and t is the electrify time. In the process of sintering, the
change of Joule heat is affected by the interfacial contact resistance and the current
of the particles.

As observed, the greater the temperature and electric current density, the
greater is the Joule heat and emission current intensity. Collision of emission current
with the adjacent particles resulted in the transfer of the emission current’s kinetic
energy to internal energy, which accelerated atomic diffusion at a lower temperature
under the action of an electric field. The powders used in the experiments were
discontinuous, trapping a lot of gas between the particles. During the heating
process, the gas trapped inside the sintered powder system was driven out and a

FIGURE 4

Illustration of the distribution of the current in a compact.
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liquid phase was formed. At the same time, the liquid phase flow was accelerated at
large pressure due to the extra pressure applied to the powders, and parts of the liquid
phase filled into the vicinal pores by plastic flow.

It should be emphasized that the pressure field greatly influences the formation of
the temperature field and electrical field, and correspondingly, the increased temper-
ature and Joule heat also further change the distribution of the pressure field. These
are particularly important at the micro-scale, where the extremely small contact-
areas (and hence, high contact pressure) and localized high-temperature (due to
the high heating-rate) play significant roles during the densification of the powders.
As a result of which, the coupled multifields activation causes intensive densification
of the powders.

APPLICATIONS OF MICRO-FAST
Micro-FAST is able to form net-shaped products with the advantage of high material
utilization and fabricate micro-components under low temperature with loose pow-
der materials. Examples of suitable micro-components are micro-gears and blades in
a variety of materials. In the following sections, micro-components sintered with
different materials will be introduced.

FABRICATION OF MnZn FERRITE
MnZn ferrites are already widely used in mini DCeDC converters and inductors.
Further, recently MnZn ferrite components have found new applications and form
essential parts of the electrical circuit of renewable energy production units
[12,13]. For the manufacture of large-sized components from MnZn ferrite, tradi-
tionally, the processes called solid-state reaction or continuous solid-state crystalli-
zation would be used. However, these processes were not developed for the
manufacture of small-sized components due to the manufacturing routines not being
suitable for micro-scale manufacture. Furthermore, during the sintering, the temper-
ature was higher than 1050 �C, such a high sintering temperatures leading to a series
of problems, including high losses of magnetic properties at high frequency; low
densities of components; and more power consumption during the sintering process.
Microwave sintering [14] and injection molding [15] are alternative processes often
used to make MnZn ferrite components from powders. These, however, involve use
of green compacts, drawbacks including a long-process chain, difficulty in control-
ling component accuracy, using binders, hence affecting both the environment and
the components. In Micro-FAST, however, MnZn ferrite micro-components can
be sintered with good magnetic performance at a lower temperature and in a
shorter time.

During the sintering process, MnZn ferrite powders are rapidly heated to
800 �C, the rate of temperature increase being 50 �C/s. A pressure of 75 MPa is
applied to the powders through the punches at the start of the heating process. After
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an 8 min thermal holding time, the Gleeble-1500D thermal simulation instrument is
turned off and the sample is allowed to cool to room temperature in a vacuum
atmosphere.

As shown in Figure 5, cylindrical bulk MnZn ferrite with diameters of 1.0 mm,
and heights of 1.0 mm were sintered by Micro-FAST. The density of the samples
reached 4.69 g/cm3 when they were sintered at a relatively low sintering temperature
(800 �C) for 8 min, at a higher heating rate (50 �C/s) and pressure 75 MPa.

Microstructure of the formed samples
In order to compare the methods of Micro-FAST and conventional sintering, MnZn
ferrite samples of identical composition were sintered for 4 h at 1280 �C by conven-
tional protective atmosphere sintering carried out in a furnace, the resulting micro-
structure being shown in Figure 6. Compared to Figure 7, it can be seen that for the
sample sintered at much lower temperature (800 �C) and much shorter sintering time
(8 min) in Micro-FAST, the microstructure of the sintered MnZn ferrite is almost as
dense as that of the conventionally sintered MnZn ferrite. In addition, it can be seen
that solid phase reaction of MnZn ferrite materials was not completely finished in the
sample, the dark areas shown by the arrows in Figures 6 and 7 in the samples are raw
materials.

During the sintering process, when the energy obtained by the system was
sufficiently large to surmount the activation energy for reactions at a certain tempera-
ture, the reactionofMnO þ Fe2O4 /MnFe2O4 and ZnO þ Fe2O4 / ZnFe2O4 may
occur in the powder system, and then the MnFe2O4 and ZnFe2O4 will form a solid
solution after sintering, which results in MnZn ferrite synthetic [16]. The X-ray
Diffraction (XRD) patterns of the sample before and after sintering are presented
in Figure 8. It can be seen that the sample both before and after sintering (both in
Micro-FAST and in the solid-state reaction method) has a typical spinel structure.
However, the composition and structure of spinel have changed after sintering.

FIGURE 5

The fabricated MnZn ferrite cylindrical bulks.

264 CHAPTER 11 Micro-sintering through a FAST Process



Magnetic properties of the formed samples
A comparison of the magnetic properties of MnZn ferrite sintered with the two
different methods is shown in Table 1, from which it can be seen that the density
of the sample sintered by Micro-FAST is 4.69 g/cm3, which is almost the same as
the density of the sample sintered by the solid-state reaction method. As shown in
Table 1, the maximum energy product of MnZn ferrite sintered by Micro-FAST is
50.362Eþ3 GOe, while the maximum energy product of the same composition
MnZn ferrite sintered by the solid-state reaction process is 116.61Eþ3 GOe. At

FIGURE 6

Microstructure of MnZn ferrite sintered for 4 h at 1280 �C by the solid-state reaction method.

FIGURE 7

Microstructure of MnZn ferrite sintered for 8 min at 800 �C by Micro-FAST.
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the same time, the saturation magnetization of the sample sintered byMicro-FAST is
2.0340 emu, while the saturation magnetization of the sample sintered by the solid-
state reaction method is 7.5522 emu. It could be concluded that the effect of coupled
multiphysical fields activation treatment process (in Micro-FAST) resulted in a high-
density sintered product with a relative low magnetic performance. This could be
attributed to very small material volumes involved. However, the remanence of

FIGURE 8

XRD patterns of the sample: (a) before sintering; (b) after sintering in solid-state reaction; and

(c) after sintering in Micro-FAST.

Table 1 Effects of Different Sintering Methods on Magnetic Properties of MnZn

Ferrites

Sintering
Method

Sample
Size/(mm)

r/(g/
cm3)

BHmax/
(GOe) Br/(G) Hci/(G)

Ms/
(emu)

Solid-state
reaction for 4 h
at 1280 �C

F 8 � 8 4.74 116.61Eþ3 6.5790 0.262 7.5522

Micro-FAST for
8 min at 800 �C

F 1 � 1 4.69 50.362Eþ3 52.143 30.152 2.0340
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MnZn ferrite is 52.143 G, and the remanence of the sample sintered by the solid-
state reaction method is 6.5790 G, this demonstrating that remanence of MnZn
ferrite sintered by Micro-FAST is greater than that of the solid-state reaction sintered
sample. Moreover, considering the merits of Micro-FAST, e.g., being a simple sin-
tering process, with an ultrafast processing time, and no binder being used in the
powder system, the conclusion can be reached that Micro-FAST is a good alternative
technology to fabricate magnetic materials.

FABRICATION OF HARD ALLOY
WC-Co composites are widely used as cutting tools and dies due to their high
wear resistance and toughness [17]. WC-Co composites are normally prepared
by a powder metallurgy route, which is a procedure consisting of a series of
long-time processes, such as the synthesis of WC powder, mixing with metal, gran-
ulation, pressing, and sintering. Moreover, the carbonization temperature of WC is
as high as 1400e1600 �C. In order to improve its properties and simplify the prep-
aration procedure, the consolidation of WC-Co powder has been studied using a
variety of techniques including hot isostatic pressing [18], as well as unconven-
tional processes such as microwave sintering and spark plasma sintering (SPS),
rapid omni compaction, and ultrahigh pressure rapid hot consolidation [19].
However, the hardness and toughness are in contradiction with each other for the
conventional coarse-grained WC-Co alloys [20]. To date, numerous processes
have been dedicated to the study of densification and grain growth control during
sintering of the WC-Co powders in order to achieve the goal of obtaining fully
dense WC-Co materials.

One of the keys for controlling the grain growth of WC-Co composites is a suit-
able selection of additives as grain growth inhibitors, such as vanadium carbide (VC)
and chromium carbide (Cr3C2). At the same time the grain growth can be inhibited
by using special sintering technologies allowing very high heating rates, increasing
the densification rate, even at lower sintering temperature and shorter holding times,
such as microwave sintering and SPS. Moreover, Bonache et al. [21] have investi-
gated the effect of grain growth inhibitors on the WC grain growth and its mechan-
ical properties when they are combined with the use of the pulsed electric current
sintering technique. The results have demonstrated that the addition of inhibitors,
especially VC, is an efficient method for controlling the grain growth in the solid
state, even in rapid sintering processes.

In Micro-FAST, WC-6Co cemented carbide can be directly fabricated from pow-
ders and no additional binders need to be added to the powders. The advantages of
this technique over the conventional techniques include lower sintering temperature,
shorter forming time, and remarkable inhibition of grains coarsening.

Also in the present work, cylinders of F 4.0 � 4.0 mm have been formed with
ultrafine WC-6Co powders. The detailed technological parameters of the experi-
ments are shown in Table 2. The “Electro-heating loop” means the fluctuation of
the temperature and cycles for a fixed time. The relative properties of sintered
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WC-6Co cemented carbides, such as the hardness and the microstructures, have
been obtained, as presented in Table 2.

Properties of the sintered WC-6Co cemented carbide
Results selected from the experiments can be found in Table 2. The micro-formed
samples show high relative density (92.90e97.80%). It can be seen that the depen-
dence of the relative density on the electro-heating loop is strong and a tendency
toward an increase in relative density with increase in these two parameters was
noted. The morphology of a formed sample can be seen in Figure 9.

Table 3 shows properties of WC-6Co cemented carbide material that was
prepared by different shaping technologies. It can be concluded that the effect of
the coupled multiphysical fields activation treatment process was to produce a

Table 2 Process Conditions and Relative Density of the Formed Samples

Specimen
Designation

Heating
Rate
(�C/s)

Sintering
Temperature
(�C)

Pressure
(MPa)

Times of
Electro-
Heating
Loop
(Tw400 �C)

Relative
Density
(%)

1# 50 850 75 1 92.90

2# 50 850 75 3 93.30

3# 50 850 75 4 93.80

4# 50 850 75 6 97.80

FIGURE 9

The formed samples (solid cylinders) with a size of F 4.0 � 4.0 mm.
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harder sintered product with a relatively low strength. This should be attributed to
the residual holes in the samples (Figure 11) and the very small material volumes
involved.

XRD inspection of the WC-Co system
During the sintering process, the reactions of WC and Co can be expressed as fol-
lows [21]:

WCþ Co/Co3W3C (3)

WCþ Co/Co6W6C (4)

Co6W6C/Co3W3C (5)

Co6W6C/Co3W3CþWCþ Co (6)

Co3W3C/WCþ Co (7)

The XRD pattern of the composition of WC-6Co samples sintered by coupled
multiphysical fields activation technology can be seen in Figure 10. The XRD results
show that there is no evidence of h phase (Co3W3C or Co6W6C) formation in the
composition. The absence of secondary phases confirms that the WC-Co powder
system had been sintered in solid phase. This clearly indicates that the incomplete
densification in the solid state can be ascribed to the effect of coupled multiphysical
fields activation, especially the high-density current field, is associated with the lim-
itation of the diffusion phenomena and migration of Co [22]. On the other hand, it is
difficult for the WC-Co system to react because of the short length of heating period
(a few seconds).

Microstructure of the formed samples
Comparing the micrographs of the formed samples shown in Figure 11, the
following conclusions can be drawn: (1) WC-6Co powders can be well sintered to
dense compacts under the coupled actions from multiphysical fields within relatively
short sintering time (e.g., <4 min), while conventional sintering could take a couple
of hours. It is worthy of mention that the pores in a composite decrease as the times
of the electro-heating loops increase, which is accompanied by the densification of
the compact. At the same time, when the times of the electro-heating loop increased,

Table 3 Properties of WC-6Co Cemented Carbide Material

Shaping Technology Relative Density (%)
Rockwell A
Hardness (HRA)

Die pressing (Shi, 2006) 97.40 93.1

PEM (Shi, 2006) 97.00 92.8

Die pressing plus CIP (Shi, 2006) 99.50 93.6

Coupled multiphysical fields activation 97.80 87.2
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the round WC grains combined together with the Co binder phase in WC-6Co
cemented carbides, for the liquid Co binder phase was formed during the sintering
process. (2) It was found that no coarsening of grains accompanied the process of the
densification of the dense compact, this conclusion being obtained from the compar-
ison between the grain size of samples in Figure 11(bee) and that of raw materials in
Figure 11(a). Therefore, the coupled multiphysical fields activation technology is a
suitable selection for controlling the grain growth of WC-6Co composites and
enabling the retention of the good properties of density and hardness.

FABRICATION OF PURE COPPER
In Micro-FAST, a variety of material micro-parts can be sintered with good densifi-
cation at a lower temperature and shorter time. In order to improve the process un-
derstanding and component quality, this section reports a study on the evolution of
the micro-structure and characteristics of a micro-gear fabricated using this novel
powder micro-forming/sintering method. The densification of copper powder in
the micro-gear can be accomplished, if not entirely, then mostly, during the
temperature-rise period. Therefore, the influences of the heating rate and sintering
temperature on the densification are investigated in detail.

Pure copper powder (99.5% purity) with an average particle size of 35 mm was
used for the experiments. The detailed technological parameters of the experiment
are given in Table 4. The morphology of a formed sample can be seen from

FIGURE 10

The XRD pattern of the composition of WC-6Co samples sintered by Micro-FAST.
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Figure 12. Micro-gears with 8 teeth were fabricated with a module of 0.2 and a pitch
diameter of 1.6 mm.

The heating process of a micro-gear
Figure 13(a) shows the temperature and axial reduction (in height) profiles of the
sample during the heating process. According to the characteristics of this temper-
ature profile, the process can be described as consisting of three periods:

1. Preheating period (from room temperature to the end of holding at 200 �C). The
onset temperature at the point where the reduction in simple height increases
quickly represents the loose powder becoming rearranged and compressed
tightly due to the pressure exerted on the punch.

(a) (b) (c)

(e)(d)

FIGURE 11

SEM micrographs of formed samples: (a) WC-6Co mixed raw powders; (b) WC-6Co sintered

at 850 �C, in heating rate 50 �C/s and under 75 MPa for 1 time electro-heating loop; (c) WC-

6Co sintered at 850 �C, in heating rate 50 �C/s and under 75 MPa for 3 times electro-heating

loop; (d) WC-6Co sintered at 850 �C, in heating rate 50 �C/s and under 75 MPa for 4 times

electro-heating loop; (e) WC-6Co sintered at 850 �C, in heating rate 50 �C/s and under

75 MPa for 6 times electro-heating loop.

Table 4 The Processing Parameters Corresponding to the Samples Formed

Specimen
Designation

Heating Rate
(�C/s)

Sintering
Temperature
(�C)

Pressure on
the Punch
(MPa)

Number of
the Heating
Cyclea

(Tw400 �C)

1# 50 500 100 3

2# 50 600 100 3

3# 100 600 100 3

4# 50 700 100 3

a A heating cycle is defined as a cycle during which the temperature rises to the maximum value and
then drops to about 400 �C.
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FIGURE 12

Fabricated copper micro-gear compared with a match.

FIGURE 13

The temperature and axial reduction of the workpiece as a function of time: (a) sample 1#;

(b) sample 2#; (c) sample 3#.

272 CHAPTER 11 Micro-sintering through a FAST Process



2. Temperature-rise period (from the end of holding at 200 �C to the ignition
temperature). A comparison on the temperature and axial-reduction profile for
the samples 1#, 2#, and 3# is given in Figure 13(aec), and this period is
defined as the main densification period where the axial reduction of the
sample increases rapidly with the rising temperature. It is worth noting that
there was a significant reduction in height in the sample, which can be
attributed to the deformation and interface melting of particles, as shown in
Figure 14(a) and (b).

3. Final-heating period. According to the trend of the height reduction of the
samples, cyclic heating only made a small contribution to the densification of
the samples.

Effect of the coupled multiphysics fields activation during the
temperature-rise period
As described above, the process used for the forming of the micro-compacts is
actually one that was coupled with multiphysics fields activation, i.e., a coupled
multifields-activated forming process: forming of the component is enabled simul-
taneously under the pressure field, temperature field, and electrical field.

Under the effect of an external pressure-field, initially, only elastic deformation
develops in the material’s particles. For a low density body, the contact areas be-
tween particles, where stress is transmitted, are small, and hence, stresses are,
locally, much higher than the macroscopic applied stress. Thus, particles or their
edges are deformed under the effect of the forming pressure. This greatly increases
the interface area among particles and hence minimizes the porosity of the sample
and increases the contact resistance of the particles.

(a) (b)

FIGURE 14

Particle deformation and interface formation: (a) 2#, deformed particles; (b) 3#, melting of

interfaces between particles.
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Joule heating is the main heat source during the heating process which occurs
without generating sparks, compared to SPS [23]. When an AC current passes
through a compact, Joule heat will be generated at an interface due to the contact
resistance. Figure 15 illustrates the distribution of the current in the compacts. Ac-
cording to the JouleeLenz’s law, the heat generated by the current passing through
the compact is:

Q ¼ I2Rt (8)

where Q is the generated heat when current passes through the compact; R is the
resistance of the particles; and t is the electrify time. In the process of sintering,
the change of Joule heat is affected by the interface contact resistance and current
of the particles. As observed, the greater the temperature and electrical current den-
sity, the greater the Joule heat.

As the surface area of the particles increases, the resistance of the particles’ inter-
face decreases, namely, the contact surface between particles can gain local high
temperature in the temperature-rise period. A certain amount of liquid phase is
formed when the local temperature is greater than the Cu liquidus temperature,
which leads to the melting of the contact surface between particles [24,25].

Although the Joule heating is still the main heat source during the sintering pro-
cess, it has a different densification mechanism compared to that of a conventional
SPS process. For example, this study has identified that the mechanical plastic defor-
mation and interface melting of particles make a great contribution to the densifica-
tion of powder during the coupled multiphysics fields-activated micro-forming
process.

The results of the present study have shown that the axial reduction of the sam-
ples increased rapidly with the increase of temperature during the sintering while the
external pressure was maintained. Based on the experimental observations, it can be
concluded that the deformation of the particles resulted in an increase in, and then
subsequent disappearance of, the interface areas between the particles, the feature
which plays a key role in the densification of the copper powder.

FIGURE 15

Illustration of the principle of the heating process.
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CONCLUSIONS
A new process conceptdMicro-FAST, was proposed and developed. Based on the
present experiment results, it can be concluded that Micro-FAST is ideal for the
manufacture of micro-components with all kinds of material powders at a relatively
low sintering temperature and within a very short sintering time. Besides further ef-
forts in fundamental studies being needed, more effort should be made to develop
industrial equipment that matches the needs of production of small-size products,
these include the following:

1. A new size-effect theory system should be established in order to create a
guideline for the design of the Micro-FAST process;

2. Precision of the components formed needs to be improved further;
3. Development of the process and equipment should consider mass-production

characteristics.
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INTRODUCTION
Forming of metals is a well-established process, dating back more than a thousand
years. During the early colonization in Europe, the village blacksmith formed fit-
tings and weapons using hammer, anvil, and forge.

The idea of plastically deforming metals into a desired shape makes good use of
the material and can even enhance the performance of the material [1,2]. In the
ancient Asian cultures the forging of the Samurai sword was considered to be a black
art. By forging steel alloys with different carbon content into a sword blade, it was
possible to combine the ductility of low carbon steel with the hardness of high car-
bon steel into a blade which was both flexible and sharp. The subsequent heat
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treatment of the sword blade included the addition of a mixture of water and clay to
the cutting edge of the blade in order to reduce the cooling gradient in this area. Only
by mastering the craftsmanship of forming, and using his knowledge of materials
and empirical skills for the hardening procedure, was the Samurai sword maker
able to make the ultimate weapon [3].

BASIC COLD FORMING PROCESSES
Today bulk forming is used extensively in a wide range of industrial applications.
Within the production of transmission elements for the automotive industry, the
bulk forming process is the standard. Huge tonnages of rack, axles, and other com-
ponents are manufactured by the bulk forming process, either into near-net compo-
nents that subsequently undergo light machining or net shape components which are
finished after the forming process.

A typical forming process requires multiple forming steps and comes in a wide
range of variants. Each of the variants can, however, be categorized into the eight
basic bulk forming operations depicted in Figure 1.

The industrial popularity of the bulk forming process still relies on the underly-
ing theory of material flow and behavior, something that has not changed since the
early days of forging. Even with the employment of numerical simulation and mod-
ern computer aided design systems, a well-functioning bulk forming system requires
extensive knowledge of the strain hardening of the material and its flow behavior as
well as of friction and lubrication conditions (tribology). These parameters generally
dictate the forming limits of the bulk forming process and thereby also the achiev-
able geometry of the components.

A medium advanced bulk forming process often consists of three to five consec-
utive forming steps, either mounted in the same press system or as individual

Rod extrusion Can extrusion Tube extrusion Reducing

Ironing Coining Upsetting Heading

FIGURE 1

Basic cold forging processes [4].
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operations. This means that a typical bulk forming process actually is a process
chain of several forming operations, each carefully designed and analyzed to arrive
at the best possible end result for the finished component.

Micro-bulk forming is the utilization of the bulk forming process to form micro-
components. Compared to more traditional micro-manufacturing processes, such as
turning and milling, this process holds the potential of producing high quality com-
ponents, faster and with no or only little material waste.

THE SIZE EFFECT
By definition, a micro-component is a component with one or more geometrical
dimensions or functional features of less than 1 mm in size [5]. By decreasing
the size of the components in small mechanical systems, the weight and volume
of the device can be reduced without sacrificing functionality, and often the
micro-component technology is the enabler of a new miniaturized product.
Micro-components are often a central part of the mechanical systems in consumer
products such as hearing aids, computer drives, or mobile phones. The medical sector
is another important application for micro-components. Here the components are
used as parts of dental implants, in spine fracture repair kits, or as elements in
drug delivery systems. These applications often require low failure rate in combina-
tion with high functionality; giving rise to strict quality and tolerance requirements
on the components making up the system. It is not uncommon to see 100% inspection
rate requirements for these types of components, something that is incompatible with
mass production at low cost.

Size effect is a term for the deviation from the linear continuum theory, when the
scale is reduced to micro-size. That is, when the scale is reduced to the micro-level,
some of the rules change and a new set of theories have to be applied. Or putting it in
another way, when the size on the component is within orders of magnitude of the
physical elements of the process, e.g., material grain size, the linear theory of the
macro-domain breaks down [6].

The contributors to size-effects can be put into three groups: density, shape, and
structural effects.

Density effects relate to the inhomogeneity of materials at small scale. If the
average grain size of a material is considered to be of the order of 40 mm, a
macro-size component would contain millions of grains, meaning that the material
could be modeled as homogeneous. Going to the micro-domain, a 500 mm feature
would only contain about 12 grains over the cross section, resulting in the properties
of the individual grains influencing the forming process.

Shape effects are closely related to the surface-to-volume ratio of the component.
Consider a dice with a scalable side length of a. The volume then scales with the
third power a3, whereas the surface area scales to the second power a2, meaning
that a small component will have a higher surface-to-volume ratio, by a, when
compared to its larger equivalent. The surface-to-volume ratio is an important param-
eter when considering an ejection or handling situation, where the friction is a factor
of the component surface area and the component strength is related to the material
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volume. Designing an ejector system to remove a micro-component from the form-
ing die is challenging, due to the risk of collapse or reverse forming during ejection.
Further, small components are prone to the sticking effect, where adhesive forces
between the gripper and the component outweigh gravitational forces. These adhe-
sive forces primarily consist of surface tensions, van der Waals, and electrostatic
forces, and can be the limiting factor of a handling system for micro-components.

The third effect contributing to the size effect is the group of micro-structural
effects. This group of effects is made of physical elements which either experience
a physical length limitation, where it is not practical to scale the micro-geometry or
where secondary scaling effects come into play. Surface roughness is an example of
a quantity that, in practice, is not fully scalable. The roughness topography of a tool
is often an inherit property of the manufacturing process and is only scalable within a
certain window, resulting in higher relative roughness at smaller size.

Manufacturing tolerance is another important property prone to the size effect.
High precision tooling machines are costly with an approximately exponential cor-
relation between achievable precision and machine cost. However, the machine pre-
cision is independent of workpiece size and is strictly bound to the precision of the
tooling machine itself. However, when the overall size of the component is reduced
to the millimeter scale, it is seldom acceptable to inherit the tolerance band of the
macro-scale, which is normally within a few orders of magnitude of a millimeter.

Figure 2 depicts prominent scaling effects affecting the micro-forming process;
the boundary roughness characteristics, the fixed tolerances inherited from the tool
manufacturing process, the grain size determined by the physics of metallurgy, and
the geometrical nonlinearity of the surface/volume ratio.

Roughness

Micro

Macro

MicroMacroPunch

Workpiece

Surface Area/ Volume

Macro
α = 100
Surf. A/Vol. = 0.06

Micro
α = 1
Surf. A/Vol. = 6

α

Tolerance
Macro     Micro

Grain size

100α ± 0.1 1α ± 0.1

FIGURE 2

Overview of dominant size-effects in micro-bulk forming, the influence of roughness scaling,

grain size scaling, tolerance scaling the nonlinear scaling for surface-to-volume ratio.
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WORKPIECE MATERIALS
Material knowledge is central for the bulk forming process, which fundamentally relies
on differences in flow stress between two materials. These two materials are often
termed “workpiece material” and “tooling material,” relating to their respective func-
tional purpose in the bulk forming process. Properties such as price, flow stress,
ductility, and strain hardening are important for the formingmaterial, whereas the yield
strength, machinability, and ductility are performance parameters for the tool material.

In order to accurately analyze and simulate the forming process, workpiece mate-
rial data are needed. These data can be acquired by performing an upsetting test,
where the mechanical strain/stress curve of the material can be acquired using length
and force transducers connected to a data acquisition device. The resulting data can be
fed into a numerical simulation program and the forming process can be simulated.

The selection of workpiece material is normally a trade-off between require-
ments set by the component application and formability performance. Materials
with a high strength are generally desirable, leading to lower mass and a more
compact design; however, these materials are often difficult to form in a bulk form-
ing process. On the other hand, a soft material is easier to extrude or form but the
strength of the finished component is often not adequate for high-performance appli-
cations. The choice of workpiece material further influences tool life expectancy,
forming temperature, the choice of lubricant, coating, and the number of forming
operations required.

AMORPHOUS METALS
Amorphous metals are a new range of noncrystalline materials with interesting prop-
erties for manufacturing of micro-metallic components. The amorphous structure of
the materials is generally realized by combining alloying metallic elements of
considerably different atom sizes with rapid cooling when transitioning from the
liquid to the solid phase. By rapid cooling the alloy is frozen in the amorphous state,
thereby not allowing the metallic atoms to combine into the well-known lattice
structure characterizing conventional metals. The required critical cooling rate
generally sets limits on the achievable forms in which amorphous metals can be real-
ized, typically thin ribbons, foils, and wires. However, recent development has
enabled the casting of amorphous metals with dimensions exceeding 1 mm: these
are known as bulk metallic glasses (BMGs).

BMGs are interesting for the forming of micro-components because the material is
not subject to the grain size forming limitations, dislocations, and sliding planes of
normal crystalline materials and can be formed at the micrometer scale with good re-
sults. The forming of BMGs takes place between the glass transition temperature Tg
and the crystallization temperature Tx. At Tg the BMG becomes a supercooled viscous
liquid exhibiting decreasing flow stress with increasing temperature. A second depen-
dent parameter of the forming temperature is the crystallization time tcryst, at which the
amorphous structure is lost and the material turns crystalline. There is a time/flow
stress trade-off when selecting the forming temperature; a higher temperature equals
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low flow stress and low viscosity but limited forming time due to the decreasing crys-
tallization time. On the other hand, a lower forming temperature results in increased
flow stress and viscosity of the BMG, resulting in longer process time and increased
tool loads, whereas the window of amorphous processing time increases.

Further, BMG materials are generally very strain-rate-dependent and fast pro-
cessing results in high flow stresses. It has been claimed that BMG above the glass
transition temperature behaves like asphalt on a summer’s day, since the viscosity of
both BMG and asphalt is strongly dependent on temperature and strain rate. Figure 3
depicts the flow stress dependency of Mg60Cu30Y10 bulk amorphous alloy in com-
parison to a conventional crystalline magnesiumealuminum alloy.

Figure 4 depicts a micro-component formed by bulk forming in BMG and a soft
aluminum alloy. By comparison, it is observed that there is better form filling in the
case of the BMG material (Figure 4(a)) even though the forming process is not fully
completed. As marked by the arrows, the outer rim of the component is subject to
rounding in the case of the aluminum material whereas the BMG case exhibits sharp
edges.

The forming of BMG material is not trivial and remains a topic of research [7,8].
Some of the issues yet to be solved relate to fracture strength and high-temperature
tool development. Low-temperature BMG, with a glass transition temperature below
200 �C, is brittle with fracture strength as low as 500 MPa and may easily fracture
during ejection or use. Zirconium and iron-based BMGs are formed between 360
and 600 �C and have a higher yield and fracture strength, but here the design of
the tooling setup becomes challenging due to the high temperature that gives rise
to thermal deflection, oxidation, and lubrication breakdown.
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Flow stress for Mg60Cu30Y10 bulk amorphous alloy.
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TOOL MATERIALS
The most dominant tool steels for bulk forming tools are state-of-the-art powder
metallurgical steels with high toughness, hardness, and metallurgical homogeneity.
Due to the high surface pressures involved in bulk forming, a tool material hardness
of greater than 50 HRC is normally required. The tool steels used to be cut in their
soft state and subsequently heat-treated to their maximum hardness and ultimately
polished or surface-treated. However, modern tooling machines can directly cut
hardened steel, allowing for better tolerances of the finished tool by avoiding the
inevitable geometrical deflections arising during heat treatment.

In micro-bulk forming the geometrical tolerances of the tool are very narrow and
deflections of the tool during heat treatment often exceed the total allowable toler-
ance deviation of the tool. Thus tooling materials for micro-bulk forming need to be
hardened already from bulk and will be machined in their hard state using grinding,
hard micro-milling, or electro discharge machining (EDM). Owing to the small size
of the tools it can be time and cost-effective to use known prefab elements such as
standard industrial punch needles or bushings as a starting point for a bulk forming
tool, as these ISO-standardized machine elements are cost-effective, easy to source,
and have the mechanical properties required.

Hard metal, ceramics, or solid tungsten carbide materials are other options for
tooling materials. The cost of these materials is often much higher than traditional
tool steel but since the amount of material used for a micro-bulk forming die is
small, the solid tungsten carbide can be an economically viable tool material. The
benefits of using tungsten carbide as tool material are the increased hardness of
62e70 HRC and a very low elasticity. The drawbacks of using tungsten carbide
are the limited available machining processes, normally only electrical discharge
machining, and the low tensile fracture strength of the material (as low as

(a) (b)

FIGURE 4

Side-by-side comparison of a potentiometer axle for a hearing aid bulk formed in: BMG

Mg60Cu30Y10 (a); and in an annealed aluminum EN AW-6060 (b).
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400 MPa). Especially, the presence of tensile hub stress is unwanted for hard metal
dies because of the crack initiation risk. With a correctly dimensioned prestress sys-
tem, in the form of conical stress rings, it is possible to superimpose compressive
stresses onto the hard metal forming die. As a result, the stress rings counteract
the tensile stresses arising from the forming process, thereby eliminating any effec-
tive tensile stresses on the hard metal die. This is also touched upon in the next
section dealing with machine and tool design.

MACHINE AND TOOL DESIGN
The design and manufacturing of machine and tooling elements play an important
role in the overall performance of a micro-bulk forming process. Ideally the machine
should scale accordingly, meaning that the micro-bulk forming could take place on
small mobile tabletop machines. This vision has been proposed by several
researchers as the factory lines of the future. In order to realize this vision, several
technologies have to work together to form a fully working micro-bulk forming
plant, from raw material to the final component.

BILLET PREPARATION
Workpiece material is delivered in bulk, typically as rods. These have to be split into
billets with the right volume for the subsequent bulk forming operation. A straight-
forward way to split the bulk material is by machining. This is, however, not very
appealing for the reasons of cost and time. Rightfully, a claim could be made that
if the billets have to be machined, the whole component should be finished when
the part is in the cutting machine.

By cropping billets from rods the machining operation is avoided. Cropping is a
process where the bulk material rod is divided into smaller pieces by a static and a
moving cutting edge. Cropping is not a high precision process and some volume de-
viation is to be expected between the final billets. An investigation of the cropping
quality of an Ø1.9-mm aluminum rod has been made and the results are depicted in
Figure 5 [9]. It is clear that the cut in Figure 5(b) exhibits only little scatter in volume
among the cut billets due to the high quality cut. It was further found that the billet
was geometrically deformed in the high-speed cutting scenario, where the faces of
the cutting dies move with speeds exceeding 10 m/s, Figure 5(c).

It was further found that cropping is a fast and inexpensive way of manufacturing
billets for micro-bulk forming. The best results are achieved using a cropping pro-
cess where the bulk material is kept under axial stress, close to the yield strength of
the material, while the billet is sheared from the bulk.

PRESS SYSTEM
Conventional macro-size hydraulic or excenter presses are not suitable for micro-
bulk forming processes due to their size, and their low load control capability.
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Bulk forming of high-quality components requires high stiffness of the press frame,
high speed and good load and position control of the press. The load requirements
often range between 5 and 30 kN, depending on the component and the material.
With these requirements in mind a number of micro-bulk forming press systems
have been built [9e11]. By using a servomotor as the actuator for the press move-
ment, the required speed and force can be delivered while maintaining good control
over the position of the press axis. The actuator itself can be a direct drive linear
motor, where a linear rod is moved by the magnetic field of surrounding coils.
This solution offers very high speeds and accelerations of up to 40G while having
a peak force output at about 0.5 kN. Another commonly used setup is a configuration
with a nut and roller screw driven by a servomotor, through a gearbox. The roller
screw solution is capable of positioning to within a few micrometers while deliv-
ering high loads at moderate speed. The press frame should be designed for high
stiffness in order to minimize elastic deflections of the frame and the consequent po-
sitional inaccuracy and lateral defections. The press frame system is normally not
prestressed, as deflections can be kept within tolerable limits.

THE TOOL DIE SYSTEM
Due to the required precision on tooling elements and the machine in general,
manufacturing process chain design decisions will have to be made in order to keep
tolerances within acceptable limits. Examples of such process chain design decisions
include machining several tooling elements in the same run, thereby eliminating inac-
curacies arising from fixation and long-term deflections of the tooling machine.

PRECISION AND ALIGNMENT OF TOOLING ELEMENTS
In general the precision requirements of a tooling system for micro-bulk forming can
be divided into precision issues relating to the precision of the individual tooling

(a) (b) (c)

FIGURE 5

Cropping quality comparison of an Ø1.9-mm aluminum rod with three different cropping

scenarios. (a) conventional cropping, (b) cropping under hydrostatic pressure, and (c) high-

speed cropping.
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element, such as the die and the punch, and the precision of the relative alignment of
the individual parts, relating to the framework of the tooling system.

Achieving the required tolerances on the individual tooling parts is relatively
easily done by an appropriate choice of tooling machine and process chain. Here
high speed milling and turning, and EDM, are processes of choice. These processes
can work directly in hardened material and can achieve good precision down to
about 5 mm. With subsequent surface treatment such as polishing or micro-
spraying, high-quality tooling components can be achieved with a short lead time
and at low cost.

When considering the alignment of the individual tooling elements, there are a
number of approaches to achieving the alignment of the tooling parts. The straight-
forward way of ensuring the alignment of tooling elements is by a framework sup-
porting the tooling elements. This could be the utilization of a standard die set where
ball-cage bearings ensure the alignment of the upper and lower part of the die set.
The use of a reference plane, as depicted in Figure 6(a), such as a ground flat
back plate, is another way of ensuring good alignment. By placing the high accuracy
reference element in the middle of the tolerance chain, it is possible to reference all
other tooling elements to this element. This approach requires strict control of the
tool tolerance chain to ensure that alignment errors are within an acceptable level.
It is often challenging to ensure that the macro-size framework tooling elements,
such as the stand and the base-plate, are within the precision required for the align-
ment of the micro-size forming tools. In Figure 6(b), the punch is loosely fitted into a

Reference plane

Bearing Bearing

Punch

Die

A

Loose punch

Die with taper

(a) (b)

FIGURE 6

(a) Example of a bulk forming setup where the back-plate is used as a reference for the

tooling elements. (b) A die with a tapered inlet and a flexible punch fixture is used to form a

self-aligning bulk forming tool.
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slot of the moving fixture allowing the punch to center on the die during closure. It is
important that the alignment occurs before any load is applied to the punch, meaning
that this property should be included into the design of the forming tools. This align-
ment approach is simple and self-contained, but is generally only suitable for simple
forming operations of rotationally symmetrical components.

A hybrid solution for the alignment of tooling elements is depicted in Figure 7.
Here the punch holder fixture is spring loaded with a micrometer screw, allowing for
adjustment of the punch position. With this flexible solution it is easy to achieve
good alignment and long-term stability, and re-establishing the alignment is
tolerable.

FLEXIBILITY OF TOOL SYSTEM
With the vision of small desktop style factories of the future in mind, flexibility and
low changeover times are important factors of focus. With the trend toward smaller
production series and more customized products, several components should be pro-
duced on the same setup with a quick change of only the central forming dies and
handling fixtures. This idea of modularization is easy to grasp and has been widely
adopted in the manufacturing industry. When considering micro-bulk forming, it is
suggested to realize a flexible bulk forming system through the utilization of modi-
fied normal machine elements.

Figure 8(a) depicts an example of a two-step flexible micro-forming setup. The
forming dies, punches, and ejectors are manufactured from standard punch
needles. By standardizing the diameter and tooling material and allowing for easy
setup, the central tooling elements can easily be changed and the machine can manu-
facture different components with low change times. With an outer diameter of
8 mm and a ground surface finish, the forming dies in Figure 8(b) can be easily
interchanged.

Bearing

Adjustable punch

Die

FIGURE 7

An adjustable punch fixture allows for the alignment of the punch and die through an

adjustment screw.
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WARM FORGING OF MICRO-COMPONENTS
Micro-components are often manufactured using precious metals such as alloys of
palladium, titanium, or magnesium. The choice of material is often given by the
end applications, where the environment of use can be humid, corrosive or have spe-
cial demands for strength or biocompatibility. Also new age materials, such as
BMGs, are expected to find wide use within micro-bulk forming. With some of these
advanced materials it can be beneficial to utilize warm forging, where the central
forming tool elements are operating at elevated temperature. The main benefits of
warm forging are a decreased tooling load, increased ductility of the workpiece
material, and elimination of the heat treatment process prior and post to forging.
For some materials, such as BMGs or high-grade titanium, it is required to warm
the forming tools in order to have an acceptable lifetime of the tooling elements.
Warm forging is defined as forging at elevated temperatures above the ambient tem-
perature and below the material recrystallization temperature, typically in the range
100e400 �C. The use of warm forming tools requires an advanced tooling setup
with good thermal isolation, heat shields, and possible external cooling. It is essen-
tial to control the temperature gradient between the warm forging tool elements and
the cold framework elements to minimize thermal defections and the following
misalignment and possible tool damage. Figure 9(a) depicts a prototype tool system
for warm forging of a dental implant in titanium.

The system consists of a central heated core including die, punch, ejector sup-
porting elements, and heaters. The framework die set is thermally isolated from
the warm core by a calcium silicate-based ceramic material with a thermal conduc-
tivity of 0.4 W/mK. Heat shields, with an optical reflective finish, are placed around
the upper and lower heated tooling elements. These heat shields prevent heat transfer
to the frame by radiation and have a secondary function as a simple safety measure
for avoidance of touching of the warm tool parts. Figure 9(b) illustrates the steady
state temperature distribution of the tool system when heated to 200 �C. It can be
observed that the tool frame is kept cold with only an insignificant temperature
gradient over the supporting tool frame, thereby keeping thermal defections to an

Die 2Die 1

Die 2Die 1

(a) (b)

FIGURE 8

Sectional view of a two stage micro-bulk forming machine.
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acceptable level. In an industrial setup it is usually necessary to apply external tem-
perature control as known from tools for thermoplastic injection molding.

The elevated temperature in warm forging imposes some additional design chal-
lenges on the tooling parts located in the heated zone of the tool. For an open-die
forging scenario the primary adjacent factors to handle are more challenging tribo-
logical conditions. The tribological conditions can be controlled by applying suit-
able coatings to the punch and die, and matching the workpiece material and the
lubricant: the section on tribology later in the chapter touches more on these issues.
Further, periodical cleaning of the punch and die might be needed to remove resi-
dues of lubricant and workpiece material pickup. For closed-die forming the tribo-
logical challenges remain and are followed by oxidation and lubricant entrapment
issues. When tempering the punch and die at temperatures near to the recrystalliza-
tion point, oxides will form on the surface of these parts. The oxide layer, having a
high friction coefficient, will give rise to a narrowing of tool clearances and
increased friction between the tool pieces and between the tool and workpiece.
This can lead to tool breakdown and should be avoided. Further, pickup due to lubri-
cant breakdown and lubricant entrapment is more dominant at elevated tempera-
tures. Most lubricants are unfit for warm forging because the base liquid
components become volatile, leaving solid lubricant residues in the forming die
and on the workpiece surface. However, by application of the right coatings in com-
bination with the right type and amount of lubricant, it is possible to realize a micro-
bulk forming process at elevated temperature.

HANDLING AND EJECTION SYSTEM
Today, most industrial machines handling micro-components are based on conven-
tional circular vibrating screeners. These screeners are cross-vibrating vessels that
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FIGURE 9

(a) A prototype tool system for warm micro-bulk forming of a dental implant in titanium.

(b) Steady state thermal analysis of tool system including external die set for alignment.
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are able to align a specific component geometry by means of a custom-built mechan-
ical gate system allowing only components that are rightly aligned to pass through.
Depending on the component geometry, material, and the crafted design of the gate
system, the mean failure rate of a vibrating screen system is usually around l ¼ 1E-2
to l ¼ 1E-6 pieces, meaning that one in every hundred to every million components
will jam the system so that an operator will have to inspect the system. Further, the
vibrating screeners are bulky, noisy, and inflexible, making them unsuitable as a
handling system for a multistage micro-manufacturing machine. The sticking of
matter is another issue that influences the handling of micro-components. With
the increased surface-to-volume ratio for these small components, the van der Waals
forces will cause sticking of the components. Primarily, the components will tend to
stick to each other, requiring a strategy capable of both handling and separation. For
this reason handling concepts of micro-components have been studied intensively in
recent years [12,13]. The use of robot cells, advanced gripper systems, and self-
assembly systems have been proposed, but none have been widely employed within
micro-manufacturing because of the unfavorable combination of cost, complexity,
and speed of these systems.

Figure 10 depicts a handling system for the micro-bulk forming process. A cut-
out of the transfer system is illustrated in Figure 10(b), where the components can be
ejected into the container fixture, moved laterally to the next station, and inserted
into the succeeding forming die. This system is capable of transferring components
at high speed and is simple to monitor for failure. The container is a precision

O-ring 

Rounded
corner

(a)

(b)

(c)

FIGURE 10

(a) Gripper for cylindrical micro-component functioning by a combination of friction and

sticking forces. (b) Gripper with integrated rubber O-ring. The billet is centered in the carrier

and is held in place by the friction of the O-ring. (c) Sectional drawing of a micro-bulk forming

tool with an integrated ejector and transfer system.
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element used to hold and transport the components from one forming station to the
next. For the container depicted in Figure 10(a), the component is held in place by a
combination of friction forces and surface tension forces. In order for the surface
tension forces to overcome the gravitational forces and keep the component in the
container, a specific clearance in the order of micrometers between the component
and the container wall must be realized. Furthermore, wear of the container, produc-
tion tolerances, and lubrication quantity must be under control.

Another concept for the component to be held in place in the transfer container is
shown in Figure 10(b). In this design an O-ring is placed inside the container die and
primarily functions as a friction gate. Secondarily the O-ring also has a centering
function because the rubber O-ring will absorb minor misalignment and center
the component in the container. The proposed transfer system is only capable of
handling rotationally symmetrical components, but could be made to function for
free-form workpiece geometries also.

PROCESS SUPERVISION
Intelligent process supervision is an area of increasing interest within manufacturing
technology. By online monitoring of different process parameters and real-time
comparison with a priori values or values acquired through earlier processing, it is
possible to make sure that the process is performing correctly. Some common
parameters that are monitored in a bulk forming process are the load/stroke curve
for each forming cell, the tool temperature, the workpiece weight, and the position
of the transfer rig.

The micro-bulk forming tool shown in Figure 11 employs online measurement of
load on the individual forming cells by piezo force sensors. The tool setup is equip-
ped with two piezo-type force transducers which measure the forming and ejection

FIGURE 11

Online measurement of load on the individual forming cells by piezo force sensors.
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forces on each of the two forming cells. By correlating the forming force with the
stroke length, given by the actuator position encoder, the load/stroke curve can be
determined and the curve can be compared with some preestablished curve enve-
lopes. With this type of setup it is possible to detect machine errors such as tool
breakdown, stuck workpieces, and misplaced aligned workpieces due to transfer
errors. Secondary faults such as inconsistency in workpiece material, lubricant
breakdown, and tool wear can also be monitored.

Data logging of the monitored values can serve as a quality assurance parameter
of the manufactured components. As it is not uncommon to encounter inspection
requirement rates of 100% within micro-manufacturing, the addition of traceability
and online quality inspection can be valuable. Furthermore, the ability to stop the
bulk forming machine in case of misalignment of workpiece or general tool mal-
function can avoid machine breakdown, save tooling costs, and help to minimize
production downtime.

MICRO-TRIBOLOGY
Tribology is the science and technology of interacting surfaces in relative motion.
This includes the study of the phenomena of friction, lubrication, and wear phenom-
ena. Micro-tribology is the subcategory of tribology dealing with the interaction of
micro-size surfaces. As mentioned in the earlier section on the size effect, the laws of
friction and lubrication are prone to the size effect. The main reason for this can be
found in the underlying surface roughness (or surface asperities, as it is usually
termed when referring to tribology), which only scales to a certain extent. This
means that the relative surface roughness of a micro-component will be greater in
the case of a micro-component compared with macro-size. However, the main
parameter of interest in bulk forming is friction, which is dependent on surface
load, lubrication, and surface characteristics, including surface roughness. Amon-
tons’ law of friction dictates a linear dependence between load and friction force:
Ff ¼ m$L, where Ff denotes the friction force, m is the friction coefficient, and L
is the load. It can be noted that the friction force is independent of contact area,
something that was later challenged by the Bowden and Tabor law of friction.
Here the friction force Ff is expressed at the product of the effective shear stress,
denoted by s, and the sum of the areas of the asperities in contact: Ff ¼ s

P
Aasp.

In bulk forming, the friction coefficient m is often established on the basis of exper-
iment and there is seldom an explicit formulation for this quantity. The double-cup
extrusion test (DCE test) is a recognized way of establishing the friction coefficient
experimentally. The experimental setup, depicted in Figure 12, is based on a double-
cup pressed between two punches with equal geometry. In the case of zero friction,
the height ratio between the upper and lower cup will be unity, while no lower cup
will be formed in the case of infinite friction.

A number of micro-scaled DCE tests were carried out by Engel and it was found
that the measured friction coefficient depends on the scale of the experiment [14].
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It was further found that the friction coefficient would increase by a factor of 20
when the experiment was scaled by a factor of 8. According to Engel, this is due
to the fact that for micro-scale surfaces, more surface asperities reside close to the
boundaries of the workpiece where they are less likely to form lubricant pockets un-
der hydrostatic pressure. This influences the surface contact area, leading to an in-
crease in friction force, as observed from the Bowden and Tabor law of friction.
More studies of friction behavior can be found in references [15,16].

The influence of increase in friction coefficient when working in the micro-size
domain brings about challenges for the handling and ejection of the bulk formed
micro-components. Considering the increase of the surface-to-volume ratio, by
the scaling factor a, while keeping in mind that surface area promotes friction
and volume of material brings strength, this is an important frictional challenge
encountered within micro-bulk forming. Further, with the increase in friction due
to open lubricant pockets for the micro-size domain, it is evident that friction is a
key challenge to be overcome in micro-bulk forming.

Figure 13(a) illustrates a simulation of a preform for a component to be manu-
factured by micro-bulk forming. In this case the lower pin extrusion, with a diameter
of about 0.5 mm, must be able to withstand the total friction force during ejection. If
the friction force is greater than the yield strength of the component the pin will
collapse and reverse forming will occur. The photograph in Figure 13(b) presents
an example of reverse forming of the component: this component is the realization
of the simulation illustrated in Figure 13(a) where the forward rod extrusion has
collapsed during ejection. The problem was resolved by a reduction of the press
load, change of lubricant, and polishing of the forming die. The use and application
of lubricants for micro-bulk forming is at the present time not very well researched.
In conventional bulk forming, soaped-phosphate lubricant has been the lubricant of
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FIGURE 12

Sectional illustration of the double-cup extrusion test.
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choice for several decades. Unfortunately this lubricant is unsuitable for micro-bulk
forming due to the chemical properties of the lubricant layer, allowing scaling down
only to a certain thickness. In the example discussed above and other micro-bulk
forming experiments at ambient temperature, the use of a commercial silicon paste
showed good results. However, the application and removal of the lubricant as well
as unintended confinement of lubricant in the forming die have been identified as
challenges.

For warm forging and the forming of BMGs, a commercial sprayable lubricant
based on MoSO2 has been utilized. This lubrication approach worked fairly well and
is suitable for forming at elevated temperatures. A drawback of utilizing a MoSO2-
based lubricant is the undesirable interaction with the workpiece surface. This will
leave a dark-colored, rough surface which is difficult to remove and is generally
unsuitable for use in any advanced or medical applications.

PROCESS ANALYSIS
The analysis of the bulk forming process normally takes place in a dedicated finite
element method (FEM) computer simulation environment. In practice, the software
is solving the underlying partial differential equations by doing incremental integra-
tion of an approximate set of equations. Due to the severe deformation of the work-
piece in bulk forming, the software must be capable of doing accurate remeshing
while retaining volume constancy. The process analysis is initiated by establishing
the material parameters. The workpiece material flow curve is typically acquired by
doing a tensile test or performing an upsetting test in a universal testing machine.

(a) (b) 2 mm

FIGURE 13

(a) Three-dimensional simulation of preform for a micro-axle. (b) Photograph of the formed

component where unwanted reverse forming has occurred during ejection from the forming die.
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Once the material data are known, these can be fed into the material model of the
FEM software together with the tool geometry. If the material is strain-rate-
dependent or the process needs to run at high strain rates, this influence will have
to be included in the model also. This forms the physical basis of the simulation
and the simulation process proceeds by selection of simulation parameters.

The choice and analysis of simulation parameters depend on the type of forging
process, tolerances, simulation accuracy, and several other influencing factors. The
most important factor, however, is the number of elements in the simulation, N.
The N-factor determines the number of nodes in the mesh and is thus responsible
for the simulation accuracy. The number of calculations to be done by the computer
increases linearly with N, and thus the number of elements becomes a trade-off
between calculation workload and simulation accuracy. It is possible to use a zoned
mesh where the user can define zones of the workpiece to have a more refined mesh,
typically in areas of severe deformation.

Another important simulation parameter is the simulation step size. This is the
time (or punch travel distance) between successive simulation steps. As in the
case of number of elements, a large number of steps indicate a large calculation
workload, while a low number of simulations steps will affect simulation accuracy.
However, by taking notice of the rate of convergence of the simulation it is possible
to choose the right step size within a few iterations.

For rotationally symmetrical workpieces, such as bolt, axle, or cup geometries, it is
possible to cut down on the calculations by doing a two-dimensional simulation while
retaining the full validity of the simulation. Even in the case of three-dimensional
geometries it is often possible to impose symmetry constraints and cut down on the
amount of calculations or increase the accuracy of the simulation. Figure 14(a)
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FIGURE 14

Finite element simulation of a double-cup extrusion: (a) stress distribution, and (b) load/

stroke curve.
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illustrates the achieved geometry and stress distribution of a two-dimensional simula-
tion of a double-cup extrusion. The simulation was done with a billet diameter of
1 mm of CuZn15 material and a friction coefficient m ¼ 0.15 between the billet and
container wall. Figure 14(b) is a plot of the corresponding load/stroke curve where
the exponential progress of the envelope can be attributed to the work hardening of
the workpiece material.

The benefits of simulations are manifold and simulations of traditional bulk
forming processes often have exhibited a geometrical accuracy of better than
0.5%. If the simulation parameters are chosen carefully it is possible to predict
the press load, unwanted forming folds, and tool stress without having to prepare
costly prototype tools.

The micro-bulk forming process can be simulated in the same way as conven-
tional macro-size bulk forming process with a few important exceptions. Most simu-
lation models hold an underlying assumption of a continuous and isotropic material
model. This means that the grain structure of the material is not taken into account,
meaning that the model is only valid down to a certain size. Within normal limits, a
material can be modeled as continuous and isotropic if it is indeed isotropic and the
number of grain structures across all features is greater than 8e10 grains [15].

Figure 15 illustrates a forming experiment where a small copper pin was
extruded. The original specification is reproduced in Figure 15(a). With an average
grain size of about 80 mm, there are less than four grains across the pin, thereby inva-
lidating the assumption of isotropy of the material. A photograph of the bulk-formed
pin is shown in Figure 15(b) where a clear side tracing of the extruded pin can be
noted. This behavior has been the topic of several research projects, and a range
of new material models trying to incorporate the intergrain behavior have been pro-
posed. By choosing a material with a fine grain structure or by changing the grain
size by heat treatment or mechanical remodeling, it is possible to form micro-size
components while keeping the assumption of homogeneity and isotropy in the
material intact.

(b)

1.84

0.995

0.
29

5 0.
79

(a)

φ

φ

FIGURE 15

A sample of the extruded micro-pin (dimensions: mm).
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INTRODUCTION
Sheet metal components are used extensively in various applications such as vehicles,
aircraft, electronics products, medical implants and packaging for consuming goods,
typical parts/components including car panels, aircraft skins, cans for food and drinks,
frames for TV/computer screens/monitors/displays, etc. Concerning miniature/micro-
products, sheet metal parts include electrical connectors and lead frames, micro-
meshes for masks and optical devices, micro-springs for micro-switches, micro-cups
for electron guns and micro-packaging, micro-laminates for micro-motor and fluidic
devices, micro-gears for micro-mechanical devices, casings/housings for micro-
device assembly/packaging, micro-knives for surgery, etc. Therefore, miniature/
micro-sheet metal parts are closely associated with everyday life.

Basic process configurations for the forming of macro-products include shearing,
blanking, bending, stamping, deep drawing (including mechanical and hydromechan-
ical), hydroforming, stretch forming, superplastic forming, age forming, spinning,
explosive forming, incremental forming, etc. Some of these processes may be equally
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applied to the forming of miniature and even micro-products, if the issues related to
“size effect” can be handled successfully [1e8]. General challenges associated with
the manufacture of micro-products have been described in Chapter 1 of this book.

The forming of small/thin metal parts has been undertaken by industry for many
years. New challenges arise when the overall sizes reduce to submillimeters, local
features to such as tens of microns, or the precision requirements for macro-/mini-
ature parts to such as less than a few microns. Studying the research reported previ-
ously and recent research conducted in-house resulted in the following observations:

1. Conventional metal-forming process configurations may be equally used for the
forming of miniature/micro-parts, although the process capabilities are likely to
be constrained more, due to additional material, interfacial and tooling con-
siderations in micro-forming.

2. The types of materials which could be formable at micro-levels are prescribed
more significantly than for forming at macro-levels by the micro-structures and
grain-boundary properties of the materials. The forming limits for these ma-
terials are, therefore, somewhat different, compared to those for the forming of
macro-parts.

3. Size effects may exist in material property and toolematerial interfacial property
characterization, depending largely on the micro-structures of the materials,
which lead to the requirement of the definition of these parameters with
reference to the actual materials and interfaces to be used.

4. Characteristics of the machines tools and feeding system are important to
determine the quality of parts produced [9e15].

Regarding micro-sheet forming production, the following are the particularities
which need to be paid attention, especially for the forming of sheets of less than
100 mm in thickness and feature sizes less than sub-millimeters, the reasons for which
will be explained in the following sections of this chapter, wherever appropriate:

1. The need to use proper materials which are micro-formable, either under cold,
warm, or localized heating conditions;

2. Special care in the handling of the rawmaterials (e.g., guiding thin strip, holding the
strip during forming, etc.) and in collecting scrap, parts, or components effectively;

3. Constraints on the tool layouts due to the limited space and closeness of
miniature/micro-tools, and hence, constraints on tool design;

4. The process capabilities, which are prescribed largely by the tool-fabrication
capabilities, including tool coatings and the assembly of miniature/micro-tools;

5. Miniaturization of the forming machinery and improving the precision of the
machinery at the corresponding scales;

6. Tool-cost issues, including process chains for micro-tooling, effective tool life
affected by susceptibility to wear, fragile structures, damage to the tools caused
by manufacturing, etc.;

7. Micro-products are subjects to probable uncertainties in their dimensional and
material parameters that lead to variable product performance and reliability.
Properties such as grain size and thickness play a major role in determining the
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quality of micro-product which makes controlling and reducing defects become
a crucial factor in micro-manufacturing environments [16].

MANUFACTURING PROCESSES AND FUNDAMENTALS
Traditionally, sheet metal may be defined as a metal having a thickness of between
0.4 and 6 mm, while micro-sheet forming usually deals with sheet metals of thick-
ness is usually below 0.3 mm. Therefore, thin strips or coils may be proper words for
defining these materials. As with conventional sheet metal forming, major material
conversion mechanisms in micro-sheet forming include shearing/cutting, bending,
unbending, stretching, compressing, stress-relaxation, etc., and their combinations.

Being the same as for conventional sheet metal forming, the mechanical proper-
ties of the materials such as elasticity, plasticity, stressestrain relations, strain rate,
work-hardening, temperature effect, anisotropy, grain size, residual stress, etc., are
very important for understanding of material deformation/separation mechanisms.
The effects of grain sizes and orientations, and grain-boundary properties, are
especially significant in micro-sheet forming, considering their effects on the defini-
tion of the overall stressestrain relationships, sheared section qualities, bending
curvatures, springback phenomena, stress relaxation, etc.

For given micro-structures, the effects are more significant, in terms of the rela-
tive ratios between the grain sizes and the strip thickness/feature sizes/part dimen-
sions. Moreover, the random/stochastic distribution of the grain will also lead to
inhomogeneous material behavior which causes a variation in product quality [17].

The following sheet forming processes may be used in micro-sheet forming.

MANUFACTURE OF SHEET METAL PARTS BY BLANKING/PUNCHING
Cutting may be used to separate large sheets into smaller pieces, to cut out a part
perimeter, or to make holes in a part, and can be accomplished by shearing action
between two shared-cutting edges through the following stages of the material:
(1) plastic deformation, (2) fracture initiation, and (3) separation (Figure 1). The pa-
rameters that influence the shearing/cutting quality significantly include: punch-die
clearance, punch velocity, sheet metal materials, cutting tools, lubrication,
alignment of the tools, strain rate, etc.

The clearance between the punch/cutting tool and the die is a very important param-
eter (Figure 2). For the clearance in conventional sheet metal forming, 4e8% of the
sheet thickness is recommended. With too small clearance a greater cutting force is
required and the fracture lines tend not to intersect, while with too large clearance
excessive burr sizes develop. The best clearance value depends on the sheet metal
type and thickness. The recommended clearance may be calculated from C ¼ at,
where t is the sheet thickness and a is a factor (provided from different sources).

The value of a for micro-blanking/punching needs to be determined by address-
ing actual cases because of the large influence of the micro-structure (size, orienta-
tion, and grain-boundary properties) relative to the overall scale of the part
dimensions and/or cut geometries. For example, due to the size effect, the formation
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of edge draw-in, shear/plastic deformation, and fracture/burr (Figure 3) will be
affected more significantly than that in a macro-blanking/punching process, by
the micro-structure of the material. The level of the effect depends largely on the
number of grains, the grain orientation, the possible number of sliding planes,
etc., at the cutting areas. It was observed that the shearing resistance actually in-
creases as the process/part dimensions are scaled down, but not in a linear manner
[1]: this may be due to the limited number of sliding planes and the constrained po-
sition in which the shearing is taking place. A small number of grains may not be
able to allow shear deformation to the same extent as would a polycrystal which

FIGURE 1

Stages of a shearing/cutting process. (a) Punch and die layout; (b) Contact with strip;

(c) Plastic deformation; (d) Shearing as fracture meet; (e) Separation from sheet.
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has a large number of grains and grain boundaries [18]. The strain rate in shearing/
cutting plays an important role, especially on the cutting quality, e.g., burr forma-
tion. It has been established that high velocities in blanking can lead to decrease
of the blanking force and improved quality of cutting sections [19]: a dynamic frac-
turing mechanism and increase of the temperature locally for a short period of time
may contribute to this. The same principle can be seen in high-speed chopping of
metal billets for forging/forming. Considering that, the sheet metal is relatively
thin in micro-forming, how the temperature factor could contribute to this is not
clear. However, as a general principle, using a higher speed in cutting should nor-
mally help to improve the cutting quality.

FIGURE 2

Illustration of the influence of the punch/die clearance. (a) Fracture develops due to small

clearance; (b) Burr formation due to large clearance; and (c) Scrap stuck inside the die.

FIGURE 3

Illustration of the influence of grains on the sheared section.
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A practical problem associated with micro-blanking/punching is that the punch/
die clearance required may not always be able to be met. For example, for the stamp-
ing of a 20-mm thick sheet metal strip, the ideal clearance would be 1e2 mm. This
would be a challenge to toolmaking and to the guiding of the tools (machine setup
and tooling). Even though it is possible to achieve this in fabrication and assembly,
the dynamic characteristics of the machine and tooling, including the resulting de-
flections, are very likely to cause an offset of the punch or the die of more than
1e2 mm. As a consequence, damage to the tools is likely to occur constantly.
When using larger clearance values than the ideal values, if conventional process
configurations are employed, burr formation in micro-forming of thin sheets may
not be avoidable.

For micro-sheet metal parts, especially those to be used in important electronics
products and micro-electromechanical systems (MEMS), the presence of burrs may
not be acceptable. Therefore, a postprocess for burr removal may be necessary, e.g.,
laser ablation or mechanical methods. Burr-free blanking/punching processes have
been explored in the past for the forming of thick sheet metals, and recently there
were also attempts to use these to the forming of thin metal strips [20]. The process
of using half-distance piercing without separating the material, then using a counter
punch to effect a counter-direction piercing (pushback) to complete the blanking/
punching (Figure 4), is feasible for eliminating burr formation for strip as thin as
50 mm. The several stages, including two stages shown in Figure 4, can be accom-
modated using a progressive die design in micro-stamping, e.g., punching for pro-
ducing pilot holes, half-blanking (which may also be supported with a soft
counterpunch), pushback blanking to complete the blanking operation, and, finally,
clearing the cutting or cutting off the parts, etc. For micro-forming, for example,
where the sheet metal thickness is less than 50 mm, controlling the half-blanking
depth precisely will be crucial, and involves the control of not only the machine
ram and the punch motion with the tooling, but also guiding and holding the metal
strip inside the tooling.

FIGURE 4

Illustration of a “burr-free” punching process.
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Another useful process configuration called laser-assisted micro-stamping may
be used for improving the quality of the cut section and extending the capabilities
of the process to such as the stamping of greater aspect ratios (the ratio of the cutting
thickness to the cutting area dimensions) and high-strength materials, including brit-
tle/difficult stamping materials. The process is described in Chapter 10. The laser
heating will provide a reduction of the strength of the local material and improve
the flow ability of the material at the cutting section.

MANUFACTURE OF SHEET METAL PARTS BY BENDING
Bending is a major sheet forming process commonly used in fabrication of sheet
metal parts. Bending may be defined as the straining of the metal around a straight
axis. A neutral axis plane exists for the sheet metal around which the top section of
the material may be stretched during bending while the bottom section is com-
pressed (Figure 5). Bending operations may be performed using punches, rolls,
wipe dies, the downward movement of the bending tools, depending on the bending
processes, i.e., V-bending, U-bending, edge bending, etc., that are normally used in
conventional sheet metal working. The manufacture of micro-sheet metal products,
such as those used in electronics products and MEMS often needs bending to pro-
duce 3D profiles/sections. Typical applications include micro-electric-contacts/
fingers/switches, 3D profiles for mechanical and thermo-mechanical sensors, and
3D sheet metal frames/housing for optical devices and micro-sensors. The
manufacturing of these items may also require photochemical etching to produce
fine geometry, while using bending to complete the 3D profiles/sections.

In employing bending for making micro-products, the bend angle, bend radius,
bend allowance, length of bend, etc., are still key process parameters (Figure 5). The
calculation of the strain value in bending, the minimum bend radius, the bend allow-
ance, etc., may still be effected with the simplified equations that are normally used

FIGURE 5

Illustration of a sheet metal bending process and parameters.
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for macro/miniature-parts. These, however, need to include considerations concern-
ing size effects. Similarly in the case of blanking/punching, the relative grain size to
the sheet metal thickness, grain distribution, grain-boundary conditions, at the bend
section, will have significant influences on the bending process and bending quality:
a universal definition in terms of the level of these influences does not exist.

One of the main challenging issues in the bending of thin sheet metals is to pre-
vent the distortion of the sheet and to overcome springback-related problems
(Figure 6). Sheet metal may recover elastically after manufacturing, not only after
bending, but also due to possible changes of the state of the stresses during/after sec-
ondary process, e.g., after trimming, i.e., the cutting of neighboring material which
affects the stress balance in this or another section. This often occurs when micro-
parts with condensed features or cutting/bending sections are produced with a pro-
gressive die-forming/stamping configuration. The springback may occur immedi-
ately after the release of the forming force, or occur due to the subsequent release
of the residual stresses, and results in the distortion of the shape of the part or insta-
bility of the dimensions of the part under service conditions.

The component-form errors resulting from the springback may be compensated
for by properly designing the die and the bending parameters, or introducing extra
processes. Rebending, overbending, bottoming or stretch bending are the techniques
often used to eliminate the errors caused by the springback in conventional sheet
metal forming. It may be difficult to employ some of these techniques in micro-
sheetforming, either due to the complexity of the geometry in small areas, or due
to the difficulty in adding extra tools or forming stages in the limited tooling space,
etc. Other limitations are those due to cost considerations. Feasible compensation
measures include optimization of the bending stroke, bending angle, tool shape,

FIGURE 6

Illustration of the springback phenomena in sheet bending.
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punch/die clearance, etc. In-process measurement of springback and adjusting the
bending angle or bending speed is possible, if proper sensing (e.g., displacement
and angular sensors, noncontact sensors such as laser-based sensors, etc.), an effective
feedback loop and analysis, and control of the actuators, can be ensured. This is
achievable mainly for simple bend geometry, not for a complex stamping process.

To avoid difficulties in handling micro-components/parts and in the fabrication
of micro-tooling, noncontact processing approaches such as laser-assisted bending,
may be introduced to achieve accurate bend geometries [21e23]. For example,
short-pulse excimer laser radiation is able to result in a required level of thermally
induced stress in very thin surface layers of a sheet metal, and the deformation of the
thin sheet in the radiated area may be effected in the forms of bending by the
released stresses. Laser heating can also assist in forming of 3D micro-sheet-
structures effectively, e.g., combining bending and twisting [24].

DEEP DRAWING OF SHEET METAL PARTS
Deep drawing is a sheet metal forming process used industrially to produce cup-
shaped, box-shaped, and other complex-curved hollow-shaped sheet parts. Micro-
cups/micro-boxes may be produced with similar process configurations (Figure 7)
for micro-housing applications, such as for the packaging of micro-sensors and
micro-actuators. As for conventional deep drawing, the major parameters which in-
fluence the process and product quality include the dimensions of the blank, the
punch and die dimensions, especially the punch corner radii, the clearance between
the punch and the die, as well as the blank-holder geometry, the interfacial condi-
tions, and the holding pressures. Deep drawing is a more complex process than
shearing/cutting and bending because it usually combines processes such as bending,
unbending, stretching, compression, and shearing, depending on the part geometry to
be produced. These processes become more complex when the micro-structure of the
sheet metal becomes a dominant factor as the scale decreases [2].

The drawing ratio (DR ¼ diameter of the blank/diameter of the punch) achiev-
able is usually about 2.0 (the limiting drawing ratio (LDR)), depending on the sheet
material thickness and micro-structure. With fine-grain sheet metals, controlled fric-
tion at the contact surface of the blank-holder with the sheet, the sheet with the die,
the punch to sheet metal interfaces, and possibly providing counterpressures under
the sheet, the LDR value could be increased. A major challenge faced in micro-deep-
drawing is to achieve these DR values within a limited space, which usually limits
the tooling arrangement. Control of the interfacial conditions is even more difficult.
Ideally, no other media should be used, and enhanced complexity of the tool/mate-
rial interface conditions should be avoided. For example, a great potential use of
various coating on micro-deep-drawing tools has made it possible to have a
lubrication-free micro-deep-drawing. This technique is desirable because the fric-
tion between the surfaces can be precisely controlled compared to the use of
lubrication. This will also avoid the complication during cleaning and handling of
the micro-product because of its small size [25e27].
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The actual LDR achievable in micro-deep-drawing production also depends on
how the blanks and the formed cups will be toggled with the sheet metal strips in
the forming/stamping layout design, since the blanks and the finally formed cups
are unlikely to be detached from the strip during forming/stamping due to the diffi-
culties associated with handling these small objects, while a reasonable production
rate may have to be maintained. This is a special issue to be addressed, compared to
the laboratory-based prototype process development.

Common defects in drawn thin sheet parts include the formation of wrinkles (due
to buckling), material fracturing (especially at the punch and die corners), and sur-
face scratching (Figure 7). Wrinkles often occur when very thin sheet metals are to
be drawn (the material most likely buckles), such as 20-mm thick sheets. Blank hold-
ing will be crucial, but it may not be easily arranged due to the limited space for tool
components in micro-deep-drawing. Fine-grain materials and materials with
superplastic flow characteristics will be helpful in overcoming the fractures which
often occur at the punch corner (small radius) and the flange/cupewall interface.
Smaller cups with thin sheet metals may not be achievable, due either to excessive
springback for shallow geometries or to the initiation of fractures arising from the

FIGURE 7

Illustration of the deep drawing process, influential parameters, and part failure forms.

(a) Process configuration and basic parameters; (b) The areas where the friction has

significant influences; and (c) Common defect in the drawn workpieces.
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use of small punches, similar to what can occur in a piercing process. Again, the
avoidance of these features will also depend on how the blanks are to be toggled
with the strip.

Redrawing is usually necessary, due to the limitation in the achievement of a
feasible reduction value of a cup, in one stroke. Redrawing or reverse redrawing,
even introducing an annealing process and ironing, is possible for miniature cups.
These steps are unlikely to be introduced in the forming of a micro-cup, due to
the difficulties occurring in the handling and alignment of the workpiece, etc. Ideal
processes would be those without the need to reposition the workpiece while the
tools are being changed.

OTHER MICRO-SHEET METAL FORMING PROCESSES
Other micro-sheet metal forming processes include (1) incremental (or die-less
forming) forming: micro-sheet metal parts or micro-features on sheet metals can
also be produced in incremental forming forms, such as by using CNC (computer
numerical control)-controlled hammering, piezoelectric-actuated micro-probes for
dimpling (high frequency vibration actuated), by which micro-features in small
and large areas of thin sheet metals (down to 10 to 20 mm thickness) can be produced
[28], (2) isostatic pressing: ultrathin metal foils may be pressed into a die with
grooved surfaces to produce micro-channels. Foils as thin as several microns can
be formed to produce such channels within the range of several to tens of microns
[29], and (3) embossing/coining is also possible for use in producing surface
micro-textures on the thin sheet metals, e.g., using silicon tools, on thin aluminum
sheets, fine-grained alloy, amorphous alloy, in the cold and hot state, etc. [1,4].

GENERAL CONSIDERATIONS FOR MANUFACTURING
Similar to the planning for conventional sheet forming, the following aspects may
have to be checked with a view to implementing micro-forming processes (some
details concerning these issues being described in the next sections):

• Whether the maximum stamping-force requirements, machine static/dynamic
characterization can be met with the available machines;

• Whether the machine strokes and manufacturing precision requirements can be
met with available machines and tools;

• Whether the production rates achievable are acceptable, also considering the
thickness of the sheet metals to be dealt with, the precision requirements and
tool-life factors;

• Whether the raw materials obtainable meet the requirements, in terms of me-
chanical properties, grain sizes, and dimensional tolerances for production;

• What the stock/tool layout for progressive die design will be, including how the
scrap and the parts will be dispatched;

• Whether the tool-design/manufacturing capabilities meet the requirements
(especially micro-tooling capabilities, involving the whole process chains);
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• Whether the punch/die clearance (recommended) is achievable by toolmaker(s);
• Whether a burr-removal process is required (for high quality/performance parts);
• What extra care for handling fragile thin strips and the structural parts stamped

will be required, including that for careful strip/blank-holding designs;
• Whether a pushepull setup with two feeders is to be used or just a single feeder

to be used for pulling/feeding the sheet metal;
• What extra measures for dealing with springback and distortions of the sheet

parts with dense geometrical features will be required;
• How the scraps and parts will be collected from the tool system and the machine;
• How the process monitoring will be implemented (force, velocity, energy, etc.);
• How the tool condition, e.g., wear, breaking, damage to the coating, will be

monitored;
• Whether a cleaning process is needed and a clean environment should be

maintained;
• How the parts will be packed/transported;
• How the parts/products will be inspected (offline or online, or both), etc.;
• How to detect and monitor the errors that create defective product is important to

maintain an acceptable product yield.

FORMING TOOLS
General considerations for tool design and manufacture for micro-sheet forming
production include the scheme for progressive die forming/stamping or transfer
die forming/stamping (need careful considerations on the part sizes, features
and sizes, use of the strip material, etc.); the availability of the die-working-
space provided by the machine as well as the connection to the feeder(s); the stock
layouts considering micro-forming characteristics (especially the closeness of the
features) as well as transport requirements; the blank-holding design considering
limited spaces and precision; the feasible punch penetration distance (taking into
account the punch diameter/free length ratio); the punch/die clearance achievable
with micro-tooling capabilities; web-formation and limitation due to space ar-
rangements and its potential effect on the distortion of the parts; the ejection/
removal of the small/thin parts and scraps (if needed); burr generation and
removal; punch stiffness/strength and assembly requirements (with limited
spaces); the transport of the thin part/scrap ribbon at high speed; maintaining
the flatness of the thin strip during transport; considerations for the implementa-
tion of a dry stamping process and its effects; the micro-tooling process chains
and capabilities in dimension tolerances and surface finish; tool materials and
cost; micro-tooling cost (considering the process chains); assembly and inspection
techniques for micro-tools; the interfaces with the machine; special arrangements
for the guiding of the punches/moving parts of the tooling; the proper selection of
bearings and guides, prestressing parts, if possible; tool-surface polishing; tool-
surface coating, etc.
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Forming-tool design and manufacturing is a particularly challenging area for
micro-sheet forming, and is mainly associated with the size effects induced as the
scaling factor decreases:

1. Punch-die clearance in micro-stamping needs to be redefined (closely relating to
the material properties qualified at micro-scales and to the micro-structures
at the deformation/shearing sections). The recommended clearance (4e10% of
the sheet thickness, Figure 2) for conventional stamping may not be correct.
Increasing the punching velocity would affect the shearing section quality
positively, which would, in turn, relax the clearance requirements.

2. For cutting thinner strips, tight clearances down to one to several microns may be
needed, which may be achievable but at high cost. Constraints to this include
whether the tool-fabrication capabilities are able to achieve one to several
micron accuracy in manufacturing individual tool parts, to align these within a
similar accuracy after assembly, and whether the dynamic characteristics of the
tooling are able to maintain the tool bending, the tool offset due to loading
eccentricity, and clearance between the bearings and guiding pillars to be within
a similar precision range (a tool system is illustrated in Figure 8). Tool damage/
breaking could be easily caused by these factors.

3. The reduced sizes of the cutting geometry restrict the punches to be of only a
very short free length (to maintain sufficient stability). As a consequence, it may
be difficult to punch the scrap out of the die exit (Figure 2(c)), if the punches are
too short. It also requires extremely accurate control of the punch stroke to
ensure that the stamping operation is completed.

4. Due to the limited space available, the number of tool parts/elements for con-
structing the tooling may have to be reduced to avoid difficulties in fabricating
these parts/elements and assembling them in tiny spaces, as well as reducing the
assembly errors accumulated. Using compound tool designs may be considered.

FIGURE 8

A tool system for micro-sheet forming.
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5. The design of the pilot pins for positioning thin strip needs to be carefully done,
by which the pins could correct the position of the strip (Figure 9) and help to
reduce the positional errors significantly, thereby relaxing the stringent
requirements on the strip feeder(s), in terms of feeding accuracy.

6. To prevent damage to the workpiece surfaces (e.g., coated strips for electronics
applications) and to prevent sticking of the scrap and micro-parts to the tool

FIGURE 9

Illustration of the function of the pilot pins.
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surfaces, dry stamping will be needed, for which special tool materials such as
ceramic tools and self-lubricated tool coatings, etc., should be considered.

7. In micro-sheet forming, gravity cannot be considered as the main force being
applied to the part. Unwanted surface forces such as van der Waals, electro-
static, and surface tension forces are dominant at such a scale. As a result,
concepts for handling parts/scrap deployed in conventional forming (largely
considering the gravity force of the parts) do not usually work. Parts may not
drop out automatically and connecting these to the strip may be feasible in some
cases. However, separation may still be needed, depending on the end users’ and
customers’ requirements. A vacuum system directly connected to the dies or
proper locations within a tool system will be helpful for collecting the scrap and
even micro-parts.

Micro-tooling capabilities and process chains (e.g., mechanical cutting, electri-
cal discharge machining (EDM), laser treatment, coating, electroforming, chemical
etching, etc.) are especially important, which significantly prescribe the feasibility
of realizing the processes and achievability of the required scales of the micro-
parts, while maintaining proper production rates, product quality, and low
manufacturing cost. These are addressed in several other chapters of this book.

MANUFACTURING PRESSES/MACHINES
Traditionally, sheet metal forming may be effected either with mechanical presses or
hydraulic presses, in which latter are usually of large scale. These presses are usually
not of sufficient precision for micro-forming applications, and they are not compat-
ible, in terms of the scale, for the forming of the miniature/micro-sheet metal parts.
Conventional, large-scale presses may be optimized/upgraded for the manufacture
of miniature/micro-sheet metal parts with the required enhanced precision. Their
manufacture may also be achievable through the use of delicately designed and fabri-
cated forming tools. Conventional forming tools may be designed primarily for
manufacturing metal parts with precisions in the millimeter range. However, with
some specific engineering modifications implemented in these machines, they could
be optimized for micro-forming applications. BSTA from Bruderer is a machine
which can operate at up to 1400 strokes per minute (spm) and a press force of
300 kN [30]. Incorporated in the machine are specific modifications such as guides
that are insensitive to thermal influences and additional features to secure high preci-
sion, a counterbalance system “acting irreversibly” to the movement of the ram with a
view to keeping the machine free from vibration. The guides and levers that control
the ram movement are arranged in such a way that the tilting of the ram due to the
application of an eccentric load does not affect the position of the punch: This is
achieved by placing the theoretical center of gravity of the ram at the tip of the punch.

Machines of smaller size such as bench-top machines may be built with newly
enhanced elements/parts and/or designs particularly for micro-forming applications.
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This category of machines are those of normal size but incorporating new concepts
dedicated to micro-forming. A high-precision stamping press was developed jointly
by Schuler, PtU Darmstadt, ILT, IPA and other partners [31]. The machine has a
modular arrangement and a high-rigidity design. In this machine, linear motors
are used for driving the ram. Linear driving has the advantages of high and reproduc-
ible accuracy. Lubrication is not needed and maintenance can be avoided, hence it is
attractive option for clean room manufacturing. Other beneficial features include
low noise emission and high reliability and endurance.

A new, low cost, bench-top machine dedicated for micro-sheet forming is being
developed at the University of Strathclyde [8], with collaboration with its EU Mas-
micro consortium partners (Figure 10). A linear motor driving mechanism is used.
The maximum frequency of the machine is 1000 spm, the maximum force is
5.3 kN, the vertical position resolution is 0.1 mm, and the load measurement resolu-
tion is 0.1 N. The machine enables the micro-stamping/forming of sheet metal parts
(ideally for sheet metals of a thickness of less than 100 mm). The machine has a

FIGURE 10

A bench-top micro-sheet-forming machine, designed by the University of Strathclyde.
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maximum working space of 400 � 400 mm with a flexible setup, due to having a
modular design (the ram-driven form/power is changeable, without need of chang-
ing other machine setups; four machine-frame columns and supports to the ram
guiding bridge can be repositioned according to the requirements, as well as the
sheet metal feeder, and the part carrier). The bridge for guiding the ram is separated
from the main machine frame, and hence it is not affected significantly by the deflec-
tion of the main frame and by vibration. Other innovations include monitoring the
displacement directly on the tooling (therefore being able to control the punch stroke
more accurately), transporting the miniature/micro-parts directly out of the dies by a
part carrier, a new vacuum/compression air chamber design, a new sheet metal hold-
ing design, etc. The machine design was supported by finite element dynamics anal-
ysis, which led to the development of a bench-top machine that has very good
dynamic performance and machine stability (no connection to the bench is needed,
and no significant vibration is felt at the shop floor).

Micro-forming may also be effected with micro-machines or similar setup, espe-
cially for research purposes. This category of machines are of much smaller size,
compared to that of conventional, large-scale presses. The development of this
type of machine has attracted much interest from researchers during the last 10 years
[32e33]. Various new concepts are being experimented with to design and fabricate
prototypes of new micro-machines. Force may be effected with linear motor actua-
tion, piezoelectric actuation, piezoelectric/hydraulic actuation, electromagnetic
launch and impact, etc. A micro-machine prototype using a working principle of in-
cremental micro-forming has also been developed in Japan [28]. Small dents in a
sheet metal can be generated by hitting the metal with a small punch installed at
the end of a swinging arm. By repeating hammering, incremental deformation can
be achieved across small areas of thin sheets. Other developments include the use
of combinations of piezoactuating with hydraulic devices to amplify the punch
stroke [34e35], e.g., the piezoelectric-driven press developed by Zentrum Ferti-
gungstechnik Stuttgart (ZFS), Germany. A mechanical micro-press has been devel-
oped by the Mechanical Engineering Laboratory [36], Ministry of Trade and
Industry, Japan. The machine has a size of 111 � 66 � 170 mm, and is powered
by an AC servo motor of 100-W rated power which can generate a force of up to
3 kN. The transmission is effected by a ball screw/nut structure plus timing pulleys
and belts. A micro-progressive die enables four blanking and two bending strokes.
The stroke and speed of the machine can be controlled and 60 spm be achieved.

DESIGN CONSIDERATIONS FOR MICRO-SHEET METAL PARTS
FOR FORMING
Various metals are possible for making micro-sheet parts, these including copper,
brass, stainless steel, low carbon, mild- and high-strength steel, aluminum, nickel,
etc. Fine grain sheet metals are preferable for micro-sheet forming, due to the rea-
sons explained in Section Manufacturing processes and fundamentals of this
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chapter. The description/characterization of material properties has to refer to the
scaling factor for a particular part, material, process, and tooling, the values of which
are normally expected to be obtained through a series of tests/measurements. The
strength, the relationship of stress and strain, the anisotropy factor, the rate-
dependent properties, the springback behavior, the thermal properties, etc., of the
metal to be used are required to be corrected from the descriptions/definitions, which
are based normally on a macro-scale.

General product design considerations include (1) thin sheet metal parts/struc-
tures should have sufficient strengths and stiffness, in relation to the functional
and performance requirements; (2) thin sheet metal parts should have good dimen-
sional accuracy, with reference to the applications; (3) thin sheet metal parts should
have good surface finish, and precoating may be needed, depending on the applica-
tion; (4) relatively low cost for manufacturing may be a key factor to be considered;
(5) the design should consider the manufacturing constraints to the smallest features
and tolerances, taking toolmaking and tooling construction capabilities into account;
(6) the design should consider the manufacturing constraints to the closeness of
neighboring smaller features (minimum web sizes) and the number of features;
(7) the design should consider the specific aspect ratios achievable in stamping,
considering size effects in micro-stamping; (8) the design should consider specific
bending radius applicable for bending, considering size effects in micro-bending;
(9) the design should consider the limiting specific drawing ratios for deep drawing,
and the feasibilities of redrawing, considering size effects in micro-deep-drawing;
(10) the design should consider the specific embossing/coining/denting ratios
achievable in embossing/coining/incremental forming, considering size effects in
these processes; and (11) the design should consider proper material selection and
the availability of suitable materials, together with considering the “size effects”
associated with their mechanical properties, surface/interface properties, and their
influence on process design and tool design.

MICRO-SHEET FORMINGdA CASE STUDY
In the following case study, the forming of a micro-sheet partda sheet metal spring
(Figure 11), is described. The part has overall dimensions of 2.4 � 3.0 mm, a sheet
thickness of 50 mm, and it is used in a micro-device. Firstly, the part design was
assessed and individual features identified for punching, blanking, and bending/
forming. Subsequently, the stamping techniques were examined in detail before
developing a suitable strip layout for progressive die stamping of the part. Five-
stage stamping was employed, which included the following:

1. Punching to create carrier tabs and holes for pilot pins;
2. Blanking to create two side slots;
3. Forming of a center curve (bending);
4. Forming of edge features (bending/bottoming);
5. Blanking of the final part.
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The punch and die designs were supported with finite element analysis
(Figure 11). A high-speed tool steel (hardened to a value of 62e64 HRC) was
selected to fabricate the individual punches and dies, which were created using me-
chanical milling, followed by m-EDM, and then precision grinding to allow the
required tolerances to be achieved. A dedicated micro-forming tool system with a
footprint of 250 � 160 mm was designed and fabricated (Figure 12), with the indi-
vidual punches and dies designed as inserts. The tooling incorporates a specially

FIGURE 11

The sample part (left); and an finite element analysis study on one of the micro-dies (right).

FIGURE 12

The micro-forming tool (left) and the micro-forming machine (right), developed at the

University of Strathclyde.
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designed blank-holder to hold the strip during the stamping and four high-precision
ball race guide units as the primary means of aligning the punches and dies. The
formed features were generated using polyurethane pads and profiled punches.
The pads under pressure adopt the negative feature of the solid punch and form
the material of the strip.

The micro-forming tool was designed for use in a dedicated micro-forming ma-
chine (Figure 12), capable of providing high stamping rates (up to 1000 spm) while
providing accurate control over the ram position. A load cell and positional encoder
are integrated into the machine to allow for data collection from the stamping pro-
cess and, additionally, for monitoring of the punch force to indicate breakages or
problems in the system.

Copper and stainless steel were both used to produce the micro-spring
(Figure 13). The scrap was collected through a vacuum system which is connected
to the die blocks directly, while the parts were transported out of the final stage die
via a tapeereel transport arrangement [8].

TECHNOLOGICAL COMPETITIVENESS AND OPERATIONAL
ECONOMICS
Micro-fabrication in the past dealt with largely silicon-based materials due to eco-
nomic considerations and the unique properties of these materials for micro-
devices and systems. There are now increased demands on nonsilicon materials,
e.g., polymers and metals, due to the need of multifunctional materials for the
evolvement of multifunctional micro-systems and devices. There are various tech-
nologies available for the micro-fabrication of metals, among these micro-sheet
forming renders unique advantages over other technologies. At the same time,

FIGURE 13

Samples of the formed micro-components in brass and stainless steel.
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micro-sheet forming also competes with other technologies in the manufacture of
micro-sheet metal parts, these including photonic etching and electroforming tech-
nology, electron beam lithography etching, laser micro-machining. It will be diffi-
cult for micro-sheet forming to compete with photochemical etching/
electroforming, in the areas of fabricating 2D and 2.5D parts with smaller dimen-
sions and finer features such as several to tens of microns in size, and thinner metal
sheets, e.g., below 10e20 mm. Micro-sheet forming of these may be extremely
expensive, or almost impossible to achieve. It is also difficult to compete with laser
machining, in terms of the flexibility of the process setup, the type of materials that
can be processed, and when finer geometries are involved. Micro-sheet forming,
however, is able to produce metal parts with better integrity, and less deleterious
effects on the properties of the material. It is also ideal for producing various 3D
structured parts and connections. Most importantly, it can be implemented at a
mass production scale (for suitable component forms) for which other processes/
technologies cannot compete, if corresponding tooling technologies and machine
capabilities are able to meet the manufacturing requirements. Good examples of
applications include the high-speed stamping of leadframes for electronics products
and the stamping of micro-laminates for micro-motors, etc.

The following table presents a comparison of the costs quoted for using photo-
chemical etching and micro-stamping to produce a 2D flat sheet metal part:

Company Technology Quality Quotation Other Costs

A Photochemical etching 10,000 £600 Tooling £125
B Photochemical etching 10,000 £488 Tooling £395
C Micro-stamping 10,000 349 Tooling £20,000

(first batch)

Without considering other merits of micro-sheet forming, just referring to the
manufacture of this particular part, the data presented in this table suggest that
the investment on tooling for the first batch production is extremely high for
micro-sheet forming. However, for producing over one million pieces of this part,
micro-sheet forming does have an advantage. Considering the feasibility of produc-
ing 1000 pieces of such a part (simple micro-blanking) per minute with micro-
stamping, the advantage of micro-sheet forming in mass production is evident.
Such an example does, however, not suggest a general calculating principle, in terms
of comparison of costing. It should depend on the actual component form to be
considered. Currently, there is a trend of combining photochemical etching, laser
machining, and micro-sheet forming, in a process chain, to achieve the greatest
efficiency of manufacturing.

The engineering applications of micro-sheet forming are not isolated issues. To
enable realization of the potential of micro-sheet forming, in terms of its technolog-
ical competitiveness and economic advantages, one should be able to manage the
whole manufacturing and operation chain properly, including, in the chain, material
supply and characterization of the material properties, stock preparation, forming
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process selection/design, forming tool selection/design and fabrication, machine se-
lection/setup, process/machine/tool control, material/parts/tool handling, postpro-
cessing, linking to other processes/equipment, etc. The quality of the sheet metal
and the quality of the tooling are extremely important, especially for the forming
of thin sheet metals (thickness below 100 mm), smaller part sizes (several millime-
ters), and finer features (submillimeters). Fine grain sheet metals could be expensive
and the tooling cost could be extremely high, while the tool life could be very short,
due to the fragility of the small tools employed, such as slender punches, etc.
Therefore, the development of overall consideration for the manufacture of a partic-
ular part is needed, which should take a balanced view of the manufacturing
economics.
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INTRODUCTION
Hydroforming is a metal forming technology based on the application of pressurized
liquid media to generate defined workpiece shapes from tubular materials or sheet
metals. Numerous industries, for example, the manufacturers of automotive compo-
nents and the piping industries, which are providing mass products, apply this tech-
nology productively today [1]. This successful adoption of hydroforming technology
results from the advantages that hydroforming offers in comparison to conventional
techniques such as the assembly of stampings by welding. Hydroforming provides
the possibility to form hollow complex-shaped components with integrated struc-
tures from single initial workpieces, combined with improvements in stiffness and
strength behavior due to the reduction of welding seams, and with reduced assembly
costs [1].

Due to an increasing integration of micro-system technology into products of
electronics, telecom, and medical devices for an ever-growing market, efficient
and time-saving production technologies for micro-components become increas-
ingly more important. Against this background, metal forming plays a decisive
role for the mass production of respective components because it can offer the
required productivity and accuracy for a comparatively large number of applications
[2]. Concerning the mass production of hollow-shaped micro-components, this
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applies to hydroforming technology in cases where the manufacture of such parts
currently still largely relies on time-consuming techniques based on the removal
of material, either by chemical or mechanical means. Important existing technolo-
gies for the manufacture of complex-shaped hollow miniature and micro-
components made from metals are, for example, techniques using electrodeposition
of metal materials on subsequently removed mandrels (electroforming) [3] or rapid
manufacturing techniques such as selective laser melting of metal powder [4].
Although these processes can offer the fabrication of high precision components,
their application is limited to small and low volume production due to a compara-
tively high cycle time. Techniques working with the assembly of micro-surface
structured component halves (for example, structured by laser or etching processes),
which are used for the production of hollow-shaped metal parts, are predominantly
restricted to planar workpieces. Also micro-injection molding techniques [5] enable
the manufacture of complex-shaped components; however, these are limited to those
with comparatively simple hollow inner shapes due to restricted possibilities in core
design.

The design and optimization of micro-hydroforming processes require knowl-
edge of the fundamentals to determine the necessary process loads, estimate feasi-
bility, and obtain an improved comprehension of influences on the reliability and
quality of component manufacturing. Additionally, size effects have to be taken
into account when scaling down conventional hydroforming processes to micro-
size. The objective of this chapter is to provide an overview of the respective hydro-
forming fundamentals and detailed information relevant for the practical application
of micro-hydroforming.

PRINCIPLE OF HYDROFORMING AND PROCESS VARIANTS
Concerning existing hydroforming processes, a general distinction is to be drawn
between the forming of tubular material, such as straight as well as bent tubes or pro-
files, and sheet material, such as single or multiple sheets. Currently, tubular material
is predominantly applied for the manufacture of hydroformed components. The
principle of these hydroforming processes is represented in Figure 1. At the begin-
ning of the process, the initial part is placed into a die cavity that corresponds to the
final shape of the component. The dies are closed with the closing force Fc while the
tube is internally pressurized by a liquid medium with internal pressure pi to effect
the expansion of the component. Additionally, the tube ends are axially compressed
by sealing punches with axial force Fa to force material into the die cavity. The
component is formed under the simultaneously controlled action of internal pressure
and axial force. Water/oil emulsions are typically used media to apply the internal
pressure, which is usually increased from 1200 up to 4000 bar. The necessary
amount of internal pressure is influenced significantly by the wall thickness of the
component and the material strength and hardening, as well as by the component
shape [1].
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Further mechanical loads can be applied to the workpiece, depending on the part
and process type. An example is the hydroforming of T-shaped components, as
shown in Figure 2. This process requires an additional counterpunch with a suitable
control of the counterforce Fg during the forming process. The counterpunch acts on
the end of the expanded protrusion and is displaced by the workpiece when the here-
by exerted force achieves the current level of the counterforce.

Regarding the currently applied hydroforming process types, in Ref. [6], a first
classification has been developed considering the acting stress state within the
formed workpiece region and the specific characteristics of the expanded geometry.
Based on this work, classifying engineering standards have been enhanced and
updated regarding the description of hydroforming processes, for example, the
engineering standard of manufacturing technologies DIN 8580, published by the
German Institute for Standardization (DIN).

For conventional hydroforming processes, the integration of additional
manufacturing operations in the hydroforming process itself is used to improve

FIGURE 1

Hydroforming principle.

FIGURE 2

Principle of T-piece hydroforming.
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productivity. Industrial hydroforming tools are often equipped with numerous
piercing units to create holes for bolts, drain holes, reference points, collar formed
holes, etc. [7]. Additionally, assembly operations within the hydroforming process
have been shown to be feasible [8].

SEMIFINISHED PRODUCTS AND MATERIALS
Currently, predominantly, steel alloys and aluminum alloys are used as materials for
the required semifinished products in hydroforming production. Copper and brass
alloys are used for hydroformed products in the piping and sanitary industry. The
applied alloys correspond, in the majority of cases, to materials which are used
for common cold forming processes such as deep drawing or mass forming. In prin-
ciple, all metal materials with sufficient formability are suitable for semifinished
products in hydroforming processes. A fine-grained structure combined with large
amounts of uniform elongation, elongation at fracture, and a large strain-
hardening coefficient are advantageous in the feasible expansion of the initial work-
piece, achievable without the occurrence of material instabilities. The strength of the
final component is improved by a distinctive work-hardening of the formed material;
however, work-hardening also causes an increase in the required forming loads.

Steel alloys used or tested for conventional hydroforming components are ductile
low-carbon steels, case-hardened steels, heat-treatable steels, ferritic and austenitic
stainless steels as well as high strength and ultrahigh strength steels, for example [9].
In general, tubular steel materials, which are used for hydroforming applications, are
produced from flat sheet material by continuous roll forming and longitudinal high
frequency welding to close the roll formed tubular cross section. Tubes with circular
cross section as well as profiles which differ from a circular shape are able to be
generated by the roll forming process using appropriate roll forming tools. However,
predominantly semifinished products with circular cross sections are currently in use
for the hydroforming production of steel components. Typical dimensions of
conventionally hydroformed steel tubes are outer diameters, d0, between about
20 mm and 140 mm with ratios of wall thickness to outer diameter, t0/d0, between
about 0.012 and 0.16. Regarding micro-hydroforming, the market currently provides
roll formed and welded metal micro-tubes with minimal outer diameters of about
0.2 mm and minimal wall thickness of about 0.03 mm.

When selecting appropriate tubes for hydroforming processes, a distinction is to
be drawn between tubes without an annealing process after cold forming by roll
forming or drawing, tubes drawn with a small resulting strain after a preceding
annealing process, and tubes annealed after the final cold forming operation. Draw-
ing processes, following the roll forming operation, serve for the adjustment of the
final tube diameter and/or wall thickness as well as providing an increase in strength
due to work-hardening effects.

Drawn and nonannealed tubes commonly provide reduced formability in hydro-
forming processes, depending on the characteristics of the steel alloy used and the
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amount of strain induced by the drawing operation. Tubes which have been drawn
with a small resulting strain after annealing show a cold formability within certain
limits. The most extensive cold formability is obtained by the use of tubes which
have been annealed after the final cold forming operation such as roll forming or
drawing.

To avoid premature bursting of the workpiece within the hydroforming process, a
highly satisfactory weld seam quality is required for roll formed and welded tubes. It
is recommended to avoid locating the weld seam in the final hydroformed compo-
nent within areas where excessive tensile stresses due to the expansion are acting
on the component during the hydroforming process.

Figure 3 shows examples of hydroformed micro-prototype parts made from
solution-annealed stainless steel tubes [10]. The initial tube material with an outer
diameter of 0.8 mm and a wall thickness of 0.04 mm had been manufactured by
continuous roll forming and subsequent drawing and annealing processes.

Concerning the use of aluminum alloys for conventional hydroforming applica-
tions, work-hardening aluminum 5000 alloys are currently used when priority is
given to a high amount of formability and corrosion resistance, whereas
precipitation-hardening aluminum 6000 alloys are applied for components requiring
high strength, e.g., [11]. In general, tubes made from aluminum 5000 alloys are man-
ufactured from flat sheet material by continuous roll forming with longitudinal weld-
ing, whereas aluminum 6000 alloys are produced as extruded profiles. Extruded
profiles offer advantages in design flexibility for complex cross sections with sharp
corners, multiple hollows, and flanges. However, the reduced formability of these
semifinished products has to be considered when designing a respective hydroform-
ing component. Additionally, the selection of extruded material for hydroformed
micro-components is currently restricted by the minimal cross-sectional dimensions
that can be produced by the relevant industries. The manufacturing of micro-
extruded profiles as semifinished products was subject of several investigations,
for example [12].

Due to their high strength-to-weight ratio, magnesium alloys offer a great poten-
tial for weight-reduced components. However, the use of these alloys in forming
processes working at room temperature is limited due to their hexagonal atomic

FIGURE 3

Micro-hydroformed components [10].
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structure. An improvement in formability is achieved by the use of increased tem-
peratures, above about 200 �C, when additional gliding planes become activated.
Against this background, various investigations into the conventional hydroforming
of semifinished products made from magnesium alloys by the use of an elevated
temperature have been carried out during the last few years, e.g., [13].

In cases where hydroforming is applied to tubes with micro-dimensions, poten-
tial influences on the forming behavior, caused by the reduced ratio of tube wall
thickness to average grain size diameter, t0/dk, of the tube microstructure, are to
be taken into account [14]. This applies irrespective of the used tube material. As
an example, Figure 4 shows the microstructure of the starting tubes, used for hydro-
forming of the stainless steel components presented in Figure 3. An average ratio,
t0/dk, of tube wall thickness t0 to grain size dk between 1.54 and 2.56 was determined
with a small number of single grains with t0/dk z 1 [14].

The design of hydroforming processes as well as the monitoring of semifinished
product quality in hydroforming production requires suitable and reliable methods
to obtain material parameters characterizing the forming behavior. Concerning

FIGURE 4

Microstructure of a micro-tube (material: AISI 304 solution annealed, outer diameter 800

mm, wall thickness 40 mm) [14], (a) section in longitudinal tube direction, (b) section

perpendicular to longitudinal direction.
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conventional tube hydroforming, predominantly traditional material testing methods
are currently in use, such as tensile tests, mechanical expansion methods, and grid
analysis. However, the suitability of these methods is often limited, as the typical
biaxial stress state in hydroforming processes is not, or is only approximately,
reproduced.

Most common method in use to characterize the forming behavior of the applied
tubular material is the tensile test which is a standardized uniaxial material test
method. A distinction is to be drawn between the application of this test to the initial
sheet material before roll forming and the roll formed and welded workpieces.
Testing the initial sheet material means that changes in material properties due to
the manufacturing process of the tube remain unconsidered.

A method for strain analyses in hydroformed components consists in the appli-
cation of circular or quadratic grids on the surface of the initial semifinished product.
The measured distortion of the individual grid elements at the hydroformed work-
piece enables the determination of local strains, which provides an assessment of
the hydroforming process when comparing the analyzed strains with the forming
limit curve of the respective tube material, e.g., [15]. There are restrictions in the
use of this method in micro-hydroforming processes due to the minimal applicable
grid size on micro-tubes.

An example of a standardized mechanical expansion testing method is the cone
test, where the end of the investigated tube is expanded by a conical punch until frac-
ture occurs. This test enables the principal determination of formability, for example,
to compare different batches of tubular material. Also, failures at the tube surface or
within the weld seam are able to be detected. When applying this test method, it has
to be taken into consideration that variations in friction conditions or unequal pre-
pared surface roughness at the tube end face influence the initiation of fracture of
the expanded tube section. Figure 5 shows results of mechanically expanded
micro-tubes made from stainless steel AISI 304 [16].

To improve methods for the characterization of tubes for hydroforming applica-
tions, several investigations have been carried out into tube expansion tests working
with an inner pressurization of the tested tube, which is clamped at its ends accord-
ing to Figure 6. This bulge test enables the determination of the bursting pressure pb,
the pressure-dependent expansion diameter d(pi), and the achievable expansion

FIGURE 5

Expansion cone test and experimental results.
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diameter dr under the biaxial tensile stress state. Strategies to determine the material
properties of tubes as well as their yield curves based on the bulge test have been
developed, for example in Refs. [17], [18]. When applying the bulge test, it has to
be taken into consideration that the ratio of the expanded tube length ld to the
tube diameter d0 influences the required pressure to expand a tubular specimen, if
the ratio ld/d0 is below a certain limit [19,20]. The bulge test device shown in Figure 6
has been developed for the testing of micro-tubes with outer diameters below 1 mm
and is suitable to apply up to 4000 bar of internal pressure [14,21]. Figure 7 shows as
an example test results of micro-tubes conducted with this device which verified
changing formability for downscaled hydroforming processes, as presented in [14].

PROCESS CHAIN FOR PART PRODUCTION
Depending on the component design, the industrial production of hydroforming
parts requires several additional manufacturing steps in addition to the hydroforming
process itself. Figure 8 shows schematically a typical process chain for the manufac-
ture of hydroformed components.

FIGURE 6

Bulge test device for micro-tubes.

FIGURE 7

Expansion ratio versus bursting pressure of micro-tubes made of solution-annealed

stainless steel.
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The basic part of the process is the tube, which has to be cut to length in the first
step. A comparatively high standard of quality for the cut tube ends is required to
ensure reliable sealing during the hydroforming process. In general, tubes with con-
ventional dimensions are cut and machined by sawing or mechanical cutting. How-
ever, the damage-free machining of thin-walled structures such as micro-tubes and
micro-hydroformed components requires processes with a minimum of forces for
clamping and processing. In general, lasers are predestined for the here-required
operations because of their contact-free function. Also, cutting by wire electrical
discharge machining provides reliable cut surfaces.

In the majority of cases, the complexity of the components requires that addi-
tional forming operations are to be applied preceding the hydroforming process.
These operations can consist of bending and mechanical forming (preforming) of
the initial component to enable its insertion into the hydroforming die or to obtain
an optimized material distribution. Typical bending processes are, in general, rotary
draw bending for complex bent components and press bending for less complex
shapes with large bending radii [7]. However, it has to be taken into account that
due to a preceding bending process of the initial tube, the wall thickness is decisively
reduced within the outer bent areas and formability is exhausted to a large
extent [22]. As a consequence, these workpiece areas tend to fail prematurely by
necking and bursting. The increase of corner radii and/or the reduction of the overall
expanded cross-sectional circumference are recommended to avoid the appearance
of these instabilities.

In cases where the initial tube diameter d0 is larger than the die cavity width w, a
preforming operation is necessary to enable the reliable insertion of the initial work-
piece into the hydroforming die. The preforming operation induces the reduction of
the tube dimension within these areas in the direction of w. Typically used methods
for preforming operations are shown schematically in Figure 9. For the preforming
of straight as well as bent tube sections, methods working with beveled dies accord-
ing to Figure 9(a) are suitable to be applied. In contrast to this, methods using cross-
slides for local workpiece reduction are limited when bent tube sections are to be
preformed (Figure 9(b)). In certain cases, preforming is also used to flatten tube sec-
tions, for example, when a flattening by closing of the hydroforming tool is not reli-
ably feasible. Limits of preforming can consist in shape deviations which are caused
by this operation and which remain after the hydroforming process; for example,
wrinkles due to an inappropriate material distribution or excessive small radii

FIGURE 8

Typical process chain for the production of hydroformed components.
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generated by local folding of the tube wall. Also excessive elastic springback of flat
workpiece sections can occur due to an insufficient forming degree within the hydro-
forming process.

The following hydroforming of the preformed workpiece takes place by the
controlled application of the forming loads pi and Fa. Commonly, these process
parameters are determined versus the time of the forming process. The suitable vari-
ation of internal pressure and axial force depends predominantly on the material
properties and strain-hardening behavior, on the tube wall thickness, on the sizes
of intricate sections of the component such as small corner radii, and on the potential
occurrence of instabilities.

Further operations such as trimming, notching, or additional forming may need
to be performed subsequent to the hydroforming process; for example, to enable the
connection to other components by welding. For hydroformed parts with conven-
tional dimensions, trimming operations consist in sawing, milling, mechanical cut-
ting, or laser machining, depending on the required shape and quality of the
component ends. Regarding micro-components, similarly to the cutting of the initial
micro-tubes, lasers are suitable for final trimming and cutting operations due to their
contact-free and flexible processing method.

HYDROFORMING PROCESS DESIGN
The design of process control for the forming loads during the hydroforming oper-
ation should be suitable to obtain the required forming result due to a continuously
achieved yield stress of the material under the avoidance of failures such as

FIGURE 9

Principles of preforming, (a) with inclined tool surfaces, (b) with cross slides.
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wrinkling, buckling, and bursting. The internal pressure pi and the axial force Fa are
the decisive parameters of the process control.

Currently, fundamentals to determine the correlation between applied loads and
forming result have been developed predominantly for the conventional hydroform-
ing of straight rotationally symmetrical workpiece shapes and of T-piece compo-
nents, for example [19,23e26]. The methods used to derive applicable solutions
have been the Membrane Theory, the Theory of Shells, and the Continuum Theory
of Plasticity in the majority of cases. Due to the further development of commercial
programs based on the finite element method within the last few years, the detailed
and efficient analysis of forming processes is state of the art, where the component
shape differs from parts with round cross sections and a straight axis [22].

From fundamental research work into miniaturization of forming processes, it is
known that size effects have to be taken into account when scaling down forming
processes [27,28]. Conducted experimental and theoretical investigations into
micro-hydroforming already demonstrated the influence of these effects [14,29].
In Ref. [29], it was predicted theoretically by the use of a plain strain crystal plas-
ticity finite element-based modeling technique that localized necking of a micro-
tube wall is related to the angle between the crystal slip systems and the hoop stress
direction. Hence, as a result of the small number of grains in tube wall direction,
necking and following bursting progress faster in the expansion of micro-tubes
than in macro-tubes, which can be regarded as a homogeneous continuum due to
their larger number of grains.

To provide here a general basis to determine process parameters for micro-
hydroforming, correlations are given in the following, which have been proven
for conventional hydroforming. However, depending on the specific application,
the aforementioned changes in material forming behavior (yield stress, forming
limits), caused by the process miniaturization, have to be considered.

Based on the Membrane Theory, which considers a biaxial stress state, the con-
dition for the initiation of yielding of a cylindrical straight tube under axial force Fa

and internal pressure pi and the resulting stress state can be derived [19]. The
circumferential stress sq and the axial stress sz within a thin-walled straight tube
can be determined accordingly with:

sq ¼ pi
d0 � t0
2t0

(1)

sz ¼ 1

pðd0 � t0Þt0
�
pi
p

4
ðd0 � 2t0Þ2 � Fa

�
(2)

for an initial outer tube diameter d0 and an initial tube wall thickness t0. Plastic
yielding of the tube starts when the effective stress seff, which results from the com-
bination of axial and circumferential stresses, corresponds to the local yield strength
sY of the tube material with:

seff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2q þ s2z � sqsz

q
(3)
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according to the von Mises yield criterion. These equations enable the derivation of
the correlation between the internal pressure pi and the resulting axial force Fa,
which is suitable to induce plastic deformation of the tube as follows [19]:

Fa ¼ pðd0 � t0Þt0
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Y � 3

16
p2i

�
d0 � t0

t0

�2
s

� pi
d0 � t0
4t0

3
5þ pi

p

4
ðd0 � 2t0Þ2 (4)

To ensure the sealing of the workpiece ends during the overall process, a mini-
mum axial force is required which can be determined with:

Fp ¼ pi
p

4
ðd0 � 2t0Þ2 (5)

If the axial force Fa is less than Fp, leakage between the hydroformed tube ends
and the sealing punches occurs and with this a pressure loss.

In the final stage of the hydroforming process, the tube wall has to be formed into
the corner radii of the die cavity, which was not formed during the main expansion of
the tube. This is achieved by raising the internal pressure up to its maximum value
pk. Several theoretical and experimental investigations have provided correlations to
determine this necessary calibration pressure, for example [30]. An empirically
deduced equation suitable for a first estimation to determine the maximum necessary
internal pressure is as follows [31]:

pk ¼ 1:2sUTS
t0
rc

(6)

with the ultimate tensile strength sUTS of the formed tube material, the tube wall
thickness t0, and the minimal outer radius rc which has to be formed.

The axial force Fa throughout the hydroforming process up to its end can be
generally made up of three individual forces [32]:

Fa ¼ Fz þ Fp þ Ff (7)

The force Fz is the axial force component which is initiated in the tube wall and
maintains, together with the action of the internal pressure, the plastic flow of the
tube wall. Fp is the minimum sealing force according to Eqn (5). The force Ff is
the frictional force that must be overcome throughout the forming process due to
the contact between the tube ends with the hydroforming tool.

For practical use, the required force Fz can be estimated by:

Fz ¼
�
1:2sUTS þ pi

�
pt0ðd0 � t0Þ (8)

with the initial tube dimensions d0 and t0 and the ultimate tensile strength sUTS.
When Coulomb’s frictional behavior is taken as a basis, the following correlation

to determine the friction force Ff in practical cases can be used:

Ff ¼ mpid0plf (9)

with the coefficient of friction m, the tube diameter d0 in the feeding zone, and the
length lf where frictional movement occurs.
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The maximum values for the axial force and the internal pressure are commonly
applied at the end of the forming process when the workpiece is calibrated with an
increase in the internal pressure up to the magnitude of the calibration pressure pk.
Component-specific correlations to determine the axial force have been derived, for
example in Ref. [19] for the hydroforming of rotationally symmetrical components
and in Ref. [26] for the forming of T-shaped parts.

The occurrence of failures limits the applicable forming loads Fa and pi and
with this the feasible workpiece geometries produced by hydroforming processes.
These instabilities are predominantly local necking and bursting of the workpiece
wall, local or extensive wrinkling of the workpiece, and buckling of the initial
tube [6].

Necking is caused by a locally exceeded formability of the workpiece material
and introduces the bursting of the hydroformed workpiece. To predict the internal
pressure pb at the moment of the bursting of straight tubes within the state of free
expansion, the correlation investigated in Ref. [19]:

pb ¼ sUTS
2t0

d0 � t0
(10)

has shown to be applicable for conventional tube hydroforming. Regarding the
expansion of straight tubes, the bursting pressure pb should not be exceeded within
a hydroforming process as long as the tube is not in contact with the surrounding die
cavity. Only if large areas of the expanded tube received alignment to the die cavity,
can internal pressure be increased beyond pb. Bursting and preceding necking pre-
dominantly occur within the area of largest expansion. In general, an increase in
axial force Fa, within certain limits, raises the feasible expansion until necking
and bursting are induced due to the resulting increase of axial compressive stress
within the tube wall [6,19,24,25]. However, it has to be taken into consideration
that long feeding sections and bent workpiece areas, where workpiece material
has to be transported by the axial force into the area to be expanded, impede
the material flow due to friction forces and additional bending forces [32]. In the
case of complex-shaped components with varying cross-sections along the
workpiece axis, bursting induced by necking predominantly occurs within the areas
of cross-section corners. In addition to the influences from the process control and
hydroformed component geometry, the occurrence of necking and bursting can
also be induced by the properties of the applied semifinished product which result
from their manufacturing process. Welding seams at longitudinally welded tubes
or extruded profiles can be the starting points of these failures, for example.

Wrinkling of the component wall results predominantly from excessive axial
load. Due to this possible failure case, the applicable axial stress to reduce the
decrease in wall thickness during the hydroforming process is limited. An adapted
control of axial force and internal pressure has to be applied to avoid this instability.
Wrinkles in the longitudinal direction of the workpiece can be caused during closing
of the hydroforming tool when improper dimensions for the semifinished product or
for the preformed component geometry have been selected.
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In cases of comparatively long free-tube length, unsupported by surrounding tool
surfaces, buckling of the workpiece can occur due to an excessive axial load. Also
here, the application of an adequate control of axial load and internal pressure is
required to avoid this failure case. In [33], an iterative method is presented to deter-
mine suitable load paths for the hydroforming of rotationally symmetrical work-
pieces with a maximum of compressive stress, derived on the basis of the
determination of buckling with plastic material behavior.

The geometric parameters of the initial tube, the workpiece, and the tool as well
as the tube material properties and friction conditions influence the range of failure-
free process controls for the forming loads Fa and pi. Figure 10 shows schematically
the range for feasible process controls for a hydroforming process limited by the
occurrence of instabilities, the initiation of yield of the workpiece, and the minimum
required force to seal the tube, according to investigations reported in [19].

In [34] and [35], examples of achievable workpiece geometries within the here-
discussed forming limits, considering comparatively satisfying formability of the
component material and reliable and economic production, have been presented
for conventional hydroforming.

DESIGN CONSIDERATIONS AND POTENTIAL APPLICATIONS
OF MICRO-HYDROFORMING
Attributes which micro-components should have to be appropriate for a hydroform-
ing production consist of the following:

1. a tubular shape with hollow cross sections;
2. changes in circumferences along the axis which are below the limits of possible

expansion;
3. material properties which provide a reasonable formability;
4. a geometry which enables smooth die cavities with large corner radii to be

formed by the hydroforming process to avoid uneconomic high internal pres-
sures and high stresses within the tool elements;

FIGURE 10

Range of feasible process controls (schematic).
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5. an adequate ratio of wall thickness to tube diameter t0/d0 between 0.05 and 0.16
to ensure an economic amount of necessary internal pressure and to enable
handling of the workpieces free of damage; and

6. comparatively rough tolerances demanded for inner dimensions [16].

For materials with a comparatively good formability, an expansion of 10% in
circumference is feasible without an axial feeding of material and up to 30% is to
be expected when axial forces are applicable to the component ends. However, cor-
responding to forming limits in conventional hydroforming [7], expansions within
prebent tube sections should be avoided.

Micro-hydroforming offers the potential for the production of a wide range of
products from the fields of medical engineering (e.g., needles and micro-tubes for
drug delivery, micro-pipettes, tubular parts for endoscopes, elements for surgical
tools or implants), micro-fluidics (e.g., components for micro-fluidic chips, elements
for micro-dosage or pipe connections and housings), and micro-mechatronics (e.g.,
shafts and elements for micro-actuators, components for micro-sensors or connec-
tion pins). However, certain design changes of such products with an adaptation
to the micro-hydroforming process will be required to enable a failure-free and reli-
able production by hydroforming.

TOOLS AND MACHINES
In addition to the applied process parameters and the quality of the tubular blanks
used, the final quality of the hydroformed components is decisively influenced by
the design of the hydroforming tool and the hydroforming machine. Also, produc-
tion parameters such as cycle time, production reliability, equipment availability,
and production costs depend on their design.

One important difference between hydroforming and other forming processes is
the comparatively high level of loads acting on the tooling due to the closing force Fc

and the internal pressure pi. The minimum closing force which is required
throughout the forming process to ensure that the hydroforming tool remains closed
can be determined as follows:

Fc ¼ piAp (11)

with the projected component surface Ap perpendicular to the closing direction, and
the applied internal pressure pi.

The acting loads generate elastic deformation of the tool elements which
crucially influences part quality and tool lifetime. Figure 11 presents a schematic
drawing and an example of hydroforming tooling for mass production with its essen-
tial components. The tool inserts, which contain the die cavity, are in general made
of heat-treated tool steel to ensure a sufficient lifetime and wear resistance of these
elements. The stresses within die inserts, resulting from the acting loads, are essen-
tially influenced by the size of the corner radii of the die cavity, the positioning of the
joint face between the top and bottom die, which determines the depth of the die
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cavity, and the surface quality of the die cavity [7]. On principle, the design of die
inserts with deep cavities, small corner radii, and rough surfaces should be avoided.
Due to these factors, the stresses within the inserts increase and, if a critical stress
state is exceeded, fracture after a low number of cycles is the consequence. When
positioning the joint face in the course of the tool design, it has to be taken into
consideration that: (1) the initial component is able to be inserted into the bottom
die without problems; (2) no undercuts exist within the die cavity; and (3) the hydro-
formed component is able to be removed failure free from the die cavity.

Die cavity deflections in micro-hydroforming processes can be reduced by super-
imposing bending stresses, as presented in Ref. [36]. Finite element simulations with
systematic variation of closing force and tool parameters, which determine the
amount of superimposed bending, were carried out to investigate their influence on
die cavity deflection. The simulations were conducted on a cylindrical expanded
shape. A tool cross section was selected representing a die cavity with diameter of
d ¼ 1040 mm, and an internal pressure of pi ¼ 4000 bar was applied. Without appli-
cation of bending stresses (a ¼ 0), the die cavity expands in horizontal direction (dx)
as well as in vertical direction (dy) and cannot be kept constant to the nominal size of
1040 mm. The superimposition of bending deformation (a ¼ 20 mm) enables to keep
the die cavity closer to the nominal size in horizontal as well as in vertical direction as
to be seen from Figure 12. However, the closing force Fc and the joint face width b
have to be adapted to the selected amount of bending [36].

In general, part handling in automated conventional hydroforming production
processes is done by robots equipped with grippers for the insertion of the initial
tube into the tooling and to remove the hydroformed part from the tooling. Both ac-
tions, insertion and removal, are in most cases supported by so-called ejectors which
are integrated into the top and bottom hydroforming tool halves [37]. These ejectors
can be lifted and moved inward when the initial tube is inserted and they can be
lifted to eject the part. Through lifting the part, a space is opened for the grippers
to reach the workpiece. The disadvantages of ejectors are that they produce markings
on the workpiece and that they reduce the stiffness of the tooling due to the neces-
sary cutouts within the die in which to place the necessary drives. Additionally,

FIGURE 11

General design of micro-hydroforming tools.
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micro-hydroforming tools often allow a limited space for the integration of ejectors.
Alternative concepts for efficient part removal for micro-hydroforming can consist
in grippers, which take the component at its ends out the tooling while the tool is set
in vibration to reduce the friction between the tool and the component and, with this,
the forces for removal.

Adjusting plates, covering the contact areas between the basic tool blocks and the
integrated tool inserts, serve to adjust the correct position of the die insert elements
relative to each other and to the axis of the sealing punches. The basic tool blocks are
commonly made of heat-treatable steel with a strength that is lesser in comparison to
the strength of the tool insert.

Figure 13 shows examples of several design principles for the sealing of tubes
during hydroforming from conventional practical applications and research works.
In general, axial sealing punches are made from hardened tool steel. Punches work-
ing with rubber elements (Figures 13(c) and (d)) have shown an insufficient wear
resistance in practical use for series production. Conical punches, as presented in
Figure 13(b), show good behavior regarding sealing and wear resistance but do
not enable the axial feeding of tube material into the die cavity. A suitable punch
design proved in a practical series production is represented in Figure 13(a).
Here, the sealing occurs mainly due to a sharp corner surrounding the contact
area between the punch and the tube end. When the punch comes into contact
with the tube end, this corner is pressed into the tube front and thereby creates
the sealing. A general problem of axial sealing punches is their reduced durability
due to the high level of stresses generated by the applied loads. The lifetime is
mainly influenced by the level of loads, the tool material used, the surface roughness
of the punch, the size of corner radii at the punch in critical areas, the size of the bore
to feed the pressurizing media into the tube, and by additional bending moments

FIGURE 12

FE-simulation results of die cavity deformation analysis (according to [10,36]).
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acting on the punch which can result from elastic tool deflection caused by the clos-
ing force.

The hydroforming tool is mounted on the hydroforming machine, which per-
forms the required actions and movements to conduct the forming process. The
main tasks of this machine are

1. to open and close the tool for part insertion and removal;
2. to provide the required closing force Fc during the forming process;
3. to close the component ends using the axial sealing punches;
4. to fill the component with the pressurizing media;
5. to apply the internal pressure pi according to a specified pressureetime curve;
6. to move the component ends for material transport by means of the axial

sealing punches by applying the force Fa according to a specified strokeetime
curve; and

7. to communicate with the handling system for component handling.

According to the tasks to be executed, hydroforming machines consist of corre-
sponding subassemblies, as shown schematically in Figure 14. The predominant part
of these subassemblies is mounted on the press frame, which has to provide suffi-
cient stiffness against the loads to resist deformation and displacement of the struc-
ture and an adequate accessibility for part handling and die changing.

The opening and closing of the tool as well as the application of the closing force
is, in general, conducted by one single drive. The requirements of this drive are a
sufficiently high translational speed to enable short production times and enough
force to close the hydroforming tool. It is recommended to synchronize the level
of the required closing force with the currently applied internal pressure. This con-
trol strategy reduces tool deflection and improves with this the quality of the compo-
nent produced. Hence, precision for force control of the drive is expected to be
comparatively high, whereas precision of stroke control is secondary. When select-
ing a suitable drive, it has to be taken into consideration that the maximum force is

FIGURE 13

Sealing principles, (a) end-face contact, (b) conical punch, (c) elastomer ring,

(d) prestressed elastomer.
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applied without movement. Under these conditions, hydraulic cylinders are suitable
for use as drives. Additionally, the overall stroke of the drive should be able to afford
sufficient space for comfortable and fast tool changing and part handling. It should
be mentioned here that for conventional hydroforming applications also, machine
concepts exist which use one drive for a fast movement of the top die and a second
drive with short stroke to apply the closing force [1].

The internal pressure pi is applied by a pressure intensifier which is integrated into
the high pressure system, consisting of valves, piping, equipment for media supply
and maintenance such as filters and tanks, and the pressurizing medium. Due to the
reduced volume of hydroformed micro-components, the required volume flow of
the intensifier is comparatively small. However, depending on the component to be
formed and its material, the required pressure is reasonably high. Pressure intensifiers
can be driven mechanically, e.g., a spindle-driven plunger with an electric motor, by
hydraulic power or by air pressure. The systems differ in minimum and maximum
provided volume flow, achievable maximum pressure, and control accuracy.

Regarding the applied pressurizing media, predominantly water/oil emulsions,
solutions based on water and in a few cases pure oil are in use as the pressurizing
media. The applied water/oil emulsions and the solutions consist, in general, of
about 95e98% water. The water-based systems have the advantage of a negligible
compressive behavior whereas oil shows comparatively high compression under
high pressure, which can influence the process control. Solutions show an improved
resistance against micro-organisms in comparison to emulsions. Pure oil provides
immunity against micro-organisms and good corrosion protection. Additionally, a
crucial criterion for the decision of a suitable pressurizing medium is the pressure
loss of the fluent liquid medium under increased pressure flowing through narrow
bores, as is necessary for micro-hydroforming when providing the medium through
the axial sealing punch into the workpiece [38]. In general, liquids with higher vis-
cosity show an increased pressure loss.

The primary function of the axial driving system is the axial movement of the
sealing punches toward the tube ends to ensure leakage-free sealing of the

FIGURE 14

Elements and functions of the hydroforming machines.
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pressurized tube during the hydroforming process. The secondary function com-
prises the axial feeding of the tube material into the die cavity during the forming
process to enable an extended formability of the tube. For example, linear actuators
with a gear spindle can be used to drive the sealing punches. Hydraulic drives, as
used in common hydroforming processes, generally deliver unnecessarily high
levels of load for micro-hydroforming processes.

The control systems of industrial used hydroforming machines are based on con-
ventional programmable logic controller systems, customary for press controls.
Common sensors are used for measuring the strokes, speeds, and forces of all
axes, and for measuring the pressures of the hydraulic system and the forming
high pressure.

Figure 15 shows as an example a prototype micro-hydroforming press which was
designed for investigations into the mass production of micro-components. This
machine enables the micro-hydroforming of components with cross-sectional di-
mensions between 0.2 and 1 mm. It is equipped with a spindle-driven pressure inten-
sifier which enables the application of up to 4000 bar internal pressure, the closing
force being realized by a hydraulic drive, and the axial punches being moved by
linear actuators with spindle gears. The investigation into this prototype machine
served for the development of the first serial production micro-hydroforming
machines [21].

CONCLUSIONS
Micro-hydroforming is a new manufacturing method for the mass production of
tubular complex-shaped metal micro-components with integrated structures. It is
based on the forming of initial tubes by internal pressurization with a liquid medium.
Potential applications concern the production of corresponding components for

FIGURE 15

Micro-hydroforming prototype machine.
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medical devices, micro-fluidic and micro-mechatronic technology. Important advan-
tages of micro-hydroforming consist in the possibility to generate complex geome-
tries with reduced effort in machining and joining operations as well as in process
time, compared to methods used until now for the manufacture of such components.
As micro-hydroforming is characterized by comparatively high forming loads and
pressures, the application of this forming technology implies an enhanced knowl-
edge of an adequate process design to obtain economic and reliable production.
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INTRODUCTION
Forming is one of the basic production technologies, and due to the potential and
the low costs of the process, is widely spread in industrial applications. Neverthe-
less, there are specific limitations regarding the workpiece materials and the
maximum strain within the forming operation. Brittle and high-strength
materials cannot be accommodated without high process complexity or low prod-
uct quality.

By heating the used materials prior to the forming process, with the correspond-
ing change of their material properties, these drawbacks can be eliminated.

The use of laser radiation as the heat source enables short heating times, due to
the associated high energy density. In addition, there are other advantages such as
contactless heating, good focus ability, and good controllability. Lasers are, there-
fore, becoming a promising alternative to existing technologies such as induction
or conductive heating.

In principle, every forming technique can be enhanced by laser technology. The
basics for its integration and some exemplified processes are described in the
following sections.

CHAPTER

Micromanufacturing Engineering and Technology. http://dx.doi.org/10.1016/B978-0-323-31149-6.00015-3

Copyright © 2015, 2010 Yi Qin. Published by Elsevier Inc. All rights reserved.
347

http://dx.doi.org/10.1016/B978-0-323-31149-6.00015-3


SYSTEM TECHNOLOGY
Heating of the workpiece can be achieved by different methods: conductive through
the contact of a heated tool, convective within a convection oven, or inductive by
swirling currents generated in the material.

Preprocess heating of the workpiece outside of the tool leads to an increase of
temperature within the whole part. Temperature gradients are not adjustable;
therefore, local heating of selected areas of the part is not possible. Heating of
micro-components is difficult due to their low mass. This low heat capacity leads
to a cooling down after the transport into and the contact with the tool.

The disadvantage of methods based on heat convection is the bad controlla-
bility of the forming temperature and the resulting long cycle times. Similarly
to the preheating method, the heating of local areas of the workpiece is not
possible.

By using a laser as the heat source, the induced energy and the resulting temper-
atures can be easily controlled by laser power. Heating of selected areas is possible
by forming the laser beam. The high energy density of the radiation and the direct
absorption enable short cycle times. Therefore, a laser is a promising tool to achieve
the potential of micro-forming at elevated temperatures.

The laser system causes the main additional cost in comparison to the cost of
conventional machinery. Due to its low price in comparison with that of other laser
systems, a diode laser is often favored, but there are also other effective systems such
as fiber lasers. If absorption within transparent workpieces is intended, the wave-
length of the laser has to be adapted.

The machinery used for laser-assisted processes is based on conventional form-
ing machines. The system is then, beside the laser itself, enhanced with components
for the integration and control of the laser. One basic additional element is an optical
system which is placed inside the tool. Adapted to a fiber that connects the laser with
this system, it guides the radiation through the forming tool onto the surface of the
workpiece to be heated. If necessary, the shape of the radiation can be adapted to the
geometry of the workpiece.

Figure 1 presents a schematic drawing of an exemplified configuration.
The laser radiation is first collimated and then reflected on a dichroic mirror

through a focal lens toward the sheet metal surface.
By means of an additional camera, which is arranged coaxially with the optical

path, the position of the laser radiation can be displayed on a monitor. This enables
an easy adjustment of the tool to the optical system and the possibility of process
monitoring.

Knowledge of, and the possibility to control, the process temperatures arising is
important for reproducible and accurate process results. Additional sensors can be
used such as thermocouples or pyrometers to detect these temperatures and, if neces-
sary, to submit them to a controller. The value of a pyrometer depends on the emit-
tance of the material and its surface properties. Therefore, it is necessary to “teach”
the system before using new materials.
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Filtering is necessary to divide the radiation into the wavelengths that are impor-
tant for the corresponding detectors: while the camera requires wavelengths in the
visible range, the pyrometer detects a range just above 1 mm.

If a metal is used as the workpiece material, a circular shape of the laser focus
leads to a nonuniform temperature distribution. Hot spots are generated in the mid-
dle of the area to be heated, whereas the border area remains cold due to the high
thermal conductivity of metals. By using an axicon within the beam bath, this draw-
back can be substantially eliminated.

An axicon is a rotationally symmetric optical element, which consists of a cylin-
drical part and a cone, as shown in Figure 2. The axicon creates an annulus as the
focus geometry. As a result, a more homogeneous temperature distribution can be
achieved. Depending on the angle of the axicon and the focal lengths of the lenses
used, the ring diameter can vary.

In addition to the optical system, the forming tool also has to be adapted, in such a
way that the radiation can be guided onto the workpiece or the punch, depending on
the workpiece material. For stamping operations, the radiation can be easily guided

FIGURE 1

Example of an optical path.
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FIGURE 2

An axicon.
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through the tool matrix. No additional elements are necessary, but it is important to
remove the punched parts from the optical path at the end of the operation. Other
forming processes require “tool windows.” These can be made of sapphire or fused
silica which are both, on the one hand, hard enough for the occurring process forces
and, on the other hand, transparent for the laser radiation (as long as it is not in the
infrared range). Through a breakout in the tool frame, the laser radiation is trans-
mitted through the sapphire/glass onto the workpiece or the punch.

All devicesdthe laser and the pressdare controlled by software, which controls
the laser depending on the position of the punch relative to the tool and the required
temperature, and switches it off after a defined distance or time has been reached.

In order to obtain short heating times and to maintain a constant temperature, a
temperature controller can be used. The controller compares the signal of a thermal
sensor with the demanded temperature and determines an according value for the
laser system.

PROCESSES
STAMPING
Stamping is a well-established process, which enables the production of sheet metal
or plastic parts in very short cycle times (up to 40 parts per second). In addition, the
production of precise and complicated contours is possible. The process is charac-
terized by a high material utilization [1].

The main components of a stamping tool usually consist of the punch and the
female die (the matrix), sometimes with an additional pressure pad to build up
compressive strength in the workpiece. The cutting forces are transferred from the
surface of the punch and the female die to the sheet metal, which leads to an elastic
deformation. With increasing force the deformation resistance is overcome and the
elastic limit of the material is reached, whereupon the punch penetrates into the sheet
metal [2]. This plastic deformation without separation leads to the rounded edges at
the material surface [1]. Due to the plastic deformation in the cutting direction, the
material yields in lesser loaded areas and leads to rollover. With increasing punch
displacement, the rollover passes into a smooth shearing zone. Within zones of
high material stressing, cracks appear. This leads to cleavage fracture and the crea-
tion of the fracture zone [2].

Figure 3 shows the three phases of the stamping process [3].
The process, the workpiece material, and the production accuracy of the tool are

crucial for the quality of the stamped part. While a high shearing zone is intended,
different defects occur on nearly every part. Figure 4 shows the different defects of
the cut edge.

The height of the rollover depends on the cutting clearance and the yield-stress
ratio. This ratio is defined as the quotient of the yield stress and the tensile strength.
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The rollover increases with increasing cutting clearance and yield-stress ratio. More-
over, increase in cutting clearance also affects the fracture zone.

The height of the burr, an indication of the manufacturing quality, depends on the
properties of the workpiece material. Whereas ductile materials, due to their form-
ability, create a high burr and it is smaller on brittle materials [3]. Figure 5 shows the
active tool parts for the stamping operation of gearwheels.

Depending on the temperature of the metal workpiece, the processes are divided
into cold, warm, and hot forming. Cold forming takes place at ambient temperature.
During the process, the mechanical properties of the workpiece materials change
with the strength being most affected. The formability decreases, while the forming
resistance increases, with a reduced cross section.

Within the hot-forming processes, the temperature of the workpiece is above the
recrystallization temperature, which is estimated to be around 40e50% of the

FIGURE 3

Process sequence.

FIGURE 4

Defects of the cut edge.
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melting temperature [4] according to the Tamman rule. Hereby, the formability can
be increased, whereas the required forming forces are lower.

The process of warm forming takes place at temperatures close to the recrystal-
lization temperature but always below that point. In this region, even small increase
in the temperature leads to a significant reduction of the yield strength within the
material [5]. The mobility of defects in the crystal lattice and the amount of crystal
regeneration will be increased at higher temperatures. This will cause a reduction of
the defect density and thus a reduction of strain hardening. In comparison to recrys-
tallization, the size and position of the crystallites will remain unchanged.

The influence of different forming temperatures on the material properties is
shown in Figure 6. The yield stress and maximum strain are displayed for room
and elevated temperatures. This points out that greater working temperatures ease
plastic forming by reducing the yield stress. The reduction of the yield stress can
be explained with the oscillation of atom crystals. The possibility to move is con-
stricted at room temperature but increases at elevated temperatures until the melting
point is reached [6].

Hot forming enables processes to be carried out that cannot be implemented at
room temperature. Nevertheless, it is not an entirely satisfactory alternative to
cold forming due to its disadvantages: e.g., bad surface quality, inaccuracy in size,
and high tool loading because of the high temperatures. Since the whole tool is
heated and not just the forming zone, the whole component is thermally loaded [7].

Warm forming uses the potentials of both the cold- and the hot-forming pro-
cesses. These potentials are the constant strain hardening and good surface quality
of cold forming and the low process forces and the high formability of hot forming
[8]. High-alloyed steels are then plastically formable with constant quality and high
accuracy in size.

As an example, the magnesium alloy AZ31 (MgAl3Zn; 3.5312) is chosen as the
test material. The main alloying additions are aluminum and zinc. Due to their

FIGURE 5

Active tool elements (manufactured by Fraunhofer IPK).
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addition, the tensile strength and hardness are increased. However, the increased
micro-porosity is disadvantageous [9] for forming operations.

Due to the hexagonal arrangement of the crystals of magnesium, the formability
at room temperature is very low. Above 225 �C the formability increases through the
activation of additional gliding planes [10,11]. Due to the hexagonal closed packed
crystal structure, magnesium alloy sheets exhibit a low ductility and formability at
room temperature, because only the basal plane can move [13].

The measured forceedisplacement curves confirm the influence of the elevated
workpiece temperatures. The maximum punching force can be reduced by 30%
(Figure 7).

Figure 8 shows two pictures made by a scanning electron microscope. The qual-
ity of both parts can be assessed concerning defects of form. The cold-formed part
has significant defects. Many teeth are roughly removed, rather than smoothly
sheared. The burr and the large fracture zones are indicators of bad quality. The
warm-formed gearwheel has nearly no burr and fracture zones, but has a high
shearing ratio.

EMBOSSING
Conventional technologies for the manufacturing of micro-structured components
with geometries below 100 mm are injection molding and hot embossing. Both
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technologies are mainly limited to polymer materials and require long cycle times
due to different temperatures during forming and mold release. These drawbacks
can be eliminated by laser-assisted hot embossing, where high-energy-density laser
radiation is used for a selective and fast heating of the tool and the workpiece. Using
controlled irradiation of the tool surface, a tool temperature of more than 500 �C can
be achieved within seconds. At this temperature, even glass and metals can be struc-
tured with this technology. In comparison to other heating technologies such as in-
duction heating, laser-assisted embossing enables the use of tool materials with low
thermal and electrical conductivity such as ceramics.

In the use of transparent workpiece materials such as glass or polymers, the laser
radiation heats the structured die, which, after achieving the required temperature, is
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Force path.

FIGURE 8
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then pressed onto the workpiece and heats it via heat conduction. In the case of non-
transparent workpiece materials such as metals, the radiation is directly absorbed
within the workpiece. The cold die then penetrates into the heated metal workpiece.
With this technology, micro-structures from 200 nm to several tens of micrometers
can be created at cycle times of below 1 min. The process sequence for transparent
materials is shown in Figure 9.

The laser radiation is guided onto the structured surface of the punch. Trans-
parent tool inserts, integrated into the lower tool part, enable the radiation to directly
access through the tool onto the die.

The workpiece is heated to the forming temperature, which is between the glass
transition temperature and the melting point. The tool then applies pressure on, and
penetrates into, the workpiece. During the holding time, the material yields to the
punch structure. The de-embossing phase is the most critical during the process:
the structures are often destroyed in this phase due to tearing or overstretching. After
the laser is switched off, the punch cools down again to below the heat transition
temperature. Since only the structured face side is heated, the cooling phase is
shorter in comparison to that for conventional technologies.

The advantages of laser-assisted hot embossing can be summarized as follows:

1. Tooling materials are independent of thermal or electrical conductivity;
2. Short heating times due to high energy density of laser radiation;
3. Short cooling times by heating the near-surface area only;
4. Accurate measurement of the embossing temperature;
5. Selective heating of single areas of the component.

Metals
As an example, the magnesium alloy AZ31 is used. A steplike structure with an edge
length of 100 mm is pressed into the material both at room and elevated temperature.
Figure 10 shows the top of the punch and the resulting metallographic cross sections
of the embossed geometry.

Starting with a force of 5.9 kN, only the top of the geometry can be formed into
the sheet metal. With increasing punch force, the penetration depth also increases.
Even at 15.1 kN it is not possible to reproduce the hole structure in the sheet metal,

FIGURE 9

Process sequence in hot embossing.
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as shown in the middle picture. When the pressing force is increased further, the tool
breaks. By heating the sheet metal with laser radiation, it is possible to reproduce the
structure with just 6.3 kN of applied force. In addition, the rollover that occurred in
the cold-formed part can be avoided. Thus, highly precise parts used for micro-
fluidic applications, for example, can be produced.

Plastics
Amorphous thermoplastics are hard and brittle at room temperature. Above the soft-
ening or the glass transition temperature they transform into a plastic condition in
which they can be formed.

The tooling requirements are low due to the low embossing temperatures of
150e250 �C. Different technologies can be used for tool manufacturing, such as
lithography, whereby structure sizes in the nanometer range can be obtained with
high flexibility regarding the geometry. Figure 11 shows two imprints into acrylic
glass, both embossed with cycle times of below 1 min. The left-hand side picture
has an overall size of 6 � 6 mm. It consists of pins with a structure size of around
15 mm. The picture on the right-hand side has a diameter of 7 mm. The structure
size of 200 nm leads to the colored effects visible on the picture.

Glass
In comparison to plastics, the material glass has a higher optical quality, which is
important for different applications such as camera lenses, sensors, or innovative
lighting systems where aberration has to be avoided. The characteristic properties

6.3 kN / 450°C15.1 kN / 25°C5.9 kN / 25°C

100μm

Material: AZ31

Dimensions
Step-width:  100 μm
Step-height: 100 μm

Punch

FIGURE 10

Hot embossing of magnesium (AZ31).
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of glass are, among others, high mechanical strength and environmental and temper-
ature resistance, as well as joining ability. Due to its hardness and brittleness, this
material is difficult to process. The mass manufacture of precise glass components
is done by blank molding, but it is not possible to manufacture micro-optical func-
tions such as diffractive optical elements on 3D-components with this technology.

Laser-assisted hot embossing is a suitable process for the cost-efficient process-
ing of glass within short cycle times. Tool materials with high-temperature stability
are necessary, which can be carbides, ceramics, or high-alloy high-speed steelda
subset of tool steels, which can withstand higher temperatures without losing its
hardness.

The risk of glass breakage will be increased, if high temperature gradients occur
on the glass surface. In order to reduce the thermal stress, therefore, a plane heat
input is necessary to achieve an even heat distribution. As the glass material
SK57 is used, which is characterized by a low melting point with a transition tem-
perature of Tg ¼ 493 �C. Starting at this temperature, imprints are possible with
heating times of below 1 min.

Figure 12 shows embossed imprints made with this technology with structure
sizes of between 30 and 80 mm.

BONDING OF PLASTIC WITH METAL AND CERAMICdLIFTEC�

The ongoing trend regarding an increased level of integration in many technical
products and the increased use of plastics as construction material is a challenge
for many manufacturers regarding the connection of dissimilar materials, such as
plastics with metals. The requirements for consumer products as well as for tech-
nical components are a flexible joining technique with short cycle times and a broad
field of application.

Until now, the connection of these materials has been performed by gluing,
screwed fastening, or the so-called mold-in technique. Hereby, the properties of

FIGURE 11

Hot embossing of acrylic glass.
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the particular process define the area of application. Clamped or screwed joints
enable a detachable connection while form-closed connections are able to transmit
high power free of clearance. Gluing is applied for large areas. A complex prepara-
tion of the components is necessary for all mechanical connections. The most
commonly used connection technique for plastics with metal is the mold-in tech-
nique during injection molding. The mechanical component is placed in an adapted
tool prior to the injection molding process. An optimal process result requires tight
tolerances of the tool and high precision components. The part handling is difficult.
A subsequent joint of plastic with metal is not possible.

A process for a subsequent joint is the so-called postmolding technology, which
is mainly used for thread inserts which are heated by induction and then pressed into
the plastic component. However, the whole components may be heated, and ce-
ramics cannot be processed. The positioning of the inductor is often difficult and
the heat input not sufficient for small structure sizes.

Figure 13 displays a comparison of LIFTEC� with other joining techniques.
LIFTEC�dan acronym for “laser-induced fusion technology”dis a newly

developed process. It is based on every thermoplastic being transparent or at least
translucent in the unpigmented state. Based on this fact, a metal or ceramic compo-
nent or a part of it is heated with laser radiation through the plastic part. The compo-
nent is pressed onto the plastic part and heats this by heat conduction. After reaching
sufficient plasticity the component penetrates into the plastic part. By choosing an
appropriate geometry, a form-closed connection can be obtained. This can be, for
example, a bump, a drilling, or a groove. The material displaced upward leads to un-
wanted bulging on the surface of the part. This can be eliminated or at least reduced
by an additional cavity or by drilling within the part, where the plastic can yield.

An inevitable element of this technology is a componentwith a highermelting point
in comparison to the plastic join partner. Possible materials are mainly metals and ce-
ramics, but can also be a temperature-resistant plastic such as Teflon or even wood.

FIGURE 12

Hot embossing of glass (SK57).
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Advantages of the technique are as follows:

1. Short cycle times
2. High mechanical strength
3. Nonloosening connection, free from backlash
4. Low requirements regarding tolerances and positioning accuracy
5. No pre- or postprocessing necessary
6. Postprocess assembly
7. Synergy effects by material combination

Figure 14 shows the sequence of this process:

1. Positioning and applying pressure;
2. Heating the metal part through the plastic component with laser radiation;
3. Penetration into the plastic component after exceeding the glass transition

temperature;
4. Cooling down and the creation of positive locking.

When plastics are used that are not transparent for the laser radiation, the process
can be adapted in the way that the radiation does not transmit through the plastic
part, but is guided laterally to the component, as shown in Figure 15:

Heating with laser radiation is, in comparison to heating concepts already in use,
quasi-independent of the heat conductivity and the electrical conductivity of the ma-
terial used. This means that, in addition to metal, ceramic materials can also be
joined with plastics. The combination of the properties of these hybrid components

FIGURE 14

Process sequence.
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offers high mechanical strength, resistance to wear, high-temperature stability with,
at the same time, reduced weight, and variable shape forming.

Due to the high energy density of laser radiation, quick heating is possible. If
necessary, selected regions alone can be heated to limit the total amount of absorbed
energy. The temperature of the part can be measured by a pyrometer to control the
accurate joining temperature, dependent on the materials and geometries used. Thus,
a stress-minimized insertion of the components is possible and damaging overheat-
ing does not occur.

The high laser intensities lead to a phase change in the irradiated region. In terms
of heating and micro-structure formation, the process is almost the same for welding
but with slight differences. Laser forming and embossing requires a shallow depth of
phase change at the surface while laser welding requires deep penetration into the
substrate material. The irradiated surface undergoes soled heating and melding fol-
lowed by solidification in the forming process [12].

Transparent plates made of sapphire or fused quartz integrated into the tool
enable the irradiation within the closed tool directly onto the surface of the metal
even during the forming operation.

An essential process parameter is the joining temperature. When too high tem-
peratures are applied, bubbling and discoloration occur. If the temperature is too
low, cracks open due to high induced stress.

To reduce the cycle time, a peripheral software control for regulation of the power
output is used, which allows reducing the heating time by a time-dependent power
modulation.

A high power output is applied to reach the intended temperature, then the power
is reduced to keep the temperature constant. An example of a temperatureetime
curve is shown in Figure 16.

In the present case, there is a heating period of 4 s at 25 Watts to achieve a tem-
perature of 135 �C. Afterward, the laser power is reduced to 16.5 Watts.

FIGURE 15

Alternative irradiation strategy for nontransparent plastics.
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Plastic components can easily be formed, which thereby enables many design
possibilities. Low density and chemical resistance are additional reasons for the
increased application of this material. On the other hand, the high strength is a char-
acteristic and important advantage of metals and ceramics. The combination of the
materials results in the combination of their positive properties.

Principle fields of applications are anywhere, where this combination of proper-
ties is reasonable. For example, these are listed as follows:

1. Joining of rimless plastic eyeglasses with the arm. Beside higher strength of
the bond and the security against loosening, new designs are possible. No
pre- or postprocessing such as predrilling for screwed connections is
necessary.

2. Joining of plastic windows with metal frames with high leak tightness.
3. Metallic pins at heavily and often loaded hinges in plastic components, e.g., cell

phones. Beside having improved durability, the joint also ensures higher
product quality.

4. Mounting of plastic components on metal components.
5. Plastic components with metallic inserts. The mechanical load can be absorbed

by the mechanical part to reinforce the compound.

The main considerations of the process are as follows:

1. Accessibility of the laser radiation to the component to be heated
2. Different temperature stability of both components
3. Maximum size of the components
4. Geometry with positive locking

The following table shows some exemplified bonds:
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Reduction of heating time by modulation of laser power.
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Metallic thread insert
• Material: Steel, PMMA
• Thickness of plastic
plate: 10 mm

• Screw diameter: M4
• Form closure by a bump

Plastic–ceramic bond
• Material: ZrO2; PMMA
• Thickness of plastic plate: 10 mm
• Diameter of cylinder: 8 mm
• Form closure by surface
roughness

• Additional drilling to avoid throw-
offs

Plastic–plastic bond
• Material: Teflon, PMMA
• Thickness of plastic
plate: 10 mm

• Diameter of cylinder:
10 mm

• Form closure by a
groove

Plastic–Silicon bond
• material: Silicon; PMMA/PC
• Thickness of plastic plate: 3 mm
• Diameter of silicon plate: 7 mm
• Thickness of silicon plate: 0.3 mm
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CONCLUSIONS
Warm forming with laser radiation is a promising technique to enable new processes
or enlarge the processing limits of conventional processes. In comparison to other
production technologies like lithography, no additional operations are necessary.
Elevated temperatures of the workpiece material lead to a reduction of the yield stress
and an increase of the forming ability. Laser radiation can be utilized as a selective
heat source for fast and accurate heating of the workpiece. The demand toward repro-
ducible and high-quality process results requires the accurate measurement of occur-
ring temperatures during the forming operation, which can be achieved by the
employment of a pyrometer. The system technology, the process basics as well as
exemplified applications have been shown for the processes stamping, hot emboss-
ing, and LIFTEC.
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INTRODUCTION
Several micro-fabrication technologies are available at the present time and are used
to fabricate micro-components and systems. The most successful micro-machining
technologies have been developed as extensions of standard IC and micro-
electronics planar silicon-based processing. Others are based on advanced precision
engineering and laser structuring. However, individual technologies including Si
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micro-machining or laser structuring are far from being sufficient to fulfill the needs
of the variety of problems posed by:

• the great variety of functions of most of the devices to be made,
• the specificity of surroundings in which they will operate,
• the optimum cost/performance ratio for the targeted application.

Interest in a number of non-Si-based machining methods stems from major
deficiencies of IC-based machining techniques:

• the need for using application-specific materials to optimize the functions and
performance of various devices,

• the need to reduce cost by choosing low-cost materials,
• the difficulty in constructing truly 3D objects with planar-based processing,

which continues to be a challenge.

Precision and ultraprecision mechanical, electro discharge, LIGA-based, and
laser-based, micro-machining techniques, to mention the most current, are such
alternative techniques, each with their specific application domains and relative
merits. LIGA-based processing, a sequence of micro-fabrication steps combining
a step of deep X-ray lithography (DXRL), also called by some authors deep etch
X-ray lithography, and subsequent additive processing of plating-through-mask
and molding, has moved from an emerging micro-fabrication technology to become
a well-established nonsilicon alternative micro-fabrication technology for micro-
electromechanical systems (MEMS). The LIGA technology provides unique advan-
tages over other manufacturing methods in the fabrication of microstructures.
LIGA-based technologies are used and are being further developed in a number
of R & D institutes around the world. Spin-off companies and commercial
companies have also evolved around large-scale synchrotron facilities.

The LIGA technology has been developed over the rather long time span of two
decades [1e6]. During this time, other high aspect ratio technologies such as UV
photolithography in thick resist such as SU-8, often referred to as UVeLIGA,
and deep reactive ion etching of silicon have evolved also and challenge LIGA
successfully in some specific application areas. For planning the role of LIGA in
future manufacturing, a review of potential applications may serve as a useful basis.
The basic LIGA process and some aspects of the process are recalled here to illus-
trate its strengths and discuss its challenges.

LIGA PROCESS AND STRENGTHS
BASIC PROCESS
The basic LIGA process is described in Figure 1. In the first step of the LIGA pro-
cess, an X-ray sensitive polymer (resist) layer of up to several millimeters thickness
is coated onto a conductive or nonconductive substrate. Typically, polymethylme-
thacrylate (PMMA) is used as positive resist and an epoxy-based resist like SU-8
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[7e10] as negative resist. A pattern from a mask is therefore transferred into the
thick resist layer via a 1:1 shadow proximity printing scheme using hard X-rays
from a synchrotron radiation source. After exposure, selective dissolution of the
chemically modified irradiated parts of the positive resist (or dissolution of the
nonirradiated parts of the negative resist) in a chemical developer results in a poly-
meric relief replica of the mask pattern.

FIGURE 1

Illustration of the basic LIGA process steps.
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Then, depending on the material, number of parts selected for the final product,
accuracy, quality, and price, different fabrication routes can be chosen, which may
include further steps of micro-replication through electroforming and/or a variety
of molding techniques (injection molding, embossing, casting, compression
molding, etc.). The polymeric microstructure can be used as follows:

• simply as it is,
• as a lost mold for the formation of ceramic micro-parts,
• as an electroplating template to generate metallic micro-parts,
• as an electroplating template to produce a metallic master mold, which can then

be used many times to mold cost-effective replicates in other materials, pri-
marily polymers. When producing large numbers of electroplated components,
the molded polymer parts are used as lost molds for a second plating process.

The unique processing feature that enables the manufacture of thick microstruc-
tures characterized by very steep walls and very tight tolerances is the creation of
highly precise resist templates by DXRL using X-ray photons from a synchrotron
radiation source.

LIGA MANUFACTURING STEPS
Resist technology
The resist technology consists of applying a resist onto a substrate. The substrates
which can be used depend on the product to be made (for example, a mold insert),
but they should meet the following criteria:

• a high planarity,
• the substrate and resist should have good adhesion,
• the substrate surface should be conductive if an electroplating step is needed,
• the resist developer should not etch the substrate.

Concerning the resist, a distinction should be made between positive and nega-
tive resist. In the first case, the radiation will damage the polymer by reducing its
molecular weight; the most commonly used is PMMA; the exposed parts becoming
soluble in a developer. In the case of a negative resist, the radiation typically gener-
ates an acid that acts as a catalyst for cross-linking usually activated by a post expo-
sure bake; the irradiated volume being insoluble in a developer; the most commonly
used are different epoxy-based negative resist formulations (one example is the resin
SU-8). In the first case, it is necessary to know the dose to apply to the resist so that it
becomes soluble in the developer; the developer must have negligible influence on
the nonirradiated parts; while in the second case, it is necessary to know the dose to
apply to the resist so that the exposed part becomes insoluble in the developer. Since
a few years (2010), the epoxy-based negative resin has become the resist of choice
for many applications. Its sensitivity compared to PMMA may be two orders of
magnitude higher, and now its performance is reliable and reproducible except for
very thick resists in excess of roughly 800 mm. Furthermore, the epoxy-based
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negative resist removal is not a problem anymore. Basic idea is to use a very high
density downstream of chemical radicals for etching attack to the resist but to sepa-
rate the plasma from the place of the reaction with the cross-linked polymer [11,12].
This way, the etcher operates in a remote mode and bombardment with ions accel-
erated by electromagnetic fields is avoided at all.

Resist deposition
The epoxy-based negative resin is very often spin coated. Experimental results indi-
cate that the coating qualities of SU-8 are affected by several factors, including the
spinning speed, the photoresist viscosity, the initial acceleration, and the duration.
After the resist has been applied to the substrate, it must be soft baked to eliminate
the solvent. Since this is a diffusion process, the bake times increase at least quadrat-
ically with resist thickness. Lamination of dry epoxy-based films has been under
investigation at Centre for Advanced Macromolecular Design (CAMD) [13].

Concerning PMMA, three possibilities depending on the thickness to be depos-
ited exist:

• Gluing: gluing a commercially available PMMA sheet with a glue consisting of
PMMA dissolved in methylmethacrylate (MMA). Prior to gluing, the PMMA
sheet is cut and milled to the desired dimensions. The stress so induced is
removed by annealing under controlled ramping conditions (the max temper-
ature is slightly above the glass transition temperature of the PMMA used). The
positioning of the sheet and the dispersing of the glue can be made using a
robotic dispenser combined with a pick and place machine. This method is
generally used for PMMA thicknesses greater than 100 mm.

• Casting. A resin consisting of PMMA dissolved in MMA is mixed with diben-
zoylperoxide and dimethylaniline, and is applied to the substrate and hardened
under a pressure of 4 bar at room temperature for 4 h; the dispensing can be
effected using a robot dispenser. Subsequently, the resist-coated substrate is
annealed under ramping conditions. This method is generally used for PMMA
thicknesses of less than 100 mm.

• Spin coating: PMMA dissolved in a solvent (for example, anisole) could be spin
coated onto a substrate, which will be baked after to evaporate the solvent and
densify the film.

Irradiation technology
The LIGA technology needs a synchrotron beam line to perform the resist exposi-
tion, a scanner to move the sample, and a computer program to calculate the expo-
sure dose, which defines the deposited dose in the resist.

Synchrotron sourcedscanner
At the heart of a synchrotron (see Figures 2 and 3) is a storage ring: a huge doughnut-
shaped vacuum chamber. Electrons are accelerated and confined to travel around the
storage ring at nearly the speed of light [14e16]. Because the electrons are
constantly changing the direction they are accelerating, and the accelerating
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electrons lose energy in the form of synchrotron light. Synchrotron produces X-rays,
infrared, and ultraviolet light of exceptional quality and brightness: a million times
more intense than that of a hospital X-ray machine! A charged particle constrained to
move in a curved path experiences centripetal acceleration. Due to this acceleration,
the particle radiates energy according to the Maxwell equations. A nonrelativistic
particle emits radiation primarily at its frequency of revolution. However, as the
speed of the particle approaches the speed of light, the radiation pattern is distorted
by relativistic effects and changes to a narrow cone of radiation with angular spread.
The total energy E for a particle of mass at rest m0 moving at velocity v is:

E ¼ g$m0$c
2 (1)

FIGURE 2

Schematic view of a synchrotron.

Soleil.

FIGURE 3

View of the synchrotron ANKA.
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with

g ¼ 1

, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1� v2

c2

�s
(2)

The opening angle D4 of the radiation cone can be expressed, for high values of
g, as:

D4yg�1 (3)

Synchrotron radiation sources produce photons with a continuum of energies,
from the infrared to the X-ray region. The spectral range of photons produced by
electrons (energy EeðGeVÞ) in a bending magnet (radius of curvature: Rb, magnet
field: B(T)) can be characterized with the critical energy Ec, where

Ec ¼ 3$c$g3

2$Rb
(4)

In practical units, the critical photon energy is also given by:

Ec ¼ 0:6650$EeðGeVÞ$BðTÞ (5)

Ec is defined in terms of the spectral power radiated by a relativistic particle: half
of the power spectra is radiated at energies below Ec and the other half at energies
above it. Wiggler (series of magnets designed to periodically horizontally deflect the
charged particle) and undulator (series of magnets designed to periodically verti-
cally deflect the charged particle) are also used to produce synchrotron radiation,
the differences of which are indicated in Figure 4.

Presented in Table 1 is a nonexhaustive list of synchrotrons which possess a
LIGA beam line.

For example, the synchrotron ANKA in Karlsruhe (Germany) is a second-
generation medium-energy source, with an electron beam energy of 2.5 GeV.
The X-rays are sent into the various beam lines (the straight lines branching out
of the synchrotron). A typical LIGA beam line is presented in Figure 5. All of
the beam lines are equipped with a scanner (see Figure 6) and optical elements,
which modify the spectrum of the source. In fact, the synchrotron spectrum should
be adapted to the needs of the user. The synchrotron ANKA has three LIGA beam
lines (LIGA1, LIGA2, and LIGA3) sited on a bending magnet (1.5 T) with different
optics. The characteristics of the beam lines are given in Table 2. The spectra of the
lines after the front-end window and optics are given in Figure 7. The X-rays
produced are highly parallel and to conserve this property for the lithography
aspect, the diffraction (fresnel) effect should be as low as possible and also the ab-
sorption of the photons should take place only in the designed volume. In X-ray
lithography, typically X-rays in the 0.5 to 5 � 10�10 m region are used, which
interact with matter by the photoelectric effect, the Compton effect, and Rayleigh
scattering. The total effect depends on the cross section of the different possibilities
of interaction. The primary dose, which is about 95% of the deposited dose, is due
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to the photoelectric effect in PMMA. Incident photon energy will be dissipated
ultimately by secondary electrons generated by impact ionization; the distance
over which the energy is spread should be as small as possible. The resolution limit
of X-ray lithography is a function of diffraction in the mask-to-sample gap, and the
effective range of the photo and auger electrons related when an X-ray is absorbed.
In Figure 8, it is shown how the spectrum (source synchrotron ANKA; beam line

Table 1 Synchrotron Location and Operating Energy (This is a Nonexhaustive List)

Name CLS ANKA ELETTRA CAMD INDUS II

Country/
City

Canada
Saskatoon

Germany/
Karlsruhe

Italy/Trieste USA/Baton
Rouge

India/
Indore,
Madhya
Pradesh

Operating
energy
(GeV)

2.9 2.5 2.0 or 2.4 1.3 2.5

Number of
LIGA beam
lines

2 3 1 1

CLS, http://www.lightsource.ca/beamlines/sylmand.php; ANKA, http://www.anka.kit.edu/1354.php;
ELETTRA, http://www.elettra.eu/elettra-beamlines/dxrl.html; INDUS, http://www.rrcat.gov.in/
technology/accel/srul/beamlines/lith.html; CAMD, http://www.camd.lsu.edu/beamlines.htm.

FIGURE 4

The different sources of synchrotron radiation with some of their characteristics.
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FIGURE 5

Schematic diagram of an X-ray lithography beam line (ANKA-LIGA2); side and top view.

FIGURE 6

(a) Side view of the Jenoptik scannerdbeam line: ANKA-LIGA3; (b) Front (scanner open)

view of the Jenoptik scanner.

Table 2 Some Characteristics of the Three LIGA Beam Lines of the Synchrotron

ANKA

Beam line LIGA1 LIGA2 LIGA3

Window 175 mm beryllium 225 mm beryllium 225 mm beryllium

Optics Single Cr mirror Single Ni mirror No optics

Dedicated to X-ray lithography Deep X-ray
lithography

Ultra deep X-ray
lithography

Structure height Up to 100 mm 100–600 mm 600–2500 mm
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FIGURE 7

Spectrum of the three LIGA beam lines at ANKA Germany.

FIGURE 8

Primary absorbed dose along the X-ray trajectory, including a 1400-mm thick PMMA foil X-ray

mask with a 550-mm beryllium membrane and carbon and aluminum filters.

ANKA; the beam line is LIGA3.

374 CHAPTER 16 Deep X-ray Lithography



LIGA3) is attenuated during the exposure of a 1400-mm PMMA sample. The
carbon and aluminum filters absorbed the low energy radiation to prevent overex-
posure of the top surface; the primary dose to be deposited in the resist should be
situated in the region DbottomeDtop. This region has been determined by many tests
and is the best compromise between exposure and development time. The mask
membrane (beryllium) is quasi-transparent, as is required. The absorber thickness
should reach a minimum, which is defined by the threshold dose at which the resist
starts to dissolve.

Epoxy-based resin
The resin is an epoxy made up of a bisphenol A novolac glycidyl ether [17]. As
example, for the resist named SU-8, on average, there are eight epoxy groups in a
typical molecule. This is a typical molecule because, in reality, molecules exist in
a number of different sizes and shapes. The organic solvent used is gamma-
butyrolacton, which varies in concentration depending on desired viscosity. Triaryl-
sulfonium salt is the chemical that comprises the photoacid generator (PAG). The
PAG releases acid after it absorbs a photon [18]. Thus, only regions that have
been exposed with a light source have an acid present. A heating process is then
required to give the reaction, the energy necessary for cross-linking to occur (post
exposure bake). The combination of heating and the presence of acid allow the resist
to cross-link. The noncross-linked resist will be dissolved in a solution of propylene
glycol monomethyl ether acetate followed by a rinse in isopropyl alcohol.

The lithographic performance of the epoxy-based resin strongly depends on its
response to irradiation, which can be examined by means of the so-called “contrast
curve” [19,20]. The contrast curve describes the remaining resist fraction of a
uniformly illuminated resist versus the logarithm of the applied exposure dose.
The contrast g is defined by the expression:

g ¼
�
log10

�
D2

D1

���1

(6)

The value D1 defines the dose for which the remaining resist fraction is 10% of
the original value. The value D2 defines the dose for which the remaining resist frac-
tion is 90% of the original value. The sensitivity of the irradiated resist is defined as
the point at which all of the film is retained. A higher contrast resist will usually
yield more vertical sidewall profiles and is more tolerant to secondary radiation
(fluorescence, photoelectrons) in the nonexposed areas.

PMMA degradation
During X-ray irradiation of PMMA, synchrotron light is absorbed in the exposed
PMMA area, which results in a chemical modification; a scission of the polymer
chain leads to a radiation-induced degradation of the molecular weight and becomes
soluble in an organic developer. By increasing the dose of radiation, the average mo-
lecular weight decreases from an initial value MWðDose¼0Þ (about 1.5 � 106 g/mol)
to a minimum limiting value of between 2500 and 3000 g/mol at very high dose
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of radiation. The degradation mechanism of radiation-excited PMMA depends on
the chemical structure of the resist and the exposure energy. The radiochemistry
of PMMA is a complex mixture of consecutive reactions including excitations,
fissions, cross-linking, recombinations, disproportions, rearrangements, and transfer
reactions. The most important step of degradation is the scission of the methyl ester
group, which is responsible for the major amount of the gases evolved. The remain-
ing polymer chain stabilizes after hydrogen abstraction by formation of a double
bond or chain scission. Radiochemical degradation of PMMA is categorized into
two schemes:

• About 80% of the main-chain scissions have been observed after preceding side-
chain degradation. The radiation-excited polymer molecule splits off an ester
side chain. The remaining chain radical stabilizes after hydrogen abstraction by
the formation of a double bond, or reacts by way of a main-chain scission. In the
case of stabilization by hydrogen abstraction, the molecule has one ester side
chain less than before irradiation.

• The remaining 20% of the main-chain scissions are due to a direct decomposition
of the polymer into two macromolecules. Recombination of these fragments
results in the primary polymer molecule.

PMMA development
The dissolution rate is a function of molecular weight, which is related to the initial
PMMAmolecular weight, the dose, and the main-chain scission yield [21e29]. This
reduction of the average molecular weight causes the solubility of the resist in the
developer to increase dramatically. A developer suitable for PMMA in X-ray lithog-
raphy, commonly referred to as the GG developer, is composed of 15 vol% deion-
ized water, 60 vol% 2-(2-butoxyethoxy)ethanol, 20 vol% tetrahydro-1-4-oxazine,
and 5 vol% 2-aminoethanol. For X-ray lithography process simulation to calculate
high aspect ratio microstructure and realistic MEMS devices of the size order of
millimeter, a macroscopic resist dissolution and an easily measurable approach is
required, rather than to describe the very complicated problem of microscopic resist
dissolution. In chemistry, many models concerning polymer dissolution may be
found. Due to the fact that a dose profile is deposited during X-ray lithography
and the GG developer consists of four components, these models cannot be applied
easily. The dissolution rate is described by the following equation (all other param-
eters being constant):

RðDÞ ¼ R0 þ C$
�
MWðDose¼DÞ

��b

(7)

R0 corresponds to the development rate of an infinite molecular weight
MWðDose¼0Þ (R0 is negligible in the case of the PMMA-GG system), and C and b

are characteristic constants of the polymer and solvent.
In reality, the relationship between the dissolution rate and the dose is influ-

enced by a large number of parameters related to chemical reaction at the liquid
(GG developer)dsolid (PMMA) interface, e.g., the PMMA molecule weight,
the developer temperature, and the development apparatus.
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Special computer programs for X-ray lithography
Different computer programs have been developed, which meets the necessary re-
quirements of a LIGA X-ray beam line [30e34]. The code currently permits the
computation of synchrotron radiation from bending magnets, the effects of the op-
tical properties of materials, and the necessary parameters for the resist exposure.
The basic calculations needed for synchrotron beam line design are related to the
spectral characteristics and to the modeling of the optical elements (mirrors, filters,
beam stop). For example, the following calculations are performed: the dose rate, the
dose profile from the top to the bottom of the resist, the exposure dose (the parameter
that should be given to the scanner, which moves the sample), and the time needed to
develop an irradiated resist sample. In Table 3 are listed computer programs espe-
cially dedicated to DXRL.

Micro-electroplating technology
Electroplating is the key step in the fabrication of metallic micro-components and
tools such as masks and molding tools. Established routine processes are often
referred to by simply giving the name of the plating solution. However, every
user performs the base process with differences in electrolyte formulation and oper-
ation due to specific fabrication environments such as the plating apparatus or spe-
cific material properties. Nevertheless, some general aspects in micro-electroplating
will be pointed out next. From the standpoint of a lithographic pattern, an ideal
plating solution has the following properties:

• the resist structures are not changed (no swelling, no thermal-loading introduced),
• the mechanical stress remains very low (a few tens of MPa),

Table 3 Deep X-Ray Software Packages Available

Program Platform Status Possibility

LEX-Da Dos Commercial Source: bending magnet

Optics: mirror, double mirror, beam stop

Dose: primary and secondary

Development: 4 dimensions

DoseSimb Windows Freeware Source: bending magnet

Optics: mirror, double mirror, beam stop

Dose: primary and secondarydinfluence of
the layer

Development: 1 dimension

X3Dc LINUX Freeware Source: bending magnet

Optics: none

Dose: primary

Development: 4 dimensions

a http://www.sandia.gov.
b http://www.kit.edu/imt.
c tabata@se.ritsumei.ac.jp.
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• the grain structure does not change with height,
• small and large areas grow at the same rate.

Some limiting aspects arise from the desire to plate fairly thick layers in excess
of 10 mm. This is usually referred to as electroforming and many commercial so-
lutions can already be excluded. The complexity of LIGA-electroplating can best
be described using a sketch of the current density versus voltage relationship
(Figure 9) [35].

At the onset of the net current density (1 and 2), the rate is limited by the kinetics
at the surface. The growth rate depends exponentially on the voltage, so this is not a
robust working point. Furthermore, this corresponds to very low growth rates and
unacceptably long plating times. In region 4, the current density is limited by diffu-
sion of some species of which the concentration at the cathode becomes zero. To
keep the diffusion zone small, both strong convection and high ion concentrations
in the electrolyte are usually employed. Both aspects will raise the diffusion-
limited current density.

From the electroplating point of view, the lithographic pattern is a nuisance.
First, it distorts the flow across the surface (Figure 10(a)). On the one hand, eddy
currents may form and on the other hand, convection into the structures, particularly
for high aspect ratios, may be completely inhibited. In the latter case, the diffusion
length corresponds to the total resist height while, for good convection, the diffusion
length may be as small as a few micrometers. This means that locally, the current
densityepotential relationship will vary significantly. Secondly, the pattern distorts

FIGURE 9

General current densityepotential relationship [24].
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the homogeneity of the electric field, with stronger fields corresponding to greater
potentials on the current densityepotential curve. This effect is sketched in
Figure 10(b).

The art of electroplating therefore involves finding the right chemical composi-
tion that gives the desired properties of the deposited layers and making/keeping the
solution stable against usage of the material to be deposited. The lithographic pattern
introduces the requirement of low sensitivity to local variations in potential and mass
transport. The use of additives alters the performance of the plating process drasti-
cally. Additives may be employed to change the current densityepotential curve,
where a leveler typically makes the curve near to the operating point flatter, an
inhibitor reduces the current density at high voltages, and a brightener reduces the
potential for the same current density by facilitating the nucleation of new grains.
The finer grains usually are related to a greater hardness of the deposit. The electro-
plating procedures used in the LIGA process chain are gold plating for X-ray mask
fabrication and nickel plating for molding tools and metallic micro-components.

FIGURE 10

(a) Mass transport phenomena in micro-electroplating. The lithographic pattern may have a

strong influence on the length of the diffusion zone which, in turn, will result in locally

differing current densities. (b) Inhomogeneous field distribution due to the lithographic

pattern. Isolated small features focus the field lines and grow faster than wider structures.

The same effect leads to higher rates near resist edges.
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Further, alloys may be deposited in resist molds such as NieCo, NieP, or NieFe. As
an example, different plating solution properties (bath temperature, composition,
thickness accuracy, aspect ratio) which produce a range of hardnesses of between
280 and 680 Vickers are listed in Table 4.

Finishing
When the thickness of the final parts must have a homogeneous thickness, the parts
are typically “over plated” to ensure complete filling; an electroplating step is not
available to deliver a homogeneous thickness all over the surface and a polished sur-
face, which are sometimes needed. The top surface (electroplating front) is typically
lapped and polished to the final part thickness and aspect. Other techniques are also
available:

• Ultraprecision milling: This involves cutting with a milling tool while the
workpiece is rotating. Using natural diamond cutting tools, a broad range of
materials such as, for example, nonferrous metals (NieCo, NieP, Ni, Au, etc.)
or plastics can be machined with a surface roughness of below 5 nm Ra. Only
the diamond can be sharpened to the required level of accuracy. Cutting-edge
sharpness and roundness are crucial to the manufacturing quality of the
workpiece.

• Turning: This involves cutting with a rotating milling tool while the workpiece is
fixed. Actually, only the hard Au can be turned using this technique.

• Grinding and polishing: The polishing can be supported electrolytically or
chemically. All of the techniques should meet the following criteria:
• to deliver a good thickness accuracy (�5 mm),
• to avoid blur formation,
• to deliver a specified surface quality (for example, optical quality).

Design ruledmask technology
A complete LIGA process database does not yet exist. Nevertheless, the LIGA
centers (CAMD, IMT) have accumulated working design rules that enable
them to advise customers on the feasibility of their needs. As an example,
numerous parameters influence the quality of the final parts in terms of lateral

Table 4 Plating Solution Characteristics

Property Nickel Nickel/Cobalt Nickel/Iron

Composition 100 80/20 95/5

Bath temperature 40 �C 40 �C 52 �C
Plating rate 12 mm/h (1A/dm2) 12 mm/h (1A/dm2) 10 mm/h (1A/dm2)

Hardness (Vickers) 280–330 (0.1) 450–500 (0.1) 580–630 (0.1)

Thickness accuracy �50 mm �50 mm �100 mm
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dimensions, and roughness of the sidewall. Some of the most important are listed
here [36e39]:

• Secondary radiation: Divergence of the electrons and photons; fluorescence,
Compton and Thomson diffusion emitted by the membrane, absorber, substrate;
secondary electrons emitted by the membrane, absorber, substrate; Fresnel
diffraction will deposit a certain dose in the unwanted parts of the resist.

• Thermal distortion: The mask, resist, and substrate develop heat during the
irradiation. This leads to thermal distortion, which affects the accuracy of the
copy. Cooling of the mask and the substrate is very important.

• Swelling and thermal expansion of resist.

X-ray masks are not available from commercial mask shops as is the case for
Cr-masks. Therefore, the LIGA centers have developed their own technology to
produce them. A variety of options exist (see Figure 11) requiring different tools
using different mask membranes providing different performance for different
costs. Nevertheless, a standard exists; it is limited to the characteristics of the
support ring. X-ray masks consist of absorber patterns (generally Au) supported
by highly X-ray-transparent membranes, the characteristics of which are given in
Table 5.

In Figures 12 and 13 are shown the different mask format (layout area:
20 � 60e100 mm diameter; the use of the 100-mm diameter is actually under
investigation) and as an example, a standard 4-inch X-ray mask (the membrane
being a polished carbon membrane, the layout area having a diameter of 70 mm)
respectively.

Metrology
This key production technology lacks extensive quality and process control; only
a few consistent metrology studies concerning the X-ray LIGA process have been
published to date [40,41]. Three dimensional (3D) micro-scale parts require accu-
rate and traceable metrology. Very few metrology techniques fulfill these require-
ments. As an example, no metrology solution currently exists for the measurement
of high aspect ratio X-ray LIGA gratings for phase contrast computer tomography
[xx]. Even for larger structures in the millimeter range, there are very few instru-
ments that can measure features to submicrometer accuracy. Currently, the best
measurement techniques for high aspect ratio structures (for millimeter scale mea-
surements) are those that use tactile probes, such as tactile coordinate measuring
machines [42,43].

UNIQUE FEATURES OF THE LIGA PROCESS
Features characterizing this process are listed below:

• As a result of their high energy, these X-rays are capable of deeply penetrating
thick (e.g., hundreds of micrometers or even millimeters) layers of polymeric
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FIGURE 11

Different mask technology.
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resist, allowing uniform deposition of energy in the depth of the resist and the
formation of tall microstructures in one exposure step. Very precise shape
definition of parts, both laterally in terms of dimensional control and straight-
ness and planarity of sidewalls, are available.

• The short wavelengths of X-ray photons provide high resolution for patterning
due to low diffraction effects. The smallest lateral dimension of a few micro-
meters with structural details in the submicrometer range can be manufactured.

• The very small vertical angular divergence of the X-ray beam achieves high
accuracy in pattern transfer from the mask. Due to their excellent collimation,
the X-rays penetrate thick resists with extremely low horizontal run-out (less
than 0.1 mm/100 mm thickness), thereby producing the substantially vertical
walls for which LIGA structures are well known.

• The almost parallel (well-collimated) light of X-ray beams produced by syn-
chrotron radiation sources also allows printing with large depth of field. A large
working gap between the mask and the substrate can then be used in nontra-
ditional pattern transfer as for the manufacture of slanted structures or pattern
formation on substrates presenting a large topography.

• The vertical sidewalls are optically smooth with a typical local roughness of the
order of 10 nm and longer range waviness such as slope errors or steps deter-
mined solely by the accuracy of mask writing.

MARKET SITUATION OF DXRL
As mentioned earlier, the LIGA technique offers the possibility to manufacture
microstructures with a number of unique features. With these properties, LIGA is
on the leading edge of micro-fabrication. However, most of them consider LIGA
to be very expensive, to employ much time from design up to realization and to

Table 5 Typical Mask Blank Characteristics

Material

Typical
Thickness
(mm)

Young’s
Modulus
(GPa)

Thermal
Expansion
Coefficient
(10L6/K)

Thermal
Conductivity
(W/mK)

Density
(g/cm3) Price

Titanium 2 116 9 22 4.5 High

Silicon 100 240 2.3 157 2.32 Low

Beryllium 500 318 12 230 1.85 High

Polished
carbon

150 11 8.8 96 1.8 Low

Vitreous
carbon

200 28 2.6 6.3 1.4 Low

Diamond 30 30 1.2 1000 3.51 High

Polyimide 10 2.5 20 0.12 1.42 Low
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invoke a number of quality problems. They therefore try to avoid LIGA and only
consider LIGA if the alternative fabrication methods fail to fulfill the requirements.
These requirements, however, are often very challenging, even for LIGA, resulting
in long development times, high-failure rates, and, of course, high cost. This rein-
forces the above described perception, resulting in a sort of vicious circle. De facto,
DXRL is a small niche market, where the products are often unique or produced in
small series.

FIGURE 12

The different actually available mask format.

FIGURE 13

A standard X-ray mask (25 mm Au absorber supported by a 160 mm polished carbon

membrane).
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COMMERCIAL APPLICATION
Examples are now given. For a more complete review of applications, see Ref. [6].

MICRO-SPECTROMETER [44e45]dMOLD
The spectrometer, as shown in Figure 14, consists of a molded base plate where the
center hollow area, the gating profile, the location of the input fiber, and the 450
mirror surface, are produced with a single pressing. The molded part is then placed
in a vacuum chamber and a gold film deposited on both the grating surface and the
mirror surface. This is then assembled into the complete spectrograph by fitting of
the input fiber, the central hollow being filled with a polymer of different refractive
index to that of the molding, and a lid of the same refractive index as that of the
base glued into place. The assembly is then aligned with, and glued to, the diode
array.

POLYMER COMPOUND REFRACTIVE X-RAY LENSES [46,47]
For hard X-rays, the refractive index r in matter is slightly smaller than 1. This
implies a focal length F (given as F ¼ R/2Nr where R is the radius of the lens) of
a single concave lens (N ¼ 1) in the range of some 10 m. A compound refractive
lens, consisting of a linear arrangement of N single lenses (see Figure 15), signifi-
cantly reduces the focal length and thus can overcome this problem. For 14 keV
photons, a focal spot of 0.32 mm (FWHM) was achieved using a focal distance of
242 mm. Crossed compound lenses are used for focusing the X-ray beam in two

FIGURE 14

Micro-spectrometer.
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directions. For 28 keV photons, a focus spot of 0.5 � 0.9 mm2 (FWHM(x,y)) was
achieved using a focal distance of 192 mm.

GRATINGS FOR DIFFERENTIAL PHASE CONTRAST IMAGING [48]
A novel approach in X-ray imaging yielding for reasonable imaging contrast of
objects with little differences in absorption is differential phase contrast imaging
(DPCI). The setup for DPCI consists of three gratings (see Figure 16): the source

FIGURE 15

Rows of crossed parabolic lenses.

FIGURE 16

A TalboteLau grating interferometers setup for differential phase contrast imaging [48].
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grating G0, used to generate small local coherent spots of the source; the phase
grating G1, used to generate the Talbot carpet by shifting the phase of the
X-rays periodically, typically either by p or p/2; and the analyzer grating G2,
used to analyze the Talbot carpet in a phase stepping mode [46]. The periods
and thickness of the gratings depend on the geometry of the whole setup; high
aspect ratio feature concerning G0 and G2 are asked [49,50] because of the need
to absorb the X-rays as much as possible, and the need of small periods (less
than 5 mm) to get sufficiently short set ups and high detection efficiency. As
example, Figure 17a and b present two G2 gratings; one with of period 7 mm
and a gold thickness of 70 mm (AR: 20); the second one with a period of 14 mm
and a gold thickness of 200 mm (AR: 29).

MICRO-GEARSdDIRECT METAL PARTS [51]
The search for the perfect product is one of the major preoccupations of the luxury
watch-making industry. The combination of lithography with electroforming offers
unparalleled-machining precision and extended design freedom for the manufac-
ture of fine parts. The SU-8-based UVeLIGA technology undoubtedly attracts
interest, in particular, when competing technologies fail to meet the precision
and quality requirements. DXRL enables greater precision, better sidewall quality,
and less restrictions, as almost any design can be realized. In Figure 18, are
presented two parts (the cam in nickelecobalt and the anchor in hart gold) of the
newly developed IWC Schaffhausen constant force tourbillon, which combines a
tourbillon with a constant force mechanism, guarantees a regular and precise rate
for a period of at least 48 h.

FIGURE 17

Scanning electron microscope pictures of a 4.8-mm (G0/G2) gratings. The Au thickness is

220 mm (AR: 91). (a) Top view and (b) 30� inclined view.

Commercial application 387



CONCLUSIONS
Being invented in the 1980s, the potential of LIGA became evident in the 1990s
when numerous examples for structures and devices were presented. The lead in
MEMS technologies, however, was assumed by silicon micro-machining and not
by LIGA, despite its technical superiority for many applications. The main reasons
for this are the required technical infrastructure, process know-how, and cost issues.
Silicon-based technologies could exploit the vast technology base developed for
chip-making with billions of dollars invested. LIGA, on the other hand, was new
and confined to research laboratories. Furthermore, as a key process step, LIGA
required access to a synchrotron radiation facility, again a research laboratory pro-
vision, and often unacceptable for industries establishing manufacturing plants.
Nevertheless, and this is a demonstration of the technical strength and superiority
of LIGA, several industrial LIGA products have been launched by industries and
synchrotron radiation facilities are currently widely used for micro-fabrication.
In addition to the described efforts to make LIGA acceptable as a manufacturing
technology for a large variety of industrial products, cutting-edge research in and
with LIGA remains a hot topic. The goals include research in new materials, new
replication techniques, and new lithography approaches exploiting the short-
wavelength nature of X-rays. Questions such as “How small can we really get?”
and “Can we overlap our top-down technologies with the typical bottom-up
approach in nano-technology? At which dimensions?” are currently being
addressed. Making devices much smaller than is possible today will open up
entirely new fields in research and applications.

FIGURE 18

The two X-ray components (anker in nickelecobalt with the IWC Schaffhausen’s logo and the

cam in hart gold) for the Portuguese Sidérale Scafusia next to a celestial disc of Nebra,

celebrating the astrological complications of IWC Schaffhausen’s new time piece.
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developments in dimensional metrology for microsystem components. J Microsyst
Technol 2002;8:3e6.

[43] Brand U, Kirchhoff J. A micro-CMM with metrology frame for low uncertainty mea-
surements, measurement science and technology. Meas Sci Technol 2005;16:2489e97.

[44] Müller C, Mohr J. Microspectrometer fabricated by the LIGA process. Interdiscip Sci
Rev 1993;18(3):273e9.

[45] Last A. Fehllicht in LIGAMikrospektrometern [Ph.D. thesis]. Fakultät für Maschinen-
bau der Universität Karlsruhe; 2012.

[46] Nazmov V, Reznikova E, Somogyi A, Mohr J, Saile V. Planar sets of cross X-ray refrac-
tive lenses from SU-8 polymer. Proceedings of SPIE, Band 5539; 2004. S. 235eS. 243.

[47] Nazmov V, Mohr J, Simo R. Mosaic-like micropillar array for hard X-ray focusing
one-dimensional version. J Micromech Microeng 2013;23. http://dx.doi.org/10.1088/
0960-317/23/9/095015.

[48] Pfeiffer F, Weitkamp T, Bunk O, David C. Phase retrieval and differential phase-
contrast imaging with low brilliance X-ray sources. Nat Phys 2006;2:258e61. http://
dx.doi.org/10.1038/nphys265.

[49] Noda D, Tsujii H, Takahashi N, Hattori T. Fabrication of X-Ray gratings using X-Ray
lithography technique for X-Ray talbot interferometer. J Electrochem Soc 2009;156(5):
299e302. http://dx.doi.org/10.1149/1.3082377.

[50] Mohr J, Grund T, et al. High aspect ratio gratings for X-ray phase contrast imaging. AIP
Conf Proc 2012;1466:41. http://dx.doi.org/10.1063/1.4742267.

[51] Meyer P, Schulz J, Hahn L, Saile V. Why you will use the deep X-ray LIG(A) technol-
ogy to produce MEMS? Microsyst Technol 2008;14(9e11):1491e7.

References 391

http://dx.doi.org/10.1007/s00542-013-1966-x
http://dx.doi.org/10.1007/s00542-013-1966-x
http://dx.doi.org/10.1007/s00340-005-1909-z
http://dx.doi.org/10.1007/s00340-005-1909-z
http://dx.doi.org/10.1007/s00542-012-1448-6
http://dx.doi.org/10.1007/s00542-012-1448-6
http://dx.doi.org/10.1088/0960-317/23/9/095015
http://dx.doi.org/10.1088/0960-317/23/9/095015
http://dx.doi.org/10.1038/nphys265
http://dx.doi.org/10.1038/nphys265
http://dx.doi.org/10.1149/1.3082377
http://dx.doi.org/10.1063/1.4742267


This page intentionally left blank



Polymer Thin
FilmsdProcesses,
Parameters and Property
Control

17
Bertrand Fillon

CEA/LITEN, Rue des Martyrs, Grenoble Cedex 9, France

CHAPTER OUTLINE

Introduction............................................................................................................ 394

Thin films obtained by extrusion coating................................................................... 394

Principle of extrusion coating ......................................................................395

Process parameters and influences ..............................................................396

Example: adhesive properties of an aluminum/LDPE structure........................396

Example: sealing properties of an aluminum/LDPE structure ..........................397

Summary on extrusion coating.....................................................................399

Organic coatings deposited in solution..................................................................... 399

Main polymers used in roll coating...............................................................399

Principle of organic coating deposition in solution.........................................401

Process parameters and influences ..............................................................403

Example: optimizing optical properties ...........................................................403

Example: barrier properties............................................................................406

Example: sealing properties ...........................................................................407

Summary on organic coatings ......................................................................408

Vacuum-deposited coatings ..................................................................................... 409

Principle of vacuum polymer deposition .......................................................410

Major precursor families..............................................................................413

Process parameters and influences ..............................................................414

Example: barrier properties............................................................................414

Phase 1.....................................................................................................418

Phase 2.....................................................................................................418

Phase 3.....................................................................................................418

Example: surface properties ..........................................................................419

Summary on vacuum-deposited coatings ......................................................420

Conclusions............................................................................................................ 421

References ............................................................................................................. 421

CHAPTER

Micromanufacturing Engineering and Technology. http://dx.doi.org/10.1016/B978-0-323-31149-6.00017-7

Copyright © 2015, 2010 Yi Qin. Published by Elsevier Inc. All rights reserved.
393

http://dx.doi.org/10.1016/B978-0-323-31149-6.00017-7


INTRODUCTION
Over the last 10 years, the use of polymer thin films has increased significantly in
various domains of application: in traditional industries (e.g., papers and metal
strips), in the automotive industry, in packaging, etc. Moreover, emerging markets
such as consumer electronics and photovoltaic energy use polymer thin films also.
This growth has been driven mainly by important advances in the properties of poly-
mer thin films (better barrier properties (water, oxygen, etc.), wear resistance, optical
properties, etc.) and a much more extensive range of applications (solvent-based
coatings, water-based coatings, plasma deposition, emulsions, etc.). It would indeed
be very ambitious to attempt to cover all the properties of polymer thin films in the
space of a few pages. Nevertheless, there are two major families of parameters which
influence the properties of these thin films:

• Type of the polymer deposited;
• Implementation conditions.

Clearly, the properties of these thin films depend mainly on the type of polymer
and its thickness. Certain polymers are better for improving barrier properties, while
others offer very good sealing functions. As for the implementation conditions, three
processes are used to produce most of these thin films: extrusion coating, deposition
in solution with radiation cross-linking (thermal, UV, electron beam), and physical
deposition involving plasma. The ranges of polymer thickness generally deposited
by these three process types are respectively: >5 mm, 1 < t < 5 mm, and <1 mm.
Note that extrusion coating is at the upper limit of the range defined for the thin films.

Generally speaking, a key technological requirement is to provide all the desired
functions of the coating (optical, barrier, adhesive, electrical, catalytic, etc.) while
controlling the interfaces and micro-structures (film, charge dispersion, orientation,
crystallinity, porosity, etc.).

This chapter is broken down into three major sections. Each section will focus on
one of the three implementation processes mentioned above. The objective is to
briefly describe these processes, indicating the most widely used polymers, and to
show how thin film properties can be improved by the type of polymer deposited,
but also through control of the interactions between process parameters and material
parameters. Each of these sections will be illustrated by examples of applications
requiring specific properties, e.g., water or oxygen barrier properties, optical prop-
erties, sealing properties, or surface properties.

THIN FILMS OBTAINED BY EXTRUSION COATING
The process of extrusion coating (Figure 1) enables covering a flexible substrate with
a very thin polymer film. In industry, polyethylene is generally used to cover com-
mercial substrates such as paper, cardboard, polyester, and other polymeric films,
metal foils including aluminum foil, textiles, etc. The polymer deposited is often
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a semicrystalline polymer such as polyolefin (polyethylene, copolymers such as
ethylene methyl acrylate, ethylene butyl acrylate, etc.), polyesters, polyvinyl chlo-
ride (PVC), etc.

The objective is to coat a substratewith a polymer, combining the best properties of
the twomaterials. The advantages of this process are a heat-sealable surface, improved
resistance to tears and wrinkling, an excellent barrier against moisture, oxygen and
odors, enhanced optical properties (dullness, gloss), and an imprintable surface.

PRINCIPLE OF EXTRUSION COATING
Polymer granules are extruded using a slot die to obtain a thin film of molten poly-
mer. The role of this coating die is to present the molten polymer in a form similar to
its final form (coating film), to keep it at a constant temperature, to obtain a stable
flow of polymer and to coat the desired width of the substrate with it. The molten
polymer travels over the distance between the slot die and the substrate: this distance
is often called the air gap. The air gap value may vary depending on the desired
extrusion conditions.

The film of molten polymer is pressed through two rollers positioned directly
below the die. The first of these, coated with neoprene, is the pressure roll. It draws
the substrate to be coated and presses it against the molten polymer film. This is the
precise moment at which the extruded polymer adheres to the substrate. The pres-
sure roll is cooled by internal water circulation with adjustable temperature. This
prevents its temperature from rising too rapidly.

The second roller is chrome plated and called the chill roll. It is also cooled by
internal water circulation with adjustable temperature. Its role is threefold:

• It must cool and solidify the polymer in a fraction of one rotation.
• Its rotational speed controls the quantity of polymer deposited on the substrate

(coating thickness or grammage).

Air gap

Extruder

Dérouleur

Chill
Roll

Enrouleur

Pressure roll

Unwinder

Chill
Roll

Winder

FIGURE 1

The process of extrusion coating.
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• Its surface (polished, matte, etc.) determines the surface appearance of the
polymer coating.

The resulting complex is then directed toward the system’s draw roll and winder.

PROCESS PARAMETERS AND INFLUENCES
Polymer suppliers and converters must deal with a growing market demand for low
cost “deposited film/substrate” complexes which still offer high performance prop-
erties. Manufacturers, polymer and substrate suppliers, and converters must work
together to reach these objectives. Various studies have enabled improving polymer
performance while at the same time optimizing process parameters. For example, in
the packaging industry, several complexes such as aluminum/polyethylene, paper/
PE, etc., are used with low density polyethylene (LDPE) without a binder layer.
These various structures are produced using extrusion coating. Good adhesion be-
tween the LDPE and the substrate is clearly vital. However, the adhesive strength
is generally very weak between the substrate and the LDPE, due to the lack of polar
or reactive functions in LDPEs. Likewise, following the extrusion coating process,
the complexes alu/LDPE, paper/LDPE, etc., maintain the sealing properties of
polyethylene.

Example: adhesive properties of an aluminum/LDPE structure
For adhesion to occur between LDPE and the aluminum foil, the LDPE has to
oxidize during the extrusion process. This functionalization of the LDPE pri-
marily occurs during the molten polymer’s dwell time between the die’s open-
ing and the point of contact with the substrate, i.e., in the air gap. Adhesion
between the LDPE and the substrate is affected by several factors, which can
be categorized into three groups: extrusion parameters (melt temperature, air
gap, etc.), polymer parameters (melt index (MI), density, etc.), and substrate pa-
rameters (type, surface roughness, etc.). Over the last 20 years, the practical
problem of ensuring good adhesion between the LDPE and various substrates dur-
ing extrusion coating has been the subject of much interest, both from a technical
and a scientific point of view [1e7]. Whereas some parameters (corona treatment,
ozone, posttreatment, etc.) generally increase adhesion, it is difficult to draw a sin-
gle conclusion for process parameters overall, but most authors agree that interac-
tions do exist between these parameters. The main process parameters with the
greatest effect on adhesion between the polymer and the substrate are: temperature
of the molten polymer, thickness of the film deposited, pressure of the rollers,
extrusion speed, and air gap.

It is very difficult to separate the last two parameters: increasing the substrate
speed effectively reduces the dwell time (dt) in the air gap and LDPE oxidation be-
comes difficult, resulting in poor adhesion. If the air gap is increased, the dwell time
dt (or freeze time tf) and LDPE oxidation will also increase, but the LDPE will cool
and its viscosity will increase, reducing its wettability relative to the substrate’s
roughness. This in turn reduces mechanical adhesion. These two phenomena conflict
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with one another; hence the need for a compromise. According to most authors, line
speed and air gap can be expressed as a single parameter, that of freeze time tf:

tf ¼ H

Vt � V0
� Ln

Vt

V0

where Vt ¼ line speed, V0 ¼ material through P, and H ¼ air gap.
Figure 2 illustrates the interactions between the process parameters and the poly-

mer, which lead to changes in adhesive strength. At low temperatures (T ¼ 285 �C),
the adhesive strength (Fp) of the LDPE increases with dwell time, attaining a
maximum value then falling. This increased adhesion is correlated with an increase
in the LDPE’s carboxylic functions and, as a result, in its surface energy (Yp). The
drop in adhesion at high tf values is related to cooling of the LDPE, which becomes
more viscous on contact with the substrate; as a result, the LDPE does not mold as
well to the substrate’s surface. At high temperatures (T ¼ 315 �C), adhesion of the
LDPE is very strong despite short dwell times. This adhesion decreases with high tf
values. Oxidation of the LDPE becomes excessive and initiates its degradation,
resulting in a high number of ruptured chains and a drop in its surface energy
(Yp). This leads to a layer with poor cohesion at the surface of the LDPE film, in
turn provoking the drop in adhesion.

Achieved through controlling process parameters, LDPE oxidation is necessary
to attain good LDPE/aluminum adhesive strength.

Example: sealing properties of an aluminum/LDPE structure
Besides the adhesion between the aluminum foil and the polyethylene, the LDPE
film should have good sealing properties. Figure 3 illustrates the changes in the
seal strength of one alu/LDPE complex compared to another alu/LDPE complex,
both obtained by extrusion coating. The sealing capacity of a polymer is most often
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Freeze time (tf) dependent changes in the oxidation rate, polar function (Yp), and peel

strength (Fp) of a low density polyethylene extruded on aluminum foil at two temperatures

(285 �C and 315 �C). The thickness of the low density polyethylene film and the pressure

between the rollers were constant (e ¼ 10 mm; P ¼ 6 bars).
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linked to its MI. A high MI results in a high degree of fluidity and improves inter-
facial diffusion during sealing, allowing the polymer to attain a high seal strength at
low temperatures. This is illustrated by Figure 3; the LDPE2 sealing curve (MI ¼ 7)
starts at a lower temperature than that of LDPE1 (MI ¼ 3). Extruded at low pressure
and a low rate (45 kg/h), LDPE1 attained a seal strength of 300 g/15 mm at a tem-
perature of 100 �C. Under the same conditions, LDPE2 attained a seal strength of
700 g/15 mm.

Process parameters clearly have an influence on sealing properties as well as on
adhesion. Figure 3 illustrates the effect of extrusion rate on seal strength. Within the
operating range for the selected process parameters, when LDPE2 is deposited on
aluminum foil at a lower rate (45 kg/h), seal strength goes from 300 g/15 mm to
700 g/15 mm. Likewise the air gap has an effect on seal strength, which is weaker
when the air gap is reduced (Figure 4). Sometimes these process/material interac-
tions do not exist; this is the case for pressure during the extrusion process [3].
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SUMMARY ON EXTRUSION COATING
Variation in process parameters can have a significant impact on the final properties
of film complexes such as alu/PE, paper/PE, alu/EVA, etc. Final products with excel-
lent performance can be obtained at low cost through polymer selection and adjust-
ment of the process parameters. In the section above, the examples presented for
adhesive and sealing properties clearly illustrate the interactions between material
and process parameters. Whatever be the target propertydbarrier, optical, etc.d
these interactions between process and material parameters will always play an
important role in determining the final properties of the product [8].

ORGANIC COATINGS DEPOSITED IN SOLUTION
Organic coatings deposited in solution (i.e., using wet methods) are found in very
diverse areas. They are commonly produced by coating substrates with thin layers
of a liquid or suspension, which are then transformed into solids by gelation, drying,
or cross-linking. Such structures are vital elements for an extremely broad range of
industrial products. They are developed for paper, steel, aluminum, polymer films,
printed materials, selective membranes, photographic film, photosensitive coatings,
adhesives, micro-electronics, integrated circuits, etc. However, deposition technolo-
gies may differ greatly depending on the final application. For example, the manu-
facture of microelectronic components uses spin coating, whereas varnish is
generally deposited on steel foil using roll or spray coating.

This chapter focuses exclusively on organic coatings depositedwith the roll coating
technique; this covers a large majority of the polymer thin films produced industrially.
Most of the deposition processes based on this technique involve a series of rollers-
producing polymer thin films, which can have thicknesses below one micron. These
varnishes offer an effective protective barrier for metal substrates (aluminum, steel),
paper substrates, or polymer films. These coatings may also be used for decorative or
aesthetic purposes (glossy or matte effects, colors, etc.), or act as sealants, etc. They
must also offer specific characteristics of durability and resistance to temperature,
solvents, or UV radiation depending on the final application of the coated product:

• Exterior applications (prefinished steel and aluminum for construction);
• Decorative interior elements, household appliances, etc.
• Packaging for food products, cosmetics, etc.

The composition of the varnishes or paints, the choice of substrate, and the con-
ditions under which organic coatings are applied, dried, and cured are inextricably
linked in determining the properties of the end product [8].

MAIN POLYMERS USED IN ROLL COATING
As in extrusion coating, the polymer used to coat the substrate will strongly influ-
ence the quality of deposition and the final properties. The most commonly used
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coatings are indicated in Table 1. Note that the molecular weights of polymers
deposited in solution are lower than those of polymers deposited by extrusion.

In general, six categories of basic polymers (Figure 5) are used in roll coating [9].
The different categories are based on:

• Solid state (amorphous or crystalline);
• Solubility in common solvents;
• Swellability of crystalline or cross-linked polymers.

Amorphous and soluble polymers (a), for example polyesters, epoxies, or
acrylics, produce liquid varnishes and paints which are 30e70% nonvolatile. Amor-
phous and insoluble polymers (b), which are primarily polyesters, can be used in
powder coating technology. Semicrystalline polymers (c), which form the basis of
the extrusion coating films listed in the previous chapter, can also be used in roll
coating after a process of precipitation or grinding to produce fine powders.

Dispersing these fine powders in other basic polymer solutions produces organo-
sols (e), which are 40e60% nonvolatile. Examples of organosols include PVDF
films and polyester polyurethane systems modified by polyamide fine powders.

Organosols can also be formulated with cross-linked polymers (d) in the form of
micro-gels or ground into fine powders. Certain applications use these substances,
specifically cross-linked amine polymers, acrylics, and unsaturated polyesters.

A plastisol (f) is obtained if a fine and crystalline powder polymer is dispersed in
a plasticizer that homogeneously dissolves it at temperatures above the crystallite
melting point, forming a gel after cooling. Plastisols are more than 90% nonvolatile.
Little solvent is needed.

Note that in addition to the specific characteristics for roll application and “flash”
forming or curing of the film, the varnishes or paints for the prefinishing of flat steel

Table 1 Performance of Main Coatings Used in Solution

Polymer
Family

Polyester/
Amine

Polyester/
Polyurethane Epoxy PVDF PVC

Flexibility Good Very good Poor Good Very
good

Hardness Good Average Very good Average Poor

Adhesion to
metal

Good Good Very good Poor Poor

Corrosion
protection

Good Good Very good Average Very
good

Weather
resistance

Good Very good Poor Very
good

Average

Temperature
resistance

Good Good Good Good Poor

Recyclability Very good Good Good Poor Poor
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or aluminum must offer excellent flexibility, e.g., meeting the postforming require-
ments for drawing food cans.

PRINCIPLE OF ORGANIC COATING DEPOSITION IN SOLUTION
Applying organic coatings to reels of flat substrate offers major technical and finan-
cial advantages due to the following:

• Increased productivity and yield of finishing systems (with linear speeds of up to
1000 m/min), reducing the cost of varnish and paint application.

(a)

(c)

(e) (f)

(d)

(b)

FIGURE 5

Morphology of basic resins [13].

Organic coatings deposited in solution 401



• Flexibility of roll coating; rapid changes can be made without stopping the
application process.

• Various curing temperature levels (80e250 �C), enabling a wide range of binder
systems to be used via various film-formation processes (flash cross-linking,
gelation, or fusion). Cross-linking increasingly involves the environment-
friendly techniques of UV radiation or electron beams.

• Efficient effluent treatment systems (e.g., incineration of solvent vapors).

Generally, the process of roll coating includes three phases:

• Surface preparation and treatment: corona surface treatments are widely used
on various substrates, e.g., chromate treatment of steel (no-rinse process) which
helps to control film weight and eliminate releases.

• Roll coating of the polymer: can be performed on both sides of the reel
simultaneously. Various approaches can be used for this step (Figure 6). More
than 35 systems are available on the market to coat a variety of substrates [10].
The varnish properties, surface appearance, and thickness ranges differ ac-
cording to the process used.

• Solvent evaporation and flash curing: necessary for forming the binding
network.

The choice of technology is based on the application, but there are some country-
specific trends emerging in the technologies chosen [11]. With the process of varnish
deposition, it is possible to influence precision, coating weight, and also surface
appearance (Table 2).

Most often, the coating is applied to the substrate using a series of application
rollers. The reasons cited for using such a system are as follows: the ability to trans-
mit shear to a liquid, to smooth the coating before its deposition, to attain an accel-
eration between the slow movement of the rollers and the speed at which the
substrate passes through them (i.e., line speed), and to produce thin films by

Two rollers Slot die Roller knife 

Kiss coating Five rollers Three application rollers  

Five-Roller-System

Slotdie-System (cold)

FIGURE 6

Various systems for varnish deposition [10]. Diagrams from Coatema sales documentation.
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multiplying the separation phases at each roller. The configurations are selected
based on the deposition thickness and precision. In the two-roller configuration,
there is only one gap for adjusting and controlling the thickness deposited. In a
three-roller configuration, the additional gap allows this thickness to be optimized.
Each roller has two functions. First, rollers act as a divider by reducing the thickness
and uniformly spreading the varnish between all the rollers. Second, they create the
necessary shear to provoke Newtonian behavior in the varnish. There are few pub-
lications [12e15] explaining how these deposits form, how a thin film is created,
how good the sensitivity is, and how to perfectly control coating weight based on
roller speed, gap, and varnish properties.

But obviously there will always be interactions between the varnish type, its vis-
cosity, and the additives (size of charges, chemical nature, form, etc.). Note that for
certain production processes, the central chemical treatment and coating section is
isolated from the unwinding and winding sections by accumulators, allowing for un-
interrupted operation during reel changing.

PROCESS PARAMETERS AND INFLUENCES
Example: optimizing optical properties
There is a great deal of demand for coatings with specific visual or optical
properties (transparency, gloss, matte finish). By adjusting the parameters of the

Table 2 Three Varnish Deposition Processes most Commonly Encountered

Type of
Process Characteristics Main Comments on the Process

Knife
coating

Thickness range:
5–500 mm
Viscosity: 5000–
50,000 mPas
Maximum speed:
100 m/min

Very dependent on varnish and substrate. A very
smooth film can be obtained with 4% precision over
the full width of the substrate. For low viscosity
varnishes, there may be problems with deposition
uniformity. Solvent evaporation during the
implementation process may lead to the appearance
of agglomerates.

Slot die Thickness range:
<1–200 mm
Viscosity:
<1000 mPas
Maximum speed:
1000 m/min

Possible to work with minimum contact. Substrate
does not have a big influence. Precision is on the
order of 1%. The low viscosity (<200 mPas) often
Results in very good precision.

Roll
coating

Thickness range:
2–100 mm
Viscosity:
<2000 mPas
Maximum speed:
1000 m/min

Very dependent on the surface of the deposition roller
(very smooth with very good precision or gravure
roller). A very smooth film can be obtained. The
precision of deposition depends on the parameters of
the application roller and the roller opposite to it. For
film thickness, precision is on the order of 2%.
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implementation process, it is possible to influence a coating’s surface appearance as
well as its thickness and precision.

As the varnish is applied to the substrate, the shear rate changes abruptly, poten-
tially attaining very high values (Figure 7), but this intense shear strain lasts only a
short time (<0.01 s). Use of an elastomer roller can be estimated to increase the
dwell time and reduce shear by a factor of around 10 compared to a rigid roller.
The viscosity of the varnish will thus have a nonnegligible effect on its thickness
and visual qualities, and it will interact with the system of application. Eleven types
of flow between two rollers have been described. Experimental and theoretical
studies have examined some of them [16] and have enabled correlating the quantity
deposited with the flow characteristics. Likewise, a strong interaction between the
implementation parameters and the optical properties has been demonstrated by
the number of capillaries:

Ca ¼ hoV

s

where ho ¼ viscosity, V ¼ line speed, and s ¼ surface energy.
Whatever the mode of varnish transfer (corotating or reverse), the optical char-

acteristics of the film vary strongly according to Ca. When Ca is high, an “orange
peel” effect or bubbles appear (Figures 8 and 9). This is caused by a resonance phe-
nomenon provoking a wave effect in the liquid solution when it is transferred by the
application roller to the substrate. This defect can measure several microns [17] and
increases in size when the film is thin and the line speed is high. It is generally agreed
that competition exists between the viscosity of the varnish and the surface energy of
the surface. This phenomenon is also observed for Newtonian liquids [18].

Shear =10000s–1

Dwell time = 12ms

Shear =0 - 0.1s–1

Dwell time = 10mn

Shear <10000s–1

Dwell time < 10ms

Shear =10 - 0.01s–1

Dwell  time = 20s

FIGURE 7

Timescale and typical values of process parameters for wet deposition.
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Optical properties can be improved by increasing substrate surface energy or by
decreasing the viscosity of the varnish as much as possible. However, one of the con-
ditions essential to forming a continuous film of varnish at the surface of the sub-
strate is that the latter has a surface energy higher than the surface tension of the
liquid varnish, to ensure good wetting of the substrate. Figure 10 clearly illustrates
that a critical surface energy is needed to eliminate these defects.

Coating quality also plays a very important role in determining its final proper-
ties, but several types of defects are possible, depending on the implementation con-
ditions. They can include lines, pores, irregular thickness, etc. Extensive cracking of
thin films may be linked to the internal strain in these fine organic coatings. This
strain can also develop over time, either due to age or UV radiation. In addition
to the loss of optical properties, aging often provokes delamination between the
polymer thin film and the substrate [19,20]. There is also consensus that the film’s
glass transition temperature (Tg) plays a role in this mechanism, given that polymer
chain mobility may facilitate the penetration of various species in the polymer ma-
trix, leading to a loss of adhesion at the polymer/substrate interface. Figure 11 illus-
trates changes in glossiness for two families of varnish. Polyester varnish
demonstrates poorer durability than PVDF under mercury lamp exposure [9].

FIGURE 8

Typical optical defect with a “bulge” appearance.

FIGURE 9

Diagram of the two main appearance defects (bulges and bubbles).
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Example: barrier properties
Another property in great demand for thin films deposited in liquid form is protec-
tion of the substrate by barrier properties or protection against corrosion. In the pre-
vious section, it was shown that the substrate’s surface energy plays an important
role in determining the optical properties of the thin film deposited. Figure 12 illus-
trates that surface energy is also important for water vapor barrier properties, ob-
tained by depositing a film of polyvinyl alcohol (PVA) on a paper substrate
[21,22]. Applying the corona treatment to the paper before PVA deposition increases
the substrate’s surface energy, while improving deposition quality and therefore, the
water barrier properties [21]. This surface energy activation benefits calendered
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papers as well as noncalendered papers. Note that the substrate’s surface roughness
also influences the uniform appearance of the film deposited [22].

A new generation of polymer thin films is currently being developed and in-
volves integrating nano-fillers taken from sheet silicates (clays). Much work has
been done on these nano-composites made from platelet nano-fillers, particularly
in the packaging and automotive industries. These materials, with nanometric stiff-
eners that are strongly anisotropic (form factor of 200), offer very attractive proper-
ties, in terms of mechanical behavior under high temperatures as well as barrier
properties, compared to materials with traditional stiffeners (talc, silica, etc.).
Used on polymer, metal, and paper substrates, these thin film materials are opening
up new possibilities for food-grade and cosmetic packaging, where additional re-
quirements apply in terms of oxygen and odor barriers and resistance to heat and
abrasion [23,24]. The industrial development of such impermeable structures,
with their enhanced mechanical properties compared to standard thin films, depends
on controlling nano-filler dispersion and exfoliation. Figures 13 and 14 illustrate the
difference in nano-filler dispersion depending on the type of polymer matrix and the
type of the nano-filler.

The filler in Figure 14 is not sufficiently polar and the filler/polymer interactions
are not sufficiently strong to allow perfect exfoliation and dispersion of the platelets
in the polymer matrix.

Example: sealing properties
Certain polymer thin films deposited in solution offer very attractive sealing proper-
ties, especially for substrates such as aluminum foil or paper. For example, Table 3
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indicates which family of sealing varnishes will be effective based on the substrate,
for packaging applications such as seals, pouches, etc.

SUMMARY ON ORGANIC COATINGS
Depositing polymer thin films in solution is a widely used technique for diversifying
the surface appearance and functionality of flat substrates. Selecting the binder sys-
tem for the organic coating is decisive for substrate performance, whether in terms of

FIGURE 13

Homogeneous dispersion of the filler 2MHBT in a vinyl varnish.

FIGURE 14

Inhomogeneous dispersion of 2M2HT in a vinyl varnish.
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appearance, moisture or gas barrier properties, corrosion protection, resistance to
photochemical aging, or the capacity to undergo forming without cracking.

Prefinishing technologies offer diverse possibilities for new development, thanks
primarily to the following:

• Coatings are constantly being improved;
• New developments in the area of organic coatings and their implementation.

For exterior applications, the use of new-generation flexible organic coatings
with high or ultrahigh durability is enabling the development of wet thin films
which are affordable and particularly effective. These new thin films meet the re-
quirements of the final application domain and can ensure aesthetic qualities for
over 15 years in some cases. In sectors such as household appliances, new, slightly
thicker thin films offer better scratch resistance, for example.

It should be noted that other methods of applying organic coatings without a sol-
vent are expanding rapidly, notably radiation cross-linking techniques (UV, electron
beam).

VACUUM-DEPOSITED COATINGS
Over the past several years, vacuum deposition techniques have been developed for the
industrial manufacture of high-quality products. Some of these techniques can be used
in-process (ultrathin films for integrated circuits, magneto-optical films for magnetic
discs or tapes, glass coatings for thermal insulation, electrical conductivity, or UV
filtering for cars or construction, etc.). The main product objectives are as follows:

• Wide variety of deposition materials: pure metals, metal alloys, oligomers,
ceramics.

• Deposits with composition gradients are possible, as well as multilayer
deposition.

• Single or double-sided coatings are easy to obtain for various purposes.
• Reduced cost of finished products (productivity, energy, etc.).
• Environment-friendliness (low releases, little material used).

Since the end of the nineteenth century, it has been known that organic com-
pounds in a discharge plasma form a solid deposit. These deposits were initially

Table 3 Families of Sealing Varnish According to Type of Substrate

Varnish Family Type of Substrate

Acrylic Film or sheet of polystyrene or bi-oriented polypropylene (BOPP)

Vinyl Aluminum foil, PVC

Polyester Polyester, PVC

Modified acrylic
on olefin

Film or sheet of polystyrene or bi-oriented polypropylene (BOPP)
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considered undesirable by-products and little attention was paid to their properties.
It was not until the 1960s that the material formed in plasma was recognized as a
polymer and the process was named “plasma polymerization.” During its early
development, plasma polymerization was considered an exotic method of polymer-
ization. It is now considered an important process for producing entirely new mate-
rials. The materials formed by plasma polymerization are very different from
conventional polymers and inorganic materials, falling somewhere between the
two. This technique is not limited to the production of organic materials, instead
opening a broad field of possibilities including metals and inorganic components.

PRINCIPLE OF VACUUM POLYMER DEPOSITION
Generally speaking, there are three components to the technology of dry coating
processes:

• A precursor, which can be the crucible in a vacuum evaporator, a bombardment
target, or an effluent producer containing one or several precursor gases. The
material to be deposited leaves this source in the form of ions, atoms, atom
groupings, or molecules.

• A substrate, i.e., the part to be coated and the site of deposition, during which the
source species develop progressively (growth), resulting in a more or less well-
ordered film.

• An environment, which separates the source from the substrate and is the site of
the vapor-phase transfer.

Various deposition methods are used:

1. Physical vapor deposition (PVD), for species produced by a purely physical
phenomenon, such as thermal evaporation or ion bombardment.

2. Chemical vapor deposition (CVD), for species produced by a chemical reaction
(e.g., reduction of a volatile halide by hydrogen) or by the decomposition of a
molecule (hydrocarbon). In this case, the reactions are essentially surface re-
actions involving heat activation.

PVD, one of the most commonly used “dry” processes for inorganic coatings,
includes two methods. The first is sputtering, involving bombardment of a solid to
obtain a vapor phase, which is then condensed on a cold substrate to form another
compound. The other method is vapor deposition, sometimes called thermal evapo-
ration, which produces inorganic or organic thin films through evaporation of the
source. In the case of polymer sources, the source is heated or irradiated. However,
the deposition process (PVD) may decrease the molar mass of the resulting film.

CVD is a process in which a thin film is synthesized from a gas phase precursor
that undergoes a chemical reaction (decomposition, grafting reaction) at the sub-
strate’s surface. These reactions distinguish CVD from physical deposition pro-
cesses, such as evaporation, bombardment, or sublimation. CVD is a well-known
process used to produce high purity inorganic and organic thin films.
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This chapter examines chemical deposition, which is very relevant today. Thin
film polymer coatings made from precursors using PECVD (plasma-enhanced
chemical vapor deposition) are now common and can be found in a growing number
of applications [25] (optics, mechanics, chemical protection, nano-systems, micro-
electronics, etc.). The success of these coatings in surface functionality is related to
their high potential for innovation and their “clean” technology, which is
environment-friendly with low material consumption.

In PECVD, “cold” plasmas are used because they are very thermodynamically
unbalanced (Te >> Ti and Tn, where Te, Ti, and Tn are electron, ion, and neutral
temperatures, respectively). Plasma is an electrically neutral environment
composed of ions, neutrals, radicals, electrons, and photons [26]. The gas
precursors are dissociated in a controlled-pressure reactor (from a few millitorr
to atmospheric pressure) in which an electrical discharge is applied. This partially
ionizes the gas. In these plasmas, the electrons have high kinetic energy (1e10 eV
or more); the ions, radicals, and neutrals have lower kinetic energies (around 0.5
and 0.1 eV, respectively). This is the advantage of plasma; the active species are
produced in the plasma phase before contact with the surface, allowing the energy
of the ions to be controlled when they reach the surface. The numerous collisions
between neutrals and electrons generate active species at ambient temperature.
This enables treatments on all types of substrate, with numerous reaction
paths due to the large quantity of active species created. There are several ways
to obtain these plasmas. However, thin film deposition techniques mainly use a
capacitive discharge obtained by applying an alternating electrical field
between two electrodes. There are three categories of excitation frequency: low
frequency discharges (where 20 kHz < f < 200 kHz) resulting in very low density
plasma (low electron density), capacitive radio frequency (RF) discharges
(where f ¼ 13.56 MHz) resulting in electron density of around 1010/cm3, inductive
RF discharges (where f ¼ 13.56 MHz) and microwave discharges (where
f ¼ 2.45 GHz) for which the electron density is much larger, i.e., greater than
1010/cm3.

For polymerization to occur, the precursors must contain atoms capable of form-
ing chains, such as carbon, silicon, or sulfur. Plasma polymerization is very different
from conventional polymerization. Chemically speaking, polymerization is the reac-
tion of activated monomers, producing a long repeating chain. During plasma poly-
merization, the notion of monomers does not really apply beyond the precursor
stage. In fact, all the species created in the plasma participate in the reaction. In other
words, activated radicals interact at the surface of the substrate and in the plasma,
mainly through termination reactions. The terms “plasma polymerization” and
“plasma-induced polymerization” are used because plasma produces free radicals
and molecules with unsaturated bonds. The structure of the monomer (precursor)
is not preserved and the product obtained is more or less disorganized, with variable
cross-linking.

The very broad selection of precursors gives rise to a multitude of materials
known as plasma polymers.
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In summary, the growth of the films obtained by PECVD involves a series of
elementary steps:

• Creation of reactive species (ions, excited neutral molecules, radicals).
• Migration of these species to the substrate.
• Absorption at the surface, followed by chemical reactions which produce new

species that will form the thin film.

Figure 15 provides a general idea of how these processes work, and details of the
various phenomena involved (plasma physics and chemistry, thermal hydraulics, and
thermal kinetics of the gas- and solid-phase reactions, role of operational parame-
ters) will not be given here. H. Yasuda [27], H. Biederman [28], and R. d’Agostino
[29] provide an excellent overview of these topics. Because this technique intro-
duces numerous interactions between process parameters and thin film properties,
a few examples will be presented below.

The deposits obtained with these techniques offer interesting properties which
depend on the substrate and the process conditions used. These properties include
chemical and mechanical stability (adhesion, hardness, etc.) and optical, electrical,
and gas barrier properties. Moreover, it is easy to obtain films with a gradient of
chemical or physical properties by modifying the process parameters during the
deposition cycle [30]. Numerous industrial machines are capable of processing reels
of plastic film, often exceeding 2 m in width, on which they deposit thin SiOx films,
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FIGURE 15

Schematic diagram of plasma polymerization.
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with thicknesses of just a few dozen nanometers and substrate speeds of more than
100 m per minute.

MAJOR PRECURSOR FAMILIES
By analogy with traditional polymerization, the term “monomer” is also used for the
precursor gas that reacts with the plasma. However, this term is inappropriate because
there is no growth and no repetition of polymer chains in thin film deposition.

The various categories of common precursors are as follows:

1. Hydrocarbons: There is no need to have the traditional polymerizable groups.
Thus, ethane, methane, and cyclohexane can be polymerized by plasma but with
lower growth rates than acetylene, ethylene, and benzene [31].

Hydrocarbons contain polar groups, which can be used to produce far more polar
films than hydrocarbons by themselves. Pyridine and amines are included in this
group of precursors. Note that using nitrogen with a comonomer such as acetylene
will produce very polar thin films with hydrophilic properties.

2. Fluorocarbons: These precursors are cited in the literature very frequently and
are used in micro-electronics for plasma etching. However, depending on the
precursor’s C/F ratio, deposits with very antiadhesive properties may be ob-
tained (e.g., C4F8 with F/C ¼ 2).

3. Siloxanes: These are the most used precursors due to their ease of imple-
mentation. They include a broad range of siloxanes, silazanes, and linear or
cyclical silanes. For example, hexamethyldisiloxane (HMDSO) with the
chemical formula OSi2C6H18 (162 g/mol) is liquid at ambient temperature
(qf ¼ �66 �C) and very volatile (vapor pressure of 56 mbar at 25 �C). With this
precursor, polymer deposits containing polysiloxanes (SiOxCyHz) or SiOx can
be easily obtained with PECVD by adding oxygen to the gas phase. Figure 16 is
a schematic diagram of the molecule and Figure 17 shows its various bond
energies.

Adding molecular oxygen to the discharge clearly modifies the composition of
the film obtained. The atomic oxygen produced has an etching effect on the carbon
compounds in the growing film. At high oxygen levels, this makes it possible to
obtain SiO2 films having practically no carbon.

Table 4 lists the main precursors used in PECVD, with the type of thin films pro-
duced and their properties.

O SiSi
CH3

CH3

CH3CH3

CH3

CH3

FIGURE 16

HMDSO molecule.
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PROCESS PARAMETERS AND INFLUENCES
In recent years and for diverse applications (packaging, electronics, etc.), the devel-
opment of low temperature deposition of polymer thin films using the PECVD pro-
cess has experienced very strong growth. Target properties currently include barrier
properties [30e34] (oxygen, water, etc.), optical properties, hydrophobic or hydro-
philic properties, antiadhesion, and abrasion resistance [35,36].

When the precursor is introduced into the plasma, the deposition rate and the
physicochemical nature of the resulting polymer thin film will be affected by the
main implementation parameters, such as:

• Excitation frequency of the plasma;
• Driving power;
• Flow rate of the precursor gas;
• Pressure in the chamber;
• Substrate temperature;
• Substrate polarization;
• Dwell time;
• Geometric factors (gas injection point, shape of gas nozzles, reactor dimensions,

etc.).

In other words, the properties of a plasma polymer depend on the type of the pre-
cursor used, the implementation conditions in the plasma reactor, including its ge-
ometry, and the substrate on which the thin polymer film is deposited.

There is not yet complete understanding of the properties of PECVD films (pre-
pared using given conditions and processes), including the range of possible inter-
actions between all the parameters, but various publications describe the key roles
of each parameter individually.

In this section, only the well-understood characteristics of polymer thin films will
be presented.

Example: barrier properties
Improved barrier properties for plastic or paper substrates are certainly among the
most sought-after characteristics. This can be achieved with PECVD thin films.
Figure 18 illustrates changes in the moisture barrier of a polyethersulfone according

Si     O 

4.7 eV 3.5 eV 

8.3 eV 

Si     C C     H 

FIGURE 17

Bond energies of HMDSO.
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Table 4 A Few Precursors and the Polymer Deposits Obtained Using PECVD. The Main Properties of the Resulting Films are also

Presented

Surface Energy Barrier Properties Porous Films Optical Properties

Precursors Siloxanes: Fluorocarbons
C3F8, C4F8

Siloxanes, silazanes,
tetrafluoroethylene,
perfluorobutene, ethylene,
etc.

Fluorocarbons, perfluoro-
1- methyldecaline,
octamethylcyclo-
tetrasiloxane,
pentafluorostyrene, etc.

Hydrocarbons,
fluorocarbons,
vinyltrimethylsilane,
perfluorobutene,
tetrafluorobutene

Polymer thin
films obtained

Polysiloxane (SiOx),
Teflon-like films (CFx)

Polysiloxane (SiOx),
(SiOxCyHz), polysilazane
(SiNx), amorphous carbon,
Teflon-like films

Tetramethylsiloxane Amorphous carbon,
Teflon-like films, etc.

Target
properties

Antiadhesive, wettability,
hydrophobic, hydrophilic

Corrosion protection, water
and oxygen barrier for
plastic, paper and other
substrates

Gas separation, permeable
membrane

High refractive index,
transparency, low
extinction coefficient, etc.
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to the power used during deposition. First of all, increasing the reactor’s power ac-
centuates disassociation in the gas phase. A higher driving power can increase the
deposition rate by creating a greater number of active species. Density saturation
may also be observed at higher powers, which suggests that film production is
limited by the supply of active species [32,37,38].

Figure 18 illustrates the increased deposition rate of an SiO2 film obtained from a
mixture of (N2O/SiH4) as the precursor.

The decrease in the MVTR (moisture vapor transmission rate) is due to the poly-
mer thin film and its very high-internal stress level, resulting in the formation of de-
fects such as pores, micro-holes, and cracks. When power increases, the energy of
the plasma generates a significant number of oxygen radicals [39]. The faster depo-
sition rate does not leave atoms enough time to reach low energy sites; this in turn
increases the level of etching and, consequently, the surface roughness. In this
manner, increased power causes a drop in the moisture barrier (MVTR).

For another commonly used precursor such as the mixture HMDSO/O2, the
driving power may have another effect on barrier properties. Figure 19 illustrates
how increased power improves the oxygen barrier. This figure also shows that the
concentration of silanol groups decreases at higher powers, resulting in better densi-
fication of the film. High energies lead to stronger ion bombardment and facilitate
the formation of SieOeSi bridges to the detriment of SieOH [40].

This barrier property depends not only on the film’s chemical nature and the po-
wer used during the process, but also on temperature and several other implementa-
tion parameters. For example, high substrate temperature generally leads to greater
mobility of the species at the surface during deposition, and if there is also pyrolysis
of the film, this leads to a decreased rate of growth. However, in both cases polymer
cross-linking is increased, which modifies the thin film’s barrier properties. For a
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FIGURE 18

Changes in the moisture barrier (MVTR) and the rate of deposition according to the reactor’s

RF power, for a precursor composed of a mixture (N2O/SiH4) [32].
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deposit obtained with the precursor HMDSO, the chemistry of SiO2 and SiOxCyHz

formation at low temperatures differs significantly from that observed at high tem-
peratures. SieOeSi bonds are dominant at high temperatures, favoring the forma-
tion of SiO2 thin films. In contrast, at low temperatures the formation of SieOH
(silanol) dominates under certain conditions and a great number of these groups
can be incorporated in the thin layer obtained, producing a more flexible film
with diminished barrier properties [41,42].

Thermal stability is an important parameter to control. Temperature plays a
direct role in film thickness; generally, a drop in thickness is observed from a certain
temperature, representing the film’s stability limit.

Thus to obtain excellent barrier properties, the deposition thickness and the
structure (chemical and physical) of the thin film must be perfectly controlled.
The limitation of high barrier values, between 0.1 and 0.5 cc/m2 d atm in the liter-
ature, can be explained by these various defects. The general permeation behavior
of a polymer thin film system according to its thickness is schematically illustrated
in Figure 20. It can be divided into three distinct phases.
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PHASE 1
Until the thickness of the barrier film reaches a critical value [43] commonly expressed
as dc, there is practically no barrier effect. This is particularly problematic in certain
cases where dc may reach several nanometers. The value of dc varies strongly, depend-
ing on the type of film deposited and the type of polymer substrate. For example, in
the case of PECVD SiOx on polyethylene terephthalate (PET) using radio frequency
this value is 12 nm, whereas for PECVD SiN it does not exceed 8 nm [39].

The following explanation has been proposed for this phenomenon: the substrate
is initially coated with patches of material, which coalesce at dc. In other words, a
uniform layer would only be present at this precise time, explaining the drastic
drop in P once dc is reached.

PHASE 2
In this phase, permeability decreases slightly until reaching an asymptotic value that
remains nonzero, even though the oxides used as barrier films are impermeable at
high molecular weights. A.S. da Silva et al. [39] systematically and statistically
demonstrated the presence of defects in PECVD SiOx coatings on PET [44]. They
arrived at the conclusion that a film’s barrier performance is strongly correlated to
the number of defects, n, it contains (Figure 21), thus proving that performance
limits can be explained by the simple presence of holes in the film and the substrate.
These defects can have various causes: e.g., coating defect due to an antiblocking
agent in the substrate; coating defect due to the presence of a dust particle on the
substrate surface during deposition.

PHASE 3
If the film’s thickness becomes too great, the barrier effect disappears and perme-
ability increases exponentially. This phenomenon is usually attributed to the
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Correlation between OTR and the number of defects, n, in a PECVD SiOx film on PET [45].
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mechanical strain present within films. When film thickness is too great, the relax-
ation of this strain is not plastic; the film then becomes brittle and breaks. Permeant
gases rapidly flow through the resulting holes. The thickness at which these breaks
appear depends on the substrate, the type of barrier film, and the deposition method.
For a system of PECVD SiOx on PET, this thickness is around 200 nm.

Research in the area of thin barrier films is focusing more and more on developing
super barriers whose oxygen permeation must not exceed 5 � 10�3 cc/m2 d atm.
Recently, J. Affino [45] proposed a very strong barrier (<10�5 cc/m2/d) based on
the concept of a multilayer organic/inorganic structure obtained using PECVD.
This concept of a series of nano-layers is receiving increasing attention and support
[46]. A structure with three layers is often proposed [47]: the first polymer layer acts
to reduce the surface roughness of the substrate, the second acts as a barrier, and the
third serves to protect this barrier layer.

These various examples show that it is difficult to draw a single conclusion on how
to control barrier properties. These characteristics are strongly dependent on the pre-
cursor type and the PECVD parameters used during the implementation process.

Example: surface properties
Even though the surface properties of the polymer thin film obtained using PECVD
depend on process parameters, they are very strongly tied to the chemical nature of
the precursor used. Low surface energy is obtained with fluorinated precursors, or
with mixtures containing perfluorohydrocarbons or silanes. Surface energy for a hy-
drocarbon thin film is generally higher than that of a standard hydrocarbon polymer
because carboxylic groups often appear at the surface during the deposition process.
In contrast, it is more difficult to prepare a very high energy surface using the plasma
process than a low energy surface. The reason is that organic precursors, which can
be used to make very hydrophilic thin films, have very high evaporation tempera-
tures due to their high polarity molecules and are thus difficult to use as precursors.
Those with oxide groups lose a very significant portion of these functional groups
during plasma polymerization.

In the literature, several strategies have been employed to obtain super-
hydrophobic surfaces. Washo describes contact angles close to 170� with PTFE
deposited under process conditions (high temperature, high power) leading to the
formation of powders. Another approach is to deposit PTFE and use plasma etching
to structure the surface so as to obtain a contact angle very close to 170�. A great deal
of research is currently under way on the PECVD process conditions necessary to
obtain these very hydrophobic films all while structuring the surface [48].

Note that these PECVD deposits can be carried out in a localized manner using a
masking technique. Figure 22 shows a surface that has undergone both hydrophobic
and hydrophilic treatments [30].

These different localized treatments are very important for applications in
biology and micro-fluidics.

The material in contact with physiological substances such as blood or cells has
chemical properties that influence the organization of the protein layer, which is
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adsorbed at the liquid/material interface within a few seconds of contact [48]. A
good strategy for controlling the morphology and physiology of cells in contact
with a biomaterial is to control the adsorption of proteins at its surface. Many appli-
cations such as diagnostic tools, implants, etc., call for substrates which are very or
totally repulsive with regard to proteins or cells. Deposition techniques have been
proposed to obtain polyoxymethylene thin films [49], which may offer antiadhesive
properties in relation to cells.

Structured by multiple layers, texturing or by the addition of nano-fillers, these
new-generation polymer thin films are currently being developed and will give plas-
tic, paper, and steel substrates high-performance properties.

SUMMARY ON VACUUM-DEPOSITED COATINGS
Polymer thin films obtained by PECVD have a great deal of relevance for various
industrial applications today, mainly due to their lower cost. Moreover, their struc-
ture is now very well controlled. This has given rise to systems with excellent new
chemical and physical characteristics, such as barrier, friction, and hydrophobic
properties.

The chemical nature of the precursors and their chemical reaction mechanisms
are two significant factors in the vapor-phase deposition process which in turn affect
reactor architecture.

Process parameters strongly influence the PECVD process. These parameters,
including power, temperature, and pressure, allow modifications to film structure
that can be controlled. The resulting properties can be very powerful. Numerous
studies have been conducted on how to apply the final materials.

The application areas include packaging, with a focus on high barrier films, as
well as steel, where the accent is on corrosion protection or adding properties
such as high surface energy. A large number of emerging applications are also incor-
porating such films. Uses include biological, physical, and chemical sensors along
with electronic, molecular, and nonlinear optical systems. Despite multiple studies
in this area, these materials have only been successfully used for a small number
of electronics and optical applications. This is primarily due to the low thermal

FIGURE 22

Localized hydrophobic and hydrophilic deposits obtained by PECVD with a masking

technique.

420 CHAPTER 17 Polymer Thin FilmsdProcesses, Parameters and Property



and chemical stability of thin films as well as their weak mechanical solidity. Hence
the relevance of creating high-quality polymer thin films for a broad range of tech-
nological applications. The next generation of organic flat screens requires drastic
encapsulation of their systems, which in turn necessitates jumping at least three to
four orders of magnitude in barrier efficiency compared to the requirements of tradi-
tional industries such as packaging.

Today these thin films and the associated processes are used for the electronics
market. Certain micro-electronics manufacturers, such as Applied Materials, are
trying to push these processes to their limits, but when production of 65 nm transis-
tors starts, they may no longer be satisfactory. A competing technology known as
ALD (atomic layer deposition) seems very promising. For example, it should be
possible to deposit 2 nm barrier films using ALD. Another emerging technology,
electrografting, will be a competitor as well. Electrografting is an electrochemical
technique. The chemical species present in a liquid bath migrate between an elec-
trode and the part to be coated. Deposition is controlled through the electrical
conditions.

CONCLUSIONS
There are various processes for producing polymer thin films, but whatever the depo-
sition process (extrusion coating, wet or dry methods), the properties of the resulting
film will depend strongly on the chemical nature of the polymer used. However, the
numerous interactions between the process and material parameters significantly in-
fluence the final properties. Also it is very important to control the process param-
eters for maximum optimization of the target properties.

With control of these processes becoming more and more developed, films with
an increasingly fine structure can be obtained (e.g., nanometric scale for PECVD).
This in turn produces properties with very high performance.

The resulting thin films are used by traditional industries such as packaging and
steel, but because there is enormous progress in the area of structure and properties,
new emerging markets are focusing on the latest generation of polymer films. There
are new products in optics, electronics, batteries, and micro-sources for which pre-
cision, multiple layers, and much localized deposition with micro-structures and
texturing are required to attain the desired properties.
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[3] Strälin A, Hjertberg TJ. Adhesion between LDPE and hydrated aluminium in extrusion-

coated laminates. J Adhesion Sci Technol 1993;7(11):1211e29.

References 421



[4] Fillon B. Optimisation of aluminum/polyethylene adhesion with extrusion coating
process. In: Polyethylene Maack business conference Zurich; 1995.

[5] Morris B. Prediction of polymer/metal adhesion. Polym Lamination Coat Conf, Tappi
Proc 1996;191.

[6] Butruille JM, Fillon B, Frier JR. Analysis of polyethylene/aluminium adhesion
mechanism. In: Proc. of the Eur Congr Appl Surf Interface Analysis, Montreux, 1997.

[7] Brentley B. Coating laminating PFFC, paper, film & foil converter. March 01, 2001.
[8] Morris B. In: Tappiconf., San Diego, Reducing curl in multilayer blown film, Part 1

experimental results, model development and strategies, Part 2 application of predictive
modeling to barrier cereal line film, 2001 polymers laminations & coatings conference
proceedings. 15 technology Parkway South, Norcross, GA: Technical Association of the
Pulp and paper Industry; 2001. p. 112e3.

[9] Schmitthenner M. Eur Coat J 1998;9:618.
[10] Glawe A. Varnish deposition with various processes. In: Coatema Kuntsoffe conf; 2004.
[11] Urban D, Takamura K, editors. Polymer dispersions and their industrial applications.

Wiley; 2002.
[12] Hull HH. The theoretical analysis and practical evaluation of roller ink distribution

systems. TAGA e Tech Assoc Graph Arts 1968:228e315.
[13] MacPhee J. An engineer’s analysis of the lithographic printing process. TAGA eTech

Assoc Graph Arts 1979:237e77.
[14] Benjamin D, Todd J, Scriven LE. Fluid mechanics and transport phenomena multiple

roll systems: steady-state operation. AIChE J 1995;41(5):1045e60.
[15] Owens M, Scriven LE, Macosko CW. Technical session 5 e coating technology

rheology and process control minimizes misting. In: 12th International coating science
and technology symposium Rochester, New York; 2004.

[16] Benjamin D, Carvalho MS, Anderson TJ. Forward roll film-splitting: theory and exper-
iment. In: TAPPI proceedings, 1994 TAPPI coating conference May 1e5, 1994,
San Diego, 109, California; 1994.

[17] Bousfield DW, Salminen P, Urscheler R, Roper III JA. Wetting line in high-speed free
jet coating. In: 1999 coating conference proceedings, proc. TAPPI coating conference.
Atlanta, GA: TAPPI Press; 1999. p. 129e43.

[18] Coyle DJ. The fluid mechanics of roll coating: steady flows, stability and rheology
[Ph.D. thesis]. Minneapolis, MN: University of Minnesota; 1984.

[19] Spadafora S, Leidheiser Jr H. Water disbondment characterization of polymer coating/
metal substrate systems. JOCCA September 1988;71(9):276e85.

[20] Leidheiser H, Funke W. Water disbondment and wet adhesion of organic coatings on
metals: a review and interpretation. JOCCA 1987;70(5):121e32.

[21] Schuman T, Wilström M, Rigdahl M. Coating of surface-modified papers with
poly(vinyl alcohol). Surf Coatings Technol 2004;183(1):96e105.

[22] Schuman T, Wikström M, Rigdahl M. The effect of hot calendering of the substrate on
the barrier properties of poly (vinyl alcohol)-coated papers. Nordic Pulp Pap Res J
2003;18(1):81e9.

[23] Burgentzle D, Duchet J, Fillon B, Jupin A, Gerard JF. Role of clay/solvent interactions
for nanocomposite varnishes formulations, INSA Lyon. Cebal (France) 2003.

[24] Burgentzle D, Duchet J, Gérard JF, Fillon B, Jupin A. Study of clay/solvent interactions
for varnish formulations. France: Laboratoire des Matériaux Macromoléculaires, Insti-
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INTRODUCTION
Inkjet printing of functional materials with specific electrical, optical, chemical,
biological, or structural functionalities has gained significant interest as an alterna-
tive to conventional vacuum deposition and photolithographic patterning methods,
especially in the area of low cost, large-area electronics [1e4]. Conventional inte-
grated circuit (IC) processes are multistep, environmentally hazardous, and involve
expensive photomask, high-processing temperature, and toxic waste and therefore
expensive. Since inkjet printing of functional materials is an additive and data-driven
maskless process, material waste can be minimized. Furthermore, easier process
modification can be integrated via computer-aided design system [5].

The noncontact and digital process nature of inkjet printing allows three-
dimensional (3D) printing of functional materials. Since the material of interest needs
to satisfy narrow low-viscosity (1e10 cP) conditions for successful inkjet printing,
usually polymer resins [6] such as molten polymer resins, UV or thermally curable
photopolymer resins are applied for 3D printing, especially in the area of rapid poly-
mer prototyping [7]. Despite the ease in jetting, polymers have limited applications in
the area of electronics due to their poor electric conductance. In this respect, metals
are always preferred for high-quality electronics due to their high conductivity. Very
few direct metal inkjet printing approaches have been demonstrated so far due to the
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high melting temperature of metals. As an approach toward 3D printing of metal
components, Yamaguchi [8] first demonstrated 3D metal jetting of molten solder
as shown in Figure 1. However, the molten metal jet process is limited in using
low-melting temperature solder and needs high-temperature-resistant systems to
keep the metal molten during the jetting process [9,10].

As an alternative to molten metal jet, metal nano-particles (NPs) have drawn
tremendous interest in the area of low-temperature metal direct patterning by inkjet
printing. Metal NPs exhibit low melting temperature due to thermodynamic size
effect; for example, 3-nm Au NPs start to melt below 150 �C, i.e., considerably
lower than bulk melting temperature (1064 �C) [11]. Metal NPs can easily form a
nano-ink with optimum viscosity range for inkjetting and also can form metal struc-
ture without driving the processing temperature above the bulk metal melting
temperature. These attributes enable metal inkjet printing on a polymer substrate.
Fuller et al. [12], Chung et al. [13], and Ko et al. [14e17] demonstrated inkjet print-
ing of 2D electrical circuits and 2D MEMS (micro-electromechanical system) struc-
tures by inkjet printing of gold NP ink. Later, by expanding 2D NP inkjet printing
technologies were extended to 3D metal structure fabrication by metal NP inkjet
printing demonstrated by Ko et al. [18] and Kullman et al. [19].

In this chapter, low-temperature 3D micro-metal structure fabrication by metal
NP direct inkjet printing will be introduced. Parametric studies on the basic condi-
tions for stable 3D inkjet printing of NP ink will be explained. Furthermore, diverse
3D metal micro-structures including micro-metal pillar arrays, helical, zigzag, and
micro-bridges were demonstrated and electrical characterization will be given as
examples. All processing and characterization steps can be carried out at plastic
compatible low temperature and in air under ambient pressure.

FIGURE 1

(a) Schematic illustration of metal jet nozzle and (b) the principle of modeling by Yamaguchi

et al. [8].
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INKJET PRINTING SYSTEM
Metal 3D micro-structures are fabricated on a glass or polymer substrate by the
generation of picoliter sized NP ink micro-droplets using the piezoelectric drop-
on-demand (DOD) printing system (Figure 2). DOD inkjet printing system makes
picoliter size drops whenever the bipolar voltage is applied to the piezoelectric
ceramic crystal surrounding glass capillary tube. This means each drop can be gener-
ated with precise time resolution. The complete DOD jetting system is composed of
several system units; (1) a DOD inkjet printing unit, (2) an observation optics unit,
(3) a mechanical translation unit, (4) a pneumatics and temperature control unit.
About 10-mbar vacuum is maintained in the reservoir to prevent NP ink from leak-
ing from the nozzle of the capillary tube due to the small viscosity and low surface
tension of the toluene-based NP ink. Awide range of fluids can be dispensed with the
requirement that the viscosity has to be lower than 40 cP. Drop volume is a function
of the fluid, orifice diameter, and actuator driving parameters (voltage and timings)
usually ranging from 50 pL to 200 pL. The operating frequency is limited by the
total driving time of the actuator and on the dispensed fluid.

Piezoelectrically driven inkjet head (MicroFab, MJ-SF) with a 50 mm nozzle
diameter is used to produce micro-droplets and a bipolar voltage waveform with
amplitude of �13 e �15 V is applied (Figure 3). Briefly, the first rising voltage
expands the glass capillary and a droplet is pushed outside the nozzle due to the
falling voltage. The final rising voltage cancels some of the residual acoustic oscilla-
tions that remain after drop ejection and may cause satellite droplets. The optimum
jetting parameters were found to be 2/40/4/80/2 ms ((A), (B), (C), (D), (E) in
Figure 3(b)).
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FIGURE 2

Complete Schematics of the Drop-on-Demand inkjet printing system [20].
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The signal generator used to produce micro-droplets also triggers the CCD
camera, so that the CCD captures images at the droplet generation frequency. The
CCD camera provides in situ “frozen” transmission images of the droplet to check
for satellite droplet generation as well as to measure the droplet velocity and size.
After generating stable NP ink droplets of 50e60 mm diameter (i.e., 50e100 pL)
at 30 Hz, various structures were made on the substrate by moving a precision trans-
lation stage. The gap between the jetting head tip and the glass substrate was main-
tained at 2 mm (Figure 4).

A vacuum controller and a magnetic valve were connected between the vacuum
pump and the reservoir to minimize the loss of toluene due to continuous evapora-
tion. To purge in the case of clogging, pressure-controlled nitrogen gas is used and
the purging pressure was controlled at 0.4 psi.

FIGURE 3

(a) Piezoelectric inkjet head and (b) bipolar voltage wave form applied to jet head.

FIGURE 4

Multiple exposure CCD camera images of inkjetting process (2 ms exposures with a 98 ms

delay) (50 mm diameter droplet) [20].
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The temperature of the vacuum chuck is controlled by a thermocouple and Mica
heater to facilitate evaporation of the solvent from the NP ink. Proper solvent evap-
oration is very important for growing 3D structures via inkjet printing of NPs. Vac-
uum (300 mbar) is applied through 0.5-mm diameter holes to assure the intimate
contact between the heater and the substrate on the vacuum chuck.

Upon finishing inkjet printing, the inkjet printed micro-structure is composed of
(self-assembled monolayer) SAM-protected metal NPs. The NP micro-structure has
poor electrical conductivity. However, it can be easily converted into highly conduc-
tive continuous metal structure by low-temperature heating (around 150 �C). The
electrical characteristics were measured in air using a semiconductor parameter
analyzer (HP4155A) and a probe station with the micro-positioning manipulators
in a dark Faraday cage.

MATERIALS (METAL NP INK)
To exploit the unique characteristics of metal NP ink, SAM-protected Au NPs were
synthesized by a chemical two-phase method [21] to obtain 1e3 nm sized NPs and
then dispersed in organic solvents (toluene or Alpha-terpineol) to form NP ink with
desired low viscosity for inkjet printing. A piezoelectrically driven DOD inkjet head
was used to generate stable picoliter NP ink droplets. First, parametric studies to find
stable 3D NP inkjet printing conditions were carried out in terms of ink properties
(viscosity, surface tension, NP concentration), jetting parameters (signal width,
voltage magnitude, frequency), environment (pressure, temperature, humidity). Sec-
ond, based on optimum 3D printing condition, various 3D metal micro-structures
were demonstrated and characterized.

The SAM-protected gold NPs were prepared by a two-phase reduction method
reported byHostetler et al. [21]. Aqueous metal salts (HAuCl4) were mixed in toluene
solution containing long-chain alkylammonium surfactants to form a two-phase
system. 1.5 g of tetraoctylammonium bromide (C32H68BrN) was mixed with 80 mL
of toluene and added to 0.31 g of hydrogen tetrachloroaurate (III) hydrate
(HAuCl4:xH2O) in 25 mL of deionized water. Vigorous stirring transferred the metal
salt ðAuCl�4 Þ into the organic phase (toluene) and the aqueous phase was removed. A
measured quantity of capping agent, a long-chain thiol (hexanethiol), was added to the
gold solution while stirring. Then, a reducing agent, sodium borohydride (NaBH4),
mixed in 25 mL of water was added into the organic phase over approximately 10 s
to nucleate nano-crystals. The mixture reacted at room temperature for three and a
half hours. The toluene was removed with a rotary evaporator and the leftover black
particles were suspended in ethanol and sonicated briefly. The particles were washed
with ethanol and acetone and air dried. Monolayer-protected gold NPs are suspended
in toluene or alpha-terpineol at 10% in weight (Figure 5(a)). SAM is critical for NPs
because it controls the size of the NPs in addition to enhancing long-term stability and
achieving favorable optical properties through Au-thiol chemistry. The size of synthe-
sized NPs is distributed 1e3 nm as measured by transmission electron microscopy
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(TEM) (Figure 5(b)). The NPmelting characteristics were investigated at various tem-
peratures. SAM-protected metal NPs do not exhibit good electrical conductivity
despite having highly conductive cores. Electrical resistance (Figure 5(c)) dropped
dramatically around 140e150 �C where the individual NPs (Figure 5(c) left top inset
and left TEM picture) start to melt and SAM started to desorb and evaporate from the
NPs (verified from thermo-gravimetry analysis) to form continuous metal (Figure 5(c)
right top inset and right TEM picture).

INKJET PRINTED 3D METAL MICRO-STRUCTURE
Various 3D metal micro-structures could be demonstrated by the modified NP inkjet
printing; (a, b) micro-pillar arrays, (c) micro-helix, and (d) micro-zigzag as shown in
side view transmission images (Figure 6). The substrate was stationary for a micro-
pillar array, rotating for a helix, and linearly translating back and forth for a zigzag
while the metal NP ink was jetted at a fixed frequency (30 Hz) on the heated sub-
strate (80 �C for toluene NP ink). The metal NP jetted droplet size was 50 mm
with the speed of 1e2 m/s. The printed micro-structure of metal NP had a slightly
bigger diameter (50e70 mm) than the original droplet size just after printing. The
diameter shrank to 35e40 mm after thermal sintering (Figure 6(b)) due to melting
and densification of printed metal NPs. The length of the NP pillar could be grown
up to 1 mm at the rate of 10 mm/s depending on the jetting condition. The pillar
maintained considerably constant diameter along the length direction.

FIGURE 5

SAM-protected Au nano-particle. (a) Au nano-particle ink in toluene solvent. (b) TEM image

of SAM-protected Au nano-particles. (c) Au nano-particle melting characterization. Transient

resistance change on a hot plate; left top inset and left TEM picture before melting, right top

inset and right TEM picture after melting.
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(a) (b)

(d)(c)

FIGURE 6

Various 3D micro-structures of metal NPs fabricated by the modified NP inkjet printing;

(a, b) micro-pillar arrays, (c) micro-helix, (d) micro-zigzag, and (b) SEM picture of micro-

pillar. Inset bars are 100 mm [18].
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Successful inkjet printing of 3D micro-structures of metal NPs could be achieved
within a certain jetting condition range. The basic requirement conditions for
successful NP 3D printing are (1) stable jetting droplet generation, (2) sufficient
droplet drying before the subsequent droplet arrives, and (3) a stable root initiating
the 3D printing. The three requirements are strong functions of ink properties
(viscosity, surface tension, NP concentration), jetting parameters (signal width,
voltage magnitude, frequency), environment (pressure, temperature, humidity).
Those parameters are strongly interconnected. However, the most fundamental
inkjet printing parameters are: (1) jetting frequency and (2) substrate temperature.
Figure 7(a) shows five regimes examined in searching for the optimum inkjet print-
ing condition. Proper substrate temperature allowing sufficient drying of the NP is
essential for successful 3D printing. When the substrate temperature is not high
enough, the drying time will be longer. At high jetting frequency, the printed struc-
ture will not grow and the drop will just spread on the substrate because the root
remains wet when the next drop arrives (Figure 7(a(v))). At low jetting frequency,
the drying time may be long enough to grow a 3D structure, but the structure will
be fat and short and will also take long time to build (Figure 7(a(iii))). When the
substrate temperature is moderately high, the drying time will be short enough to
sustain growth of longer 3D structures. At high jetting frequency, a stable pillar
may grow on the substrate as a root. However, as the distance from the root
increases, the drying time becomes longer. Consequently, the pillar stops growing
and forms an accumulation of NP droplets (Figure 7(a(iv))). At the proper substrate
temperature and jetting frequency to ensure sufficiently dry NP ink before the
following NP ink arrives, a stable and straight 3D structure can be grown
(Figure 7(a(ii))). Increasing substrate temperature is the basic requirement for print-
ing 3D structures by shortening the drying time. However, too high substrate temper-
ature also induces instability of the droplet trajectory and ultimately perturbs the jet
printing process regardless of the jetting frequency (Figure 7(a(i))). Among the ink-
jet printing parameters, the magnitude of voltage signal to the piezoelectric material
is critical to structure size and growth stability. As the voltage magnitude increases,
the NP droplet size and droplet velocity increase, and thus the diameter of the struc-
ture increases (Figure 7(b)).

The required substrate heating temperature is dependent on the NP ink evapora-
tion time as shown in Figure 8. Evaporation time varies, depending on the NP ink
solvent material. Two organic solvents (Toluene and a-Terpineol) are commonly
used to make SAM-coated NP ink due to good solubility. Toluene evaporation
time was much shorter than a-Terpineol due to lower boiling temperature
(Tb,Toluene ¼ 110 �C, Tb,a-Terpineol ¼ 220 �C). Via in situ time-resolved droplet mea-
surement technique [22], the evaporation time of 50-mm diameter toluene droplet
was determined from 80 ms (at 25 �C) to 6 ms (at 110 �C) and that of a-Terpineol
droplet ranging from 150 ms (at 100 �C) to 6 ms (at 200 �C). The jetting frequency
should be determined according to the evaporation time for a certain substrate heat-
ing temperature. High substrate temperature clearly reduces the evaporation time
and offers possibility for high frequency jetting. However, in addition to the jetting
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instability, a too high substrate temperature (indicated in blue box and red box in
Figure 8) causes the so-called Leidenfrost effect and the NP droplet is not deposited
on the substrate but instead bounces back away from the substrate and against the
direction of incidence. Therefore, the heating temperature should be below the
Leidenfrost temperature in order to successfully grow 3D structures. The 3D

FIGURE 7

Important parameters for successful NP 3D inkjet printing (toluene NP ink). (a) Five regimes

for the optimum inkjet printing condition. (b) Jetting voltage signal amplitude effects on 3D

printing. Inset bars are 100 mm [18].
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structures shown in Figure 6 were printed on 80 �C substrate at the jetting frequency
of 30 Hz using toluene NP ink to satisfy the drying time requirement. Besides
ensuring the drying time requirement for 3D growth, substrate heating suppresses
the droplet spreading and thereby reduces the lateral size of the printed structure.
Figure 8 bottom inset pictures show the toluene NP ink droplet spreading on a
substrate heated at 20, 45, 70, 100 �C. Substrate heating accelerates NP ink drying
before the surface tension-driven spreading becomes dominant [22]. Both toluene
NP ink and a-Terpineol NP ink could be used for 3D structure inkjet printing,
confirming that metal NP direct 3D inkjet printing is possible regardless of the
solvent type as long as the optimum jetting conditions are satisfied. However, higher
processing temperature for a-Terpineol NP ink induced the instability more
frequently than toluene NP ink.

Once the 3D structure starts growing, it will keep growing as long as stable
jetting and drying time requirements are met. The drying time condition near the
substrate can be easily satisfied by substrate temperature control. However, the tem-
perature will drop as the structure grows due to conduction and natural convection.
Figure 9 shows a numerical simulation of air temperature distribution during the
jetting. When the jetting nozzle tip was 1.2 mm away from the heated substrate at
80 �C, the air temperature between nozzle tip and substrate was maintained between
60 �C and 80 �C. Within this temperature range, the NP ink evaporation time was

FIGURE 8

Effect of substrate heating temperature. Evaporation time at various substrate temperatures

for NP in toluene (blue (light gray in print versions)) and a-Terpineol (red (gray in print

versions)) solvent. Bottom pictures are printed toluene NP drops at various substrate

temperatures. Inset bar is 100 mm [18].
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found to be shorter than 25 ms for a toluene ink, as shown in Figure 8. The 30-Hz
jetting frequency for 80 �C substrate heating was chosen to compensate the temper-
ature drop as the structure grows even though 100-Hz jetting frequency is possible
for 80 �C substrate temperature (Figure 8).

Based on the developed 3D inkjet printing of metal NP, more complex bridge
structure (gable roof shape) was demonstrated. Figure 10(a) shows transmission
side view images of the detailed 3D printing process at the jetting conditions stated
above. First, a 300-mm vertical pillar grew by inkjetting at the same position, and
then the translation stage moved to grow 45� tilted line on top of the printed vertical

FIGURE 9

Numerical simulation of air temperature distribution due to conduction and natural

convection [18].

FIGURE 10

Metal micro-bridge interconnector fabrication process. (a) Transmission side view images of

the detailed 3D printing process. (b) Optical and SEM images of fabricated metal bridge

interconnector [18].
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(b)

(d)

(c)

(a)

FIGURE 11

Hybrid metal nano-particle inkjet printing with selective laser sintering and ablation to realize

flexible electronics [16]. (a) Process steps for the OFET fabrication. (b) Micrograph of arrays

of OFETs fabricated on polyimide substrate. (c) Micrograph of an OFET fabricated on

polyimide substrate by nanoparticle laser ablation and sintering combination. “S”,“D”, and

“G” indicate source, drain, and gate each. Purple circles are inkjet-printed semiconducting

polymer. Two blue lines and arrow indicate the edges of an original inkjet printed line. Note

how the selective laser sintering can reduce the feature size and laser ablation can obtain

very short channel. (d) Schematics of an OFET. Inset shows the chemical structure of

polythiophene derivative containing electron-withdrawing substituents.



pillar. Inkjet printing process video image can be found in the reference paper [18].
The other part (mirror image) of the bridge was grown in the same way to complete
the gable roof-shaped micro-bridge. The bridge was mechanically stable and strong
enough to sustain moderate bending force. The bridge can be easily converted to
highly conducting electrical interconnector after low-temperature sintering at
150 �C. The electrical resistivity of the bridge-shaped interconnector was almost
as low as the bulk gold resistivity (2.4 mU$cm) after the thermal sintering
(Figure 10(b)). Good electrical conductivity and mechanical strength may allow
implementation of the current process for metallic 3D micro-structuring on heat-
sensitive polymer substrates. This is the first demonstration of direct 3D fabrication
metallic micro-interconnector at plastic compatible low temperature compared with
solder inkjetting above 300 �C [9,10] (Figure 11).

APPLICATIONS/CASES/COST ISSUES
Conventional lithographic processes are well developed for the 2D or 3D patterning
of inorganic micro-electronics. However, there are many practical limitations
existing in conventional IC fabrication processes that are multiprocess step, involve
high-processing temperatures, toxic waste, and are therefore very expensive.
Conventional 3D micro-fabrication could be optimized for the small item and
mass production. In these days, customers’ needs are highly diverse and change
very fast. That is why customized small number item manufacturing is getting
increasing attention, for example, recent social attention for the 3D printing even
though the recent products were mainly limited to polymer parts which are relatively
easier to be realized by 3D printer. This material choice can limit the application of
3D printing process. Therefore, metal 3D printing can extend the application to elec-
trical parts with larger functionality such as MEMS devices. The low-temperature
essence of the metal NP-based inkjet printing process can be further applied to flex-
ible or stretchable electronics for wearable electronics fabrication.

Since the DOD inkjet printing is an additive process, many problems can be alle-
viated in a cost-effective manner. The fully data driven and maskless nature of DOD
inkjet processing allows more versatility than other direct printing methods. The
material is deposited in a carrier solution on the substrate by a piezoelectrically
driven micro-capillary tube. This solution processing provides enhanced flexibility
for choosing both the depositing material and the substrate. The inkjet process gains
these advantages at the cost of the coarser resolution compared with IC process. The
resolution of the inkjet process is mainly governed by the nozzle diameter (wthe
droplet diameter) and the statistical variation of the droplet flight and spreading
on the substrate. The currently achievable minimum feature size is of the order of
50e100 mm. To add more functionality to the metal NP inkjet printing, fast and
low-temperature metal NP sintering steps are being developed by many groups
such as Ko group at Seoul National University and Grigoropoulos group at UC
Berkeley. Further recent research results and applications can be found their
Web site [23,24].
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The method can yield a fast, user-friendly and cost-effective manufacturing
process appropriate for use in combination with a variety of delicate substrate
materials. Besides proving the technological value of this approach, the research
done has unveiled many important scientific issues that need to be addressed in order
to improve the process. This will greatly facilitate progress extending to many other
processes based on the utilization and manipulation of NPs.
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INTRODUCTION
Miniaturization has been one of the driving forces of technology during the last
20 years. As predicted by Taniguchi in 1983, by now the technology has moved
into the nano-processing era and even for precision machining processes submi-
crometer precision is achievable [1]. This development has been made very clear
in the semiconductor industry during the last 30 years, where the number of compo-
nents on a chip has been approximately doubled each 18 months. This phenomenon
is usually referred to as Moore’s law. In recent years, the need for micro-mechanical
systems has increased, for example, in connection with medical devices such as
hearing aids, drug delivery systems, lab-on-chip systems, etc. The consequence
is that traditional engineering materials such as metals and polymers are seen
increasingly more often in micro-products. This requires the development of indus-
trially viable manufacturing methods to support the demand for components and
products.
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Replication methods such as injection molding and cold forging belong to the
preferred choice of macro-scale manufacturing methods when the focus is on mass
production and high productivity and yield. The same processes are found in
micro-scale manufacturing, now typically referred to as micro-injection molding
and micro-cold forging [2]. Special focus on size effects, process characteristics,
optimization, etc., has been reported in, e.g., Refs [3e7]. However, a basic prerequi-
site for process realization is the availability of the tools to be used in the process.
For example, the tolerances and dimensions of the tools cannot be scaled down
directly, since no methods would then exist for fabrication, i.e., to meet the require-
ments. Consequently, the choice of processes and their integration into coherent
process chains becomes one of the major decisive issues in micro-manufacturing.

DEFINITION OF TOOLING
A tool is a component that can be used (preferably more than once) to make other
components. Normally the tool will be a durable component with a well-defined
geometry, but tools that are only used once can be envisaged, for example, in casting.
In most cases, the tool will be used to fabricate a large number of identical compo-
nents before it is destroyed due to wear, corrosion, and mechanical failure. Tools are
essential in replication processes such as hot embossing, injection molding, casting,
hot and cold forging, cold forming (punching, stamping, etc.), and so on.

As product features are scaled down, the available technologies for tooling are
changed, since traditional tooling technologies such as high-precision milling, die-
sinking electrodischarge machining (EDM), wire EDM, etc., have lower limits as
to the obtainable dimensions and geometries. New precision tooling technologies
for potential micro-forming application have emerged as stand-alone technologies
(e.g., micro-EDMmilling, laser ablation, etc.) but equally interesting are the possibil-
ities that emerge when processes are combined into new process chains. Figure 1

FIGURE 1

Example of mold-making technologies in micro-manufacturing.
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illustrates possible technology combinations in mold making for micro-manufactur-
ing. Focus is usually given to the production of the part of the mold actually shaping
the micro-part, and this is also the case for Figure 1. However, the integration of such
inserts into larger tools actually placed into processing equipment (injection molding
machines, presses, etc.) is also of great importance.

Hot embossing and injection molding are usually applied for polymeric mate-
rials, while casting, forging, and cold forming are applied to metallic materials. In
special cases, it is possible to produce ceramic components by replication processes,
e.g., the hot embossing of glass components is possible at temperatures of from
around 550 �C and above.

DEFINITION OF “PROCESS CHAIN”
In the broadest definition, a process chain consists of all of the process steps neces-
sary to produce the part or product in question. This means that a full process chain
starts with design, selection of materials and processes, programing or other prepa-
rations of the production equipment, actual machining, quality assessment, cleaning,
finishing, and packaging. If the product consists of more than one component,
assembly processes are also included in the process chain (Figure 2).

TOOLING CONCEPTS
Utilizing a strictly systematic approach, the possible tooling concepts can be
divided into four groups or schemes. The first division is made by identifying
the most important shaping process, i.e., the process that creates the shape of
the finished tool. This process can either place material on a substrate (additive
process) or remove material from a substrate (subtractive process). The substrate
is normally a homogeneous material, typically metallic or ceramic (silicon), but
it could also be a hybrid material (multilayered, containing particles or fibers,

FIGURE 2

Possible process chains for the production of a polymer micro-component.
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etc.). The shape of the substrate is typically that of a flat disc or plate, but other
simple shapes (rods, spheres, etc.) are also possible.

The second division is made with regards to the way the final tool is obtained. If
the tool is fabricated directly it is understood that the substratedafter additive or
subtractive machiningdwill become the tool. In the case where the substrate is
removed during one of the subsequent steps in the process chain, the tooling concept
will be considered an indirect one.

Additive processes used in micro-fabrication include the following:

• electroforming
• laser sintering
• physical and chemical vapor deposition
• printing including 3D printing

Subtractive processes used in micro-fabrication are the following:

• milling, turning, or other machining processes
• electrodischarge machining (EDM)
• chemical etching
• electrochemical machining (ECM)
• laser machining/ablation (alternatively, other beam-processing technologies)
• combinations of the above in the so-called hybrid processes [8]

Some of the processes mentioned above require photolithography or other mask-
ing methods to define the areas that will be affected (and thus also the areas that will
remain unchanged). To a certain extent, lithography can also be considered as
belonging to the group of subtractive processes.

The various processes can be combined in almost infinite combinations, but in
order to obtain the best and most accurate tooling concepts it is of the utmost impor-
tance to consider the various process properties such tolerances and material
compatibility (see also Selection criteria for tooling process chains).

MATERIAL COMPATIBILITY
For almost every micro-machining process imaginable, perhaps with the exception
of water jet erosion, the substrate or work piece material plays an immensely impor-
tant role regarding the feature sizes, aspect ratios, surface roughness, and virtually
any other property that can be obtained using the process. Table 1 lists some
well-known materialeprocess combinations, and some of the typical results that
have been obtained in micro-machining.

Although the subtractive processes by far are the most widely used, the additive
processes can in a similar manner also provide very different materials properties
and results. For some of the additive processes, such as printing and laser sintering,
the main geometrical limitations are inherently in the processes themselves. Other
additive processes, mainly electroplating (or electroforming) and physical deposi-
tion (physical vapor deposition, chemical vapor deposition, magnetron sputtering,
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etc.) rely on other (subtractive) processes for the definition of the minimum obtain-
able feature size and other machining properties (Table 2).

For laser-based additive processes the minimum feature size is strongly related
to the spot size of the laser beam, which again is interacting with the thermal and
optical properties of the material that is being formed (particles sintered together
or polymerization of monomers).

Using the physical deposition processes, which are all based on the condensa-
tion of materials within a chamber with extreme control of gas flows and pres-
sure, a number of pure metals, alloys, ceramics, and semiconductor materials
can be deposited. Even with the best magnetron sputtering techniques, the depo-
sition rate is relatively low. The processes are useful for building entire tools
or tool inserts. However, the physical deposition processes are essential for the
deposition of hard-wearing resistant coatings, for applying electrically conducting
layers on top of insulators and for many other surface-treatment or enhancement
steps.

Table 1 Typical Results Obtained Using Selected Subtractive Micro-machining

Processes and Materials

Material Process
Hole
Diameter (mm)

Aspect
Ratio

Roughness
(Ra) (nm)

German silver Diamond
turning

– – 5

Silicon Reactive ion
etching

10 10 500

Steel EDM 60 20 500

Aluminum Milling 50 10 1000

PMMA CO2 laser 100 20 2000

PEEK Excimer laser 20 20 500

EDM, electrodischarge machining.

Table 2 Typical Results Obtained Using Selected Additive Micro-machining

Processes and Materials

Process Material Hardness (HV)
Aspect
Ratio

Deposition
Rate (mm/h)

Magnetron
sputtering

Copper 90 2 2

Electroforming Nickel 440 2 70

PVD TiN 1200 0.5 1

Pulse plating NiCo alloy 580 3 20

PVD, physical vapor deposition.
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Electrochemical deposition can be divided into two major subgroups, namely
electroplating and electroless or chemical plating. The first group uses an external
power supply to generate the electrons needed for the deposition of metal, while
the second group utilizes a chemical reducing agent to supply the necessary electrons.

Typical deposition rates for electroplating are from 10 to 400 mm/h. The greatest
deposition rates are obtained using highly concentrated sulfamate nickel baths for
the deposition of nickel stampers for the manufacturing of optical storage discs
(CD, DVD, HD-DVD, Blu-ray discs, etc.). Electroless deposition processes, which
can be used for the metallization of nonconductors such as polymers or ceramics, are
typically at least 10 times slower.

Since electrochemical deposition takes place at relatively low temperature
(always below 90 �C, and sometimes even at room temperature), the mechanical
properties of the deposited materials can be quite different as compared to the values
found for forged or molded parts. This is mainly because the grain size of the depos-
ited materials is smaller, due to the low deposition temperature. Materials with small
grain sizes (electroless nickel is considered to be amorphous [9,10]) result in high
hardness values and the possibility to reduce the surface roughness of parts
machined by diamond turning or micro-milling (Figure 3).

DIRECT VERSUS INDIRECT TOOLING
Figure 4 is a simplified illustration of the four basic process chains for micro-tooling.
The result of all four chains is a metallic tool insert, illustrating a simple tool for the
replication of a micro-fluidic pattern.

For the indirect process chains, one particular process is common and has some
special demands on the choice of materials. Indirect tooling, additive or subtractive,
always requiresdat some pointdthe separation of the substrate and the almost-
finished tool. A complex tool, with micrometer-sized features and high accuracy,
is not easy to separate from a substrate using mechanical methods or brute force.
Consequently, the most gentle way to effect the separation is to chemically dissolve
the substrate. In this case the substrate material should be one that can be dissolved
easily and cleanly, without damaging the surface or structure of the tool. There are
other ways to effect the separation, such as melting the substrate, providing a poor
but well-controlled adhesion between the substrate and the tool, rapid cooling to
enable the differences in thermal expansion to force the two materials apart, and
many others.

One of the safest separation processes is to use a simple solution of sodium or
potassium hydroxide to secure the dissolution of substrates such as aluminum,
zinc, or silicon. This can be done cleanly and effectively without damaging tool sur-
faces of metals such as nickel or stainless steel, which form a passive layer that pro-
tects them from dissolution. In the case where aluminum or zinc alloys are used
(typically on account of their easier machinability), the various alloying elements
(Cu, Mn, Si, Fe, etc.) may create a layer on the tool surface, which can be difficult
to remove [11] (Table 3).
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FIGURE 3

Portion of the periodic table of the element showing the elements that can be deposited electrochemically from an aqueous solution [6].
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FIGURE 4

Schematic presentation of the four basic process chains for micro-tooling.
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Table 3 Chemical Solutions Used in Indirect Process Chains for the Selective Etching of Substrates. Circle Means that the Material Is not Damaged by the

Etching Solution, a Triangle Means that the Substrate Is Stained or Mildly Etched and a Cross Means that it Is Heavily Etched (and Eventually Completely

Dissolved). In some Cases, the Etching Rate Is Listed in mm/h [6]

Name
(Formula)

Concentration
(g/l)

Temperature
(�C) pH

Etch Rate (mm/h)

Ni Cu Au Zn Pt Al Pd Cr Ti Si

KOH 60 80 >14 O O X X X

HCl þ HNO3 38 <0 X X X X X X X

K2S2O8 25 25 D 20 O X O X O O O O

25 40 D 30 O

(NH4)2S2O8 25 25 D 25 O X X O O O O

25 40 D 35 O

HNO3 200 25 0.2 5 X O O X D O O O

HCl 500 25 <0 O X O

NaCN þ
NaOH

50 þ 30 60 12.0 O X X X X



SELECTION CRITERIA FOR TOOLING PROCESS CHAINS
The focus of this section is on tooling for the mass replication of micro-components
in polymers, metals, and ceramics. The tools considered are therefore essentially
mold inserts, dies, punches, etc., carrying the negative geometry of the part to be
produced. Normally micro-replication processes are used for the mass production
of micro-components, with production volumes ranging from several thousands to
millions of units. However, it is not uncommon in applications where replication
processes are used for prototyping in the product development phase, particularly
if the performance of the replication process has a critical influence on the design
of the product. Thus the tool requirements will differ substantially, depending on
the application.

The main issues influencing the tool requirements are as follows:

• the chosen replication process
• the production volume and thus the acceptable tooling cost
• the material of the replicated part
• the smallest feature size and the complexity (3D surfaces, through-holes, etc.)

For large series production, micro-mold inserts and dies must generally be
characterized by high wear and corrosion resistance as well as by fatigue resis-
tance. Except for these general requirements, the characteristics of the tool must
match the demands set by the replication process. Hence, while mold inserts
intended for polymer replication requires a surface hardness of 300e550 HV,
dies for micro-forging will require a hardness of above 1000 HVas a consequence
of the greater stresses necessary for the plastic flow of the material.

When a mold is produced for prototyping purposes, the surface hardness of the
tool falls to a lower level of priority, while the functional performance of the tool
and/or process is the main concern. In this case mold inserts can be made in soft
metals or alloys, such as aluminum or brass, simplifying tremendously the manufac-
ture of the tool. The complexity of the mold also influences the tool requirements.
Tools with simple geometries and large tolerances are relatively inexpensive. In
such cases, in the setup phase of a mass production process, it can be acceptable
to change the tool design based on the initial evaluation of the performance of the
tool and the process using prototype tools. If, on the other hand, the tool is very com-
plex and the cost associated with producing the geometry is high, redesign iterations
must be avoided and the tool will be produced to last for as long as possible, select-
ing harder materials and setting higher demands on the tool manufacturing pro-
cesses. Recent investigations on the tool lifetime as a function of coatings have
been performed in this area [12]. No significant difference in observed wear was
found between uncoated and coated Ni tools. However, some delamination of the
coating was observed after 25,000 injection molding cycles.

Once the tool requirements have been defined, a coherent process chain that en-
ables the production of the tool can be selected/defined. It is very important to note
that at this point the tool design must not be considered to be rigidly defined. Indeed,
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based on the capabilities and limitations of the selected/available manufacturing
processes, changes in the tool design are allowed in order to ease or improve
manufacturing. The redesign (redesign for manufacturing) must of course ensure
that the functionality of the tool and the final part is not compromised.

In many cases one single process will be able to generate the complete geometry
of the part according to the requirements. However, in some cases more complex
process chains might be chosen, either because they enable relevant improvements
in terms of tool performance or simply because the tool cannot be produced other-
wise. An important issue in drafting a process chain is the minimization of reposi-
tioning of the mold insert in proceeding from one process step to the next. Each time
the insert is moved, alignment errors are introduced, reducing the tolerance window
available for the individual manufacturing processes.

On the basis of the defined tool requirements a range of materials can be selected
for the tool (mold insert, die, punch, etc.). The material must match the requirements
in terms of surface hardness and at the same time allow the manufacture of all fea-
tures within the prescribed tolerances by means of the available processes. In this
respect, as seen earlier, it is important to consider that the tool may not need to
be machined directly from material having all of the required properties. Indeed, in-
direct tooling is often a more suitable solution for all those applications where a high
surface hardness is not mandatory. Mold inserts for polymer replication show, in
general, lower demands in terms of wear resistance and can therefore take advantage
of the indirect tooling approach.

Another important point when selecting a tooling process chain is the type of fea-
tures to be realized and their relationship with the rest of the insert. As many micro-
structuring processes are based on material removal (e.g., subtractive processes such
as micro-milling, micro-EDM, etc.), the lesser is the total amount of material to be
removed, the faster will the tool production be completed. Thus when the tool is
characterized by small cavities on a relatively large substrate, direct machining of
the tool can be an advantage. By contrast, when the tool is characterized by small
protrusions that are relatively isolated on a large substrate, indirect tooling is often
the best approach, as in this case the machined master (having the opposite geometry
to that of the tool) would consist of small isolated cavities on a large substrate (see
Figure 5). The two cases considered here represent two extreme configurations,
where the convenience of one approach or the other is apparent. There are many in-
termediate configurations between those two cases, such that the choice of the most
convenient approach might not be so evident and other considerations might become
determinant. In those cases when additive processes are used for the micro-
structuring of the mold or master, the convenience of either the direct or indirect
approach with respect to features type is obviously reversed.

Tool requirements and thereby the final tool material, the type of geometry, and
the type of processes (additive or subtractive) available for the generation of the
basic 3D geometry, concur in determining the chosen tooling approach (direct or in-
direct). At this point the most critical choice regards the combination of the specific
3D structuring processes used to generate the insert geometry and their sequence.
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In selecting the tooling approach, an idea of the structuring processes available is of
course necessary, as this could be a major limitation and enforce the employment
of many of the choices discussed above. The process sequence selection must be
compatible with the limitations of the individual processes with respect to machin-
able materials, machinable geometries, achievable accuracy, minimum feature size,
surface and subsurface characteristics. The capabilities and limitations of a number
of micro-structuring processes with respect to tooling applications will be discussed
later. The sequential order of the micro-structuring processes concurring in the gen-
eration of the tool must be defined with focus on productivity, minimization of align-
ment errors, and compatibility of the succeeding process steps. In fact, subsequent
process steps influence each other in complex ways, originating forward coupling
(one process step influences the outcome of the following process steps) and back-
ward coupling (one process step influences the features generated by the previous
process steps).

APPLICATIONS
APPLICATION 1: POLYMER MICRO-FLUIDICS
Injection molding or hot embossing of polymer micro-fluidic components is a prom-
ising area, but also one of the relatively few areas that can already demonstrate real
production capability and commercial applications.

Mainly depending on the required production capabilities, the first thing to
decide upon is the replication process. Generally, injection molding is preferred
for mass production applications, while hot embossing is adequate for smaller series
and prototyping. In some cases, unusual requirement such as channels widths
of below 100 mm, combinations of wide and narrow channels, through-holes,
embedded optics, 3D channeling, etc., can change this general perception, since
the two replication processes have their own unique features that might be exploit-
able for a special requirement (Figure 6).

FIGURE 5

Micro-fluidic tooling. Aluminum master geometry for subsequent electroforming (left);

hardened tool steel insert (right).
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A more durable tool, compared to the silicon/glass hybrid illustrated above, is
necessary for injection molding. In order to be able to produce a metallic tool,
and still be able to have channel widths and other features in the 20e40 mm range,
an indirect tooling concept based on EDM and electroforming was reported [13].
Emphasis has also been put on realizing relatively large nano-structured areas in
polymer materials. For that clean room-based technologies usually are combined
with electroforming and subsequent molding. In this way surfaces with specific
physical or optical behaviors can be achieved. Worgull et al. [14] report on such pro-
cess chains. Furthermore, it has been reported to combine batch chemical processing
with injection molding to establish submicrometer features [15]. This has resulted in
tools for injection molding comprising nano-patterned micro-structures [16].
Figure 7 illustrates such an approach.

APPLICATION 2: DIE/MOLD FABRICATION FOR MICRO-BULK FORMING
Different tooling approaches were applied and compared on the basis of a cold-
forged industrial micro-component as shown in Figure 8. The component consists
of a series of different diameters and a non-symmetrical geometry at the top. The
largest diameter is 3 mm, the smallest outer diameter is 0.6 mm, and the length is
3 mm. This component is currently fabricated using cutting. Micro-cold forging is
highly attractive, since the productivity can be increased up to 100 times using cold
forging compared to cutting. The component must be produced using a two-step
cold forging procedure [17,18].

Two different approaches were followed in order to manufacture the die. The
direct tooling approach includes micro-EDM milling. The chosen tool material is
a slice of 8 mm ISO 8020 form B cutting punch made of Vanadis 23 hardened to

FIGURE 6

Process chain for the fabrication of a silicon embossing tool for the manufacturing of a small

series of polymer micro-fluidic components.
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FIGURE 7

Process chain scheme for the manufacturing of metal and polymer large micro-structured areas with nano-surface texturing. (a) Scanning

electron microscope (SEM) picture of anodized aluminum surface. (bef) Details of nickel electroplated surface after dissolution of the aluminum

master. (d) 3D micro geometry. (b, c) SEM and atomic force microscopy (AFM) of top surface. (e, f) SEM and AFM of side wall. (gei) Details of

injection molded plastic part. (h, i) SEM and AFM of vertical side wall of micro structure.

Inspired by Tosello et al. [16].
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HRC62-64. By using micro-EDM milling with a 0.3 mm electrode, the die was
machined in less than 1 day. Figure 8 illustrates one of the dies.

In the indirect tooling approach, a cathode of aluminum was machined to an
outer geometry similar to the inner geometry of the die. A hard nickel alloy is depos-
ited on the aluminum. Subsequently, the aluminum can be etched away, leaving a
die with the required inner geometry (Figure 9). The method has been tested with
three different nickel alloys. At present, a die with a hardness of 440 HV25g has
been tested in the forging of a lead billet. A die with a hardness of more than
800 HV25g is currently being produced. A qualitative and quantitative comparison
of the two molds obtained using the two different methods was performed. A sili-
cone replica of the inner geometry of both molds was taken and analyzed by optical
methods (Figure 10). It is seen that the EDM approach yields nonsharp corners,
whereas these can be obtained in the indirect approach. Furthermore, the dimensions
are comparable and within specification for both methods.

FIGURE 8

Direct Die manufacturing by micro-EDM milling.

FIGURE 9

Indirect approach for dies for micro-metal forming. Turned geometry (left) and cross section

of electroformed die (right).
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CONCLUSIONS
This chapter has introduced the concept of tooling process chains for micro-
manufacturing. Two main approaches have been described: indirect tooling and
direct tooling. The building blocks of tooling process chains can be combined in
numerous ways and obtainable dimensions and geometries are depending on specific
choices of these building blocks. Selection criteria for tooling process chains were
discussed and application examples presented.
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INTRODUCTION
SURFACE ENGINEERING
Advanced surface technology or surface engineering is a key knowledge-based
sector of great relevance for several manufacturing processes and consumer goods
production. Surface engineering encompasses those technologies capable of modi-
fying the surfaces of solids to provide them with superior performance or new
functionalities.

During recent decades, part of the surface engineering sector has been devoted to
the protection of the surfaces of manufacturing tools and industrial components work-
ing under severe conditions of friction, wear, oxidation, or corrosion. These phenom-
ena are usually considered as catalysts of surface degradation, and yearly they cause
huge production costs mainly related to tool reshaping or replacement, as well as
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component rejection. It is estimated that, in developed economies, surface degrada-
tion might cause losses of up to 4% of the gross domestic product (GDP). For the
USA, these features represent approximately $280 billion/year. Moreover, other
studies estimate that, in Germany alone, the consumption of oil-derived lubricants
for wear prevention represents up to $1e2 billion/year [1] for manufacturing indus-
tries. In the US only, it is estimated that wear and friction costs exceed $100 billion
per annum [2]. Additional costs related to surface protection are those caused by the
generation of residues derived from galvanic techniques (e.g., hexavalent chromium).

Surface engineering is facing new and exciting challenges from the advent of
micro- and nano-manufacturing technologies, and surface modification processes
will have a major role in enabling the industrialization of several technologies in
the near future, such as micro-forming, micro-machining, or micro-nano-texturing.
Moreover, new and emerging technologies need to find novel functional surfaces
which could introduce new products able to outperform those already existing from
classical concepts. Some examples are (1) biomaterials, which require advanced tech-
niques for surface biofunctionalization or (2) renewable energy, through the engineer-
ing of functional membranes and other functional coatings for H2 fuel cells.

SURFACE CONTACT PHENOMENA AND TRIBOLOGY
The study of tribology (friction, wear, and lubrication) is a major, ongoing, priority
for every manufacturing process. In fact, it is generally accepted in mechanical
engineering that numerous failure cases in manufacturing are related to these surface
degradation mechanisms. Tribology addresses the contact interactions between two
surfaces in relative motion, and the physicalechemical response of such surfaces
against the degrading action of the environment. A deep knowledge of the basic
mechanisms of friction, wear, and lubrication is a major requirement to better under-
standing of the benefits of surface engineering and its role in improving the surface
performance of tools and components. There exists an extensive amount of literature
about tribology in general [3,4] and tribology in micro-manufacturing processes in
particular [5,6]. A detailed revision over these studies and the reference therein will
provide the reader with a better insight about surface-related failure mechanisms in
manufacturing and the strategies for their prevention.

CHARACTERIZATION TECHNIQUES
Understanding the principles of surface functionalities and the strategies for their
modification requires the utilization of purposely designed advanced characteriza-
tion techniques. In fact, a good background on surface characterization enables
mechanical engineers to better solve surface-related problems during prototype
design, simulation, or process testing. In the specific case of manufacturing tools
and component surface protection, the related characterization techniques focus
on the chemical composition, the mechanical properties (hardness, fracture tough-
ness, coefficient of friction, wear rate), the thermalechemical stability (oxidation,
corrosion), and the surface topography (roughness, texturing). It is noteworthy to
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remark that several of the existing characterization techniques are today approved as
validation standards under national and international standardization agencies, e.g.,
the American Society for Testing and Materials (ASTM) and the International Stan-
dards Organization (ISO) (www.astm.com and www.iso.org, respectively).

This chapter aims to provide the reader with a general and concise overview of
the surface engineering field and its relevance for micro-manufacturing. In the first
section, the fundamentals of the most extended advanced techniques for surface
modification will be addressed, with special focus on those technologies which,
due to their specific characteristics, might be more applicable in micro-
manufacturing. The last section addresses different case studies, where surface
engineering plays a decisive role.

FUNDAMENTALS OF ADVANCED SURFACE ENGINEERING
PROCESSES FOR TOOLING PROTECTION
In this section, different advanced surface modification processes for tooling protec-
tion will be overviewed. Surface protection technologies have been developed
during recent years in order to accomplish optimal material protection, depending
on the environment, the working conditions, and the compatibility between the treat-
ment itself and the substrate material. There exists a large variety of surface
treatment techniques which have demonstrated their performance for surface protec-
tion or other functionalization purposes, and therefore they are already implemented
at industrial scale. In general terms, all surface treatments can be classified within
three main categories: physicalechemical functionalization, mechanicalestructural
functionalization, and surface coating, as illustrated in Figure 1.

In the case of micro-manufacturing, tools of submillimeter dimensions exhibit
special features which limit the applicability of several of these techniques for sur-
face protection. For instance, surface techniques must in this case prevent changes of
the net shape of a tool which could reduce its performance or precision. Analo-
gously, treatments carried out at excessive temperatures might degrade the bulk me-
chanical properties of the tool. In this context, this section presents a series of
particular techniques which have proven their effectiveness in protecting small-
size manufacturing tools. These techniques are framed within the groups of
physicalechemical functionalization, including gas and plasma nitriding, ion im-
plantation, and coating techniques, including electrodeposition, chemical vapor
deposition (CVD), and physical vapor deposition (PVD).

PHYSICALeCHEMICAL FUNCTIONALIZATION I: THERMAL AND
PLASMA NITRIDING
Nitriding are surface techniques to harden the surfaces of several types of cold- and
hot-work steels for forming operations. These are high-temperature surface treat-
ments based on the incorporation of nitrogen species into metallic surfaces by
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different mechanisms of thermal diffusion or plasma-activated thermal diffusion.
Carbon can also be incorporated into steel materials. These processes are denoted
as carbiding. The nitrogen diffusion process in steels has two main effects. On the
one hand, it induces the formation of a superficial layer (2e5 mm thick) containing
hard metal nitrides, such as Al-N, V-N, or Cr-N. The formation of precipitates of
these nitrides provides high-alloyed steels with high hardness and toughness. On
the other hand, nitriding produces the so-called diffusion layer (10e100 mm thick)
in which nitrogen atoms occupy interstitial sites in the crystalline lattice of the
host metal, producing an induced lattice expansion effect. This expansion is well re-
ported to cause compressive stresses, which leads to superior toughness and wear
resistance properties. These effects have already been observed in different metallic
alloys such as AISI H11-13 series steels [7], AISI-316L [8], Ti4Al6V [9], V5Ti [10],
and others. The nitriding of steels often forms a shallow overlayer of iron nitrides
(ε-Fe2,3N, g-Fe4N, typically), denoted as white layer. It is usually recommended
to remove such films by mechanical means (sand blasting, polishing) due to their
brittleness, which can induce catastrophic crack propagation into the bulk compo-
nent under normal or shear overloading. High vacuum-based plasma nitriding gener-
ally can avoid the formation of the white layer [11].

Thermal nitriding of tool steels requires temperatures above 500 �C and the use
of reactive nitriding precursors such as pure N2 or NH3. Additionally, processing
times could be of the order of 1e2 days to achieve a diffusion layer thickness of
some hundreds of microns. Nitriding in molten salts at high temperatures
(700e800 �C) is still widely utilized in various industrial sectors.

µ

µ

S

FIGURE 1

Classification of surface modification techniques in terms of physicalechemical

functionalization, surface coating, and mechanicalestructural functionalization.
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Nitriding/carburizing can also be carried out in the presence of activated glow
discharges containing active species such as atomic nitrogen. The glow discharge
activation permits the nitriding of tool steels at slightly lower processing tempera-
tures (i.e., 400e500 �C) due to the larger reactivity of the ionized gases to penetrate
the surface-to-bulk barrier of the material. Active screen plasma nitriding/
carburizing [12], cathodic arc-activated nitriding [11], or triode plasma nitriding
[13] are plasma-activated nitriding processes recently developed, which provide
an extended range of solutions for a variety of metal alloys.

PHYSICALeCHEMICAL FUNCTIONALIZATION II: ION IMPLANTATION
Ion implantation is a surface bombardment treatment widely implemented for tribo-
logical applications as well as for other technologies requiring special surface func-
tionalities (e.g., micro-electronics, optics, biomaterials). The technique consists of
the bombardment of ionized species and their implantation into the first atomic
layers of a solid. Ion implantation essentially requires an ion generation source,
an electrostatic acceleration system, and a vacuum chamber for the target housing.
Ions are generated by physical means in a discharge chamber, using precursors
appropriately converted to the vapor phase. There exist two main operative modes
of ion implantation: charge/mass selective mode and linear acceleration mode. In
charge/mass selective mode, the ionized species are preaccelerated until they reach
a quadrupole magnet working as a charge/mass ion filter. The filtered beam is then
postaccelerated and focused onto the target component. In the linear acceleration
mode, all ionized species produced in the discharge chamber will be accelerated
toward the target component. This latter implantation mode is less accurate, as
the generated beam may contain some impurities from the different process stages.

The implantation process does not modify the net shape of sharp-edged tool
features. On the other hand, ion implantation is a line-of-sight technique, meaning
that all surfaces under treatment need to be directly exposed to the ion beam, which
restricts the applicability of the technique to noncomplex surface geometries. To
overcome this feature, new sources of plasma immersion ion implantation are being
successfully developed. This technique allows the high energy bombardment of
inhomogeneous surfaces with a variety of ionized atomic species.

For hardness-enhancement purposes on metallurgical components, nitrogen ion
implantation has been found the most universal solution at industrial scale.
Implanted nitrogen species (typically, N2

þ and Nþ) on transition metal surfaces
form nitride phases that increase the hardness and toughness of the targeted surfaces.
Some examples of hardness and coefficient of friction measurement of Aluminum
Titanium, an AISI 316, after nitrogen ion implantations is depicted in Figure 2. In
addition, implanted nitrogen induces crystalline lattice expansion at the surface of
the bombarded metals. This effect is usually observable by the appearance of new
diffraction peaks shifted to lower diffraction angles with respect to those of the
original lattice structure. This lattice distortion provokes high compressive stress
of the implanted surfaces and hence increases the hardness and toughness.
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Nitrogen ion implantation increases the surface hardness of several alloyed
steels, titanium or aluminum alloys [14], or even some thermoplastics such as poly-
ethylene [15] (PE) and polycarbonate. Moreover, the hardness of Ni alloys can also
be increased by the implantation of metal species, such as Cr, Ti, or Al. Finally, the
corrosion protection of some alloys is improved upon gaseous and light atomic
weight metals implantation.

COATING TECHNIQUES I: ELECTRODEPOSITION
Electrodeposition is a well-implemented technology in the surface treatment sector
for its relatively easy installation and high performance. The technique is based on
the chemical reduction of metallic precursors and the precipitation of a solid thin
film onto the cathode (component) by either galvanic-induced (electroplating) or
self-catalytic processes (electroless). The electroless process exhibits lower deposi-
tion rates than electroplating. Conversely, electroless coatings show larger homoge-
neity than electrodeposited films due to the absence of electric field lines during the
process. The deposition parameters which drive the properties of electrodeposited
coatings are the electrolyte composition and its chemical stability, the deposition
speed, and the surface geometry of the substrates. Hard chromium, nickel, copper,
and zinc are typical materials deposited by electrodeposition methods for tooling
and component protection.

Hard chromium, produced by the galvanic reaction of CrO3, H2SO4 in the pres-
ence of catalyst compounds which produce a metal Cr precipitation, leads to the
formation of highly compact, porous-free films exhibiting high hardness and low
coefficient of friction (COF). Hard chromium exhibits excellent wear resistance
against abrasion and a very low adhesive COF. Nickel is also a widely utilized
coating for tooling and component surface protection against wear and corrosion
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(left) Universal hardness. (right) coefficient of friction of three different metallic compounds

AISI 316, Al 7075, and titanium before (gray) and after (black) nitrogen ion implantation

treatment.
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that can be precipitated by electroplating and electroless methods. Nickel is
additionally used as a base material for electroformed tools, e.g., micro-
embossing or micro-plastic injection molds. Ni-electroplated films show high hard-
ness (see Table 1) and low COF, achieving efficient antiwear properties. Moreover,
this material shows excellent protection against corrosion.

Electroless nickel-M (where M can be an atomic, molecular, or micro-particle ad-
ditive) might show excellent antiwear properties and low COFs. Ni-phosphor and
Ni-boron exhibit a hardness between 500 HV and 1300 HV. Ni-Teflon (Ni-PTFE)
exhibits a very low COF in combination with hardness values of around 500 HV.

COATING TECHNIQUES II: CVD
CVD is a vacuum-plating technique by the precipitation reactions of gaseous precur-
sors onto a given surface. Depending on the temperature and the presence or absence
of plasma assisting processes, CVD can be classified into thermal CVD and plasma-
activated CVD (PACVD).

In thermal CVD, the surfaces should be kept to temperatures of between 800 and
1000 �C, hence limiting the type of materials suitable to be coated by this technique
due to thermal degradation effects. In fact, the high temperatures reached during
CVD cycles often produce size distortions of the tools. A typical thickness of ther-
mal CVD coatings for tooling protection could vary between 5 and 20 mm depending
on the specific application and nature of the deposited material. Thermal CVD films
exhibit very high adhesion strength, due to temperature-induced atomic diffusion at
the coating/substrate interfaces. This fact converts thermal CVD into a recommen-
ded technique to be applied to tools subjected to strong normal and shear forces
(cold/hot forging, metal forming). In addition, CVD coatings show low residual
stresses and hence greater toughness and fatigue resistance.

The most commonly utilized coating materials for tooling protection are titanium
nitride (TiN), titanium carbon nitride (TiCN), and chromium nitride (CrN). Other
transition metal carbon nitrides such as hafnium or vanadium can be deposited by
CVD, showing a good combination of hardness and low COF.

Table 1 Vickers Hardness and coefficient of friction (COF) for

Different Electroplated Engineered Coatings

Coating Hardness HV COFa

Hard chromium 1300–1500 0.15–0.25

Ni-electroplated 200–500 0.15–0.3

Electroless Ni 800–800 0.2–0.3

Ni-B 1300–1400 0.08–0.2

Ni-P 500–700 0.08–0.2

Ni-PTFE 400–500 0.05–0.1

Ni-W 900–1000 0.15–0.3

PTFE, polytetrafluroethylene.
a COFs measured against chromium steels, using a ball-on-disc configuration.
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An alternative to thermal CVD is the plasma activation of the precursor gases,
which can promote precipitation of dense thin films, even at deposition temperatures
as low as 200e300 �C, which limits the size distortion effects on steel tools. These
processes are named plasma-activated CVD (PACVD) [16] and represent a feasible
alternative to deposit films onto a larger variety of substrate material. Other CVD
activating processes can be found in the literature, such as hot-filament-assisted
CVD, hollow cathode CVD, or microwave RF PACVD.

CVD is a well-implemented coating technique to deposit low friction carbon-
based films containing different ratios of sp3esp2 carbonecarbon bonds [17].

Highly containing sp3 carbon films are usually known as polycrystalline
diamond which is produced by high temperature CVD and it exhibits hardness close
to this of natural diamond. Diamond-like carbon films (DLC), in its different forms
ta-C; a-C; or H-terminated DLC, are low COF coatings (as low as 0.1 against
bearing steels) used in automotive and machinery industry as an energy saving
vector in power trains, bearings, cam shafts, and other elements. DLCs have high
hardness (1500e3000 HV). DLC can be deposited even at relative low temperatures
of around 300 �C with high adhesive strength using adequate bonding layers. Pres-
ently, silicon-based films produced by PACVD are predeposited to enhance the
adhesion of DLCs on steel and hard metal substrates.

COATING TECHNIQUES III: PVD
PVD is a high vacuum coating technique used for tooling protection as well as for
several technological applications (optics, photovoltaic conversion, decorative).
PVD deposition is the result of producing a vapor stream in-vacuum from a solid
material (usually named the target) by physical means (arc discharge, sputtering,
heat transfer by laser or electron beams, etc.). Cathodic arc evaporation (CAE),
magnetron sputtering (MS), and electron beam (EB) at the present time constitute
the core group of PVD techniques for industrial tooling protection. In fact, there
exists a great variety of PVD techniques, but those of the core group alone share
more than 95% of the PVD market, in terms of both equipment sales and services.

CAE sources are probably the most widely utilized technique for industrial tool-
ing protection. In CAE, a high electron current density is discharged onto a target
material, producing a fast evaporation rate at its surface. The energy dissipated dur-
ing the process sprays the evaporated atoms toward the substrate at energies of tens
to some hundreds of eV (refer to Figure 3). This feature, and the high ionization pro-
duced during the electron discharge (up to 90% of the evaporated species), produces
uniform and dense films, with compressive residual stresses. The deposition of metal
compound films can be obtained by introducing reactive gases such as N2, O2, or
C2H2 during the discharge process.

Part of the energy dissipated on the target surface during CAE is able to produce
micro-sized particles (micro-droplets) that can also be sprayed toward the substrate.
In general, these micro-droplets are barely detrimental for conventional machining
tools provided the net shape of cutting edges remains unchanged upon deposition.
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The presence of these micro-particles, however, can be strongly detrimental for
precision tools. In these cases, a surface repolishing process needs to be performed
after a PVD CAE treatment. To avoid an excessive deposition of micro-particles,
different arc sources design strategies are in use, such as the lateral arc rotating
cathode configuration or the filtered arc.

MS sources are based on the confinement of a low pressure plasma around an
evaporation target by an appropriate configuration of static or alternating electric/
magnetic fields. The confined plasma bombards the target material, producing the
sputtering of atoms from the target toward the substrate. The energy of the sputtered
atoms is usually not greater than a few eV, and their ionization rate is generally poor
(below 5% of the total sputtered atoms). Both factors, low ionization and energy,
make necessary the postionization and acceleration of the sputtered species in order
to achieve sufficient impact energy during the deposition process. This can be
accomplished by polarizing the substrate with a negative potential (bias potential)
of some tens of volts. Under these conditions, the deposition of sputtered atoms is
produced simultaneously to the bombardment of ionized inert species (typically
Ar ions) onto the growing film. This combined process, the so-called ion beam-
assisted deposition, provides sufficient energy per arriving atom to form dense
and well-adhered films. The ionization and energy of the sputtered atoms can also
be increased using high power impulse magnetron sources (HIPIMS) [18]. HIPIMS
utilizes high energetic electromagnetic megawatts/cm2 millisecond pulses during
the sputtering process to achieve ionization rates of almost 100% of the depositing
species.

Sputtering techniques are able to deposit low friction coatings or solid lubricant.
This family gathers the Me:C [19] coatings, where Me is a metal and C represents a
variety of carbonaceous phases present in the film. In addition, MoS2 or WS2 low

FIGURE 3

The reactive cathodic arc discharge physical vapor deposition working. The anode tip is a

high temperature resistance metal alloy rod located near the surface of the target (glowing

part of the photograph). The presence of ionized nitrogen provokes the red-like glow. The

arrow indicates the vapor stream direction from the cathode.
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COF films can also be deposited in the form of thin film by sputtering techniques
(see Table 2).

Electron beam evaporation is based on the heat generated in a target material by
the bombardment of an electron beam onto its surface. The technique retains the
same principles as that of CAE and sputtering, in terms of vacuum process, coating
thickness, reactive deposition, etc. Electron beam deposition is, in addition,
currently used in industrial applications due to the surface finish properties achieved,
along with good mechanical properties, such as those presented in Table 2. Plasma
activation systems of the vapor stream are reported to contribute to the achievement
of dense film growth, increasing hardness and toughness properties. A scheme of a
hollow cathode arc-activated deposition is shown in Figure 4, the trajectory of the
electron beam from the source to the target, and the plasma activation area, are indi-
cated on the right of this figure.

The main application of PVD coating for mechanical engineering is in
machining/cutting tooling protection against wear, overheating, and oxidation,
this application representing almost 70% of all coating services worldwide. Forming
tools, steel stamping dies, injection molds, cold-, and hot-forging dies constitute
another important niche sector for PVD. Finally, a smaller ratio of the PVD market
is devoted to solid lubricious films, especially for the protection of bearing parts in
machines or engines.

The most common industrial PVD coatings for antiwear purposes are TiN, TiCN,
AlTiN, and CrN, all deposited at processing temperatures of between 450 and 550 �C,
in the presence of gaseous precursors, N2, O2, or hydrocarbons (see Table 2).
The deposition temperatures are in general compatible with those in the tempering
of tool steels (high speed steels (HSS), cold- and hot-work steels, etc.). Powder metal-
lurgical tool steels additionally exhibit an excellent support to PVD hard coatings.
Analogously, sintered hard metal cutting tools show excellent load support and
adhesive strength for PVD hard coatings.

Titanium nitride (TiN) [20] is the most commonly used coating for cutting and
forming tools due to its high hardness, low friction coefficient, and toughness. Addi-
tionally, its golden-like color makes TiN a suitable film for decoration/protection in
household items and other consumer goods. Titanium carbon nitride (TiCN) shows a
higher hardness and lower COF than TiN [21,22], but reduced thermal stability. In
fact, this coating requires oil lubrication, especially during high-speed machining
operations, to avoid its premature oxidation by overheating. Aluminum titanium
nitride (AlTiN) coatings [23] were implemented for industrial products in the
1990s and are used widely at the present time for high-speed and dry-machining
tools due to their high hardness (greater than that of TiN) and elevated thermal
stability. Chromium nitride (CrN) [24] shows inferior hardness to that of TiN but
very low adhesive COF, permitting its application in plastic injection molding and
other forming operations, where galling needs to be attenuated. This is due to the
low tendency of CrN to stick to the working material during processes requiring
high contact stresses at the tool/material interface. At present, recently developed
CrCN [25] coatings are found to exhibit even lower adhesive COF to those of
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Table 2 Deposition Parameters and Properties of Common Physical Vapor Deposition Coating Materials for Mechanical Engineering

Applications

Coating

[0,2–4]PVD Processa

Processing T�C Hardness (GPa)
COF (ASTM
G99-5) Max Working T�CCA EB MS

TiN x x x 450–550 20–25 0.6–0.8 500

TiCN x x x 450–550 25–30 0.3–0.5 300

TiAlN x x x 450–550 25–30 0.6–0.8 500–700

AlTiN x x x 450–550 30–35 0.6–0.8 600–800

nc-AlSiTiNb x x 450–550 35–40 0.6–0.8 800–1000

CrN x x x 200–500 18–22 0.6–0.8 600–800

ZrN x x 450–550 25–28 0.5–0.7 400–500

WC/C x 200–250 10–15 0.2–0.4 200–250

MoS2 x 10–15 0.1–0.3 200–300

DLCc x 200–300 10–40 0.1–0.2 200–300

PVD, physical vapor deposition; ASTM, American Society for Testing and Materials; DLC, diamond-like carbon films; COF, coefficient of friction.
a CA ¼ cathodic arc discharge; EB ¼ electron beam evaporation; MS ¼ magnetron sputtering.
b nc denotes a nano-composite phases, as produced by Spinodal decompositions of nonsoluble phases.
c In the case of DLCs, there is a large dispersion of results derived from the sp3/sp2 bonding relations.
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CrN when sliding on stainless steels. Zirconium nitride (ZrN) exhibits a similar
hardness to that of CrN and has a very low affinity for aluminum. These character-
istics enable ZrN to be a recommended coating for Al-transformation dies (extru-
sion, injection), as well as for the machining of nonferrous alloys. Analogously to
TiN, its brass-like color enables ZrN to be used as a decorative coating. Finally,
the family of solid lubricious coatings WC-C [26,27] or MoS2 [28] is utilized on
bearing parts, as these are usually not subjected to excessively high temperatures.

PVD permits the design of a variety of film architectures with the aim to outper-
form the protective characteristics of single-layer configurations. Figure 5 shows
different multilayer structures developed using the cathodic arc PVD technique. A
common strategy to enhance the mechanical performance of PVD films is the design
of load-adaptive layers [29]. Gradient composition films containing a hard layer at the
interface and a low COF outer layer is a well-developed solution for several applica-
tions in the manufacturing sector [30]. A hard nitrided layer by nitriding processes can
be an excellent load support surface for a PVD coating [31,32] (duplex processes).

Nanometer scale thin films are postulated [33]. Nano-multilayered coatings
made of two different compounds (usually hard ceramiceceramic or metale
ceramic) are found to exhibit the highest hardness/toughness when the nominal
bilayer thickness ranges between 10 and 15 nm.

The deposition of immiscible phases in the form of thin film can lead to the for-
mation of finely grained coatings (denoted as nano-composites). This variety of
coatings shows superior values of hardness and toughness than the characteristics
of their single counter-phases. It is commonly found that the incorporation of silicon
in TiN [34,35], or AlTiN films [36], in quantities of around 8e10 at.%, increase their
hardness values by a factor of 1.5e2. In addition, (Al,Si)TiN nano-composites retain
their mechanical properties even after annealing temperatures of above 800e900 �C
[37]. It has been shown how the tribological properties of TiAlSiN coatings depos-
ited by CAE improve when the tests are done at temperatures between 200 and
400 �C with respect to wear tests carried out at room temperature. This intriguing
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FIGURE 4

(right) Schematic representation of the hollow cathode arc-activated electron beam

deposition. (left) Picture of the running process

Courtesy of Dr C. Metzner, Fraunhofer Institute for Electron Beam and Plasma Technologies.
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phenomenon only observed for TiAlSiN is due to a combination of two factors: the
elevated thermal stability and the formation of an oxide tribofilm at the sliding con-
tact zone of the coated surface [38]. These outstanding properties have allowed these
nano-composites to be utilized for the high speed and dry cutting of difficult-to-
machine materials.

COATING FAILURE PREDICTION BY FINITE ELEMENT
MODELING TECHNIQUES
In the recent years, the modelization of the mechanical performance of coatinge
substrate systems has gained a notable interest among the tooling protection indus-
trial segment. In this context, it has been shown that multiscale models combining
parameterized finite-element, cohesive-zone, and fatigue modeling [40] permit the
prediction of the critical loads and failures due to fatigue effects. The model also
permitted the prediction of the mechanical failures of multilayered systems consist-
ing of hardened steels with plasma-nitrided cases and multistack coatings.

FIGURE 5

Different multilayer structures developed at AIN Surface Engineering Center using the

cathodic arc physical vapor deposition technique. (left) Gradient CrCN, (center) damping

coating AlTiN, (right) nano-multilayer TiN/CrN (lw 40 nm).
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APPLICATIONS OF SURFACE ENGINEERING PROCESSES IN
MICRO-MANUFACTURING
ADVANCED SURFACE TREATMENTS FOR MICRO-CUTTING TOOLS
As addressed in this chapter, micro-cutting technologies are one of the most impor-
tant pillars of micro-manufacturing. With regards to tool design and development,
strong efforts are being focused on the investigation of new materials and design
concepts [39e43]. Nevertheless, few studies focus specifically on the problem of
tool surface wear, which to some extent constitutes one of the main degradation
mechanisms at this scale.

Some attempts to protect diamond tools have been made using DLC films depos-
ited by CVD methods. DLC films were tested on diamond-based micro-cutting tools
with different grain refinement, from coarse- to fine-grained structures [44]. Figure 6
compares the appearance of the drill point for two different cases: (a) DLC on
coarse-grain diamond after 1800 holes had been processed; (b) DLC on fine crystal
diamond after 15,500 holes had been processed. The results provide evidence that a
DLC coating deposited on fine-grained diamond single crystal endmills enhances
the cutting performance of the system.

Perucca et al. [45] investigated the machining performance of PVD-coated hard
metal cutting tools for the precision turning of gray cast iron. They observed that

FIGURE 6

The appearance of drill points (width of chamfer 0.05 mm) ((a) diamond-like carbon films

(DLC) coated on coarse-grain diamond after 1800 holes processed and (b) DLC coated on

fine crystal diamond after 15,500 holes processed).
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nano-crystalline TiN coatings outperformed other types of coatings such as multi-
layered TiN/CrN or CrN films, as well as the naked tool. This is better observed
in Figure 7, where the land wear width is depicted as a function of the total feed
for gray cast iron turning tests. TiN coatings were also found to be optimal coatings
for micro-milling of hardened tool steels [46], whereas TiAlN coatings became a
preferred solution for micro-milling of austenitic stainless steel X5CrNi18-10 [47].

Yao et al. [48] investigated the wear properties and drilling precision of
PVD-coated metal carbide micro-drilling tools. In particular, two different coating
architectures were investigated: single hard TiN and nano-multilayered hard TiN/
AlN coatings. The two architectures revealed different antiwear performances under
the same working conditions. The TiN/AlN nano-multilayer exhibited greater pro-
tection against wear on both the tool flank and the rake faces than those shown by
TiN films in the single-layer configuration, as depicted in Figure 8(a)e(d). Single
TiN layers on the tool flank often tend to fail due to both the abrasion by hard par-
ticles and the accumulation of compressive stresses which originate from coating
delamination.

Alternatively, nano-multilayered TiAlN/TiN-coated carbide endmills were found
to outperform a single TiAlN coating, during the cutting of Cr-Mo-alloyed steels. In
this study, different wear mechanisms were reported, depending on the cutting
speed. At low cutting speed, built-up edge (BUE) formation was identified, caused
by pressure-induced welding. High cutting speeds increased the temperatures at the
contact zone, resulting in the diffusion of oxygen and enhancing the oxidation of the
tool surface. It was observed that a metal-nitride PVD coating prevented both pre-
mature BUE and oxidation of the tool edge under low and high cutting speed,
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FIGURE 7

Land wear width for the cutting conditions: f ¼ 0.2 mm, vc ¼ 375 m/min; for uncoated,

TiN coated, CrN coated, and TiN/CrN multilayered coated WC inserts.
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respectively [49]. Additional studies were reported on the cutting performance of
different MS-coated carbide precision tools in terms of the flank wear resistance.

Multilayered Cr/TiAlN and Mo-doped CrTiAlN coatings as deposited by MS
exhibited the lowest flank wear rate during the micro-cutting of NiCrMoV-alloyed
steels and CrCo alloys. The low wear rate obtained by these coated tools was attrib-
uted to the magnetic field configuration utilized for their deposition process, the
so-called close-field unbalancedMS [50]. Analogously, the coating thickness distri-
bution between the tool rake and the flank faces was considered to have a significant
influence on the cutting performance of carbide micro-endmills [51]. More specif-
ically, a lesser coating thickness on the tool rake with respect to the tool flank
strongly diminishes the performance of the whole system due to uneven heat dissi-
pation. In fact, when the coating on the rake is totally worn off during cutting, the
tool base metal might come into contact with the working material, thereby
increasing the COF and hence producing overheating at the tool/material interface.
Thus thermal energy cannot be dissipated out of the tool due to the thermal barrier
effect of the remaining unworn coating at the flank, causing rapid tool degradation.
The optimal situation was identified when the coating thickness distribution was
similar on the tool rake and the tool flank.

Alternative coating techniques such as atomic layer deposition (ALD) have been
used in micro-milling of titanium. a-Al2O3 conformal coatings (200 nm thick) were

(a) (b)

(c) (d)

FIGURE 8

SEM wear morphology images of hard metal cutting tools with different coatings after running

tests: flank wear for (a) single TiN layer and (b) nano-multilayer TiN/AlN film, and edge wear

for (c) single-TiN layer, and (d) nano-multilayer TiN/AlN film.
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deposited by ALD on HSS DIN 1899 drill tools (dia 0.5 mm) [52]. Figure 9 shows
PVD-coated (top) and ALD-coated (bottom) micro-drill surfaces after a series of
hole drills on grade 2-Ti. The results show clearly that the a-Al2O3 deposited by
ALD retains the tool integrity.

ANTIADHESION AND WEAR RESISTANCE COATINGS ON MICRO-
MOLDING TOOLS
The adhesion of the surface-forming materials (plastics, ductile metals, etc.) to the
surface of the molding tool during demolding is a common feature in manufacturing
which causes several problems of tool adhesive wear and workpiece quality. Addi-
tionally, waste production due to the use of oil lubricants or other wet demolding
products is a common drawback associated with this surfaceeinterface problem
[53,54].

The reduction of the specific tool/material contact area in submillimeter micro-
forming processes implies the loss of effective lubrication caused by a small lubri-
cant retention capacity in the so-called closed valleys of the tool surface [5,55,56].
This fact leads submillimeter-scale contact interfaces to register COFs of up to one

FIGURE 9

(top) 0.5 mm physical vapor deposition-coated tool; (bottom) 0.5 mm atomic layer

deposition-coated tool.
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order of magnitude greater with respect to the same interface systems scaled at
macroscopic level. Micro-stamping, micro-embossing, and submillimeter metal
bulk forming are a few examples where a high COF may provoke surface failures
during component plastic deformation or workpiece demolding.

Different solutions are currently under development in this area. Polytetrafluoro-
ethylene [57] (PTFE or Teflon) coatings are a standard solution for antiadhesive pur-
poses in plastic injection molding. Silane and fluorinated silane were proposed as
antiadhesive single films on electroplated Ni micro-featured molds for embossing
or imprint operations. Different chemical formulations are able to produce self-
assembled monolayers of silane derivatives which exhibit extremely low surface
energy, therefore preventing the adhesion of plastic during demolding operations.
The mechanical stability of silane-based films can be enhanced by depositing
support SiO2, NiO, or TiO2 films [58,59] by vacuum plasma techniques such as
plasma-enhanced CVD (PECVD).

Teflon- or silane-based films, however, have poor mechanical stability and high
wear rates, making them unable to support mass production. In order to design
mechanically stable surfaces on Ni-based micro-molds, other approaches are
required. Ion beam-assisted DLC and SiOx-doped coatings are proposed due to their
self-lubricious properties, low surface energy, mechanical stability, and mimicking
ability to replicate complex surfaces [60].

Chromium nitride-based PVD coatings with different stoichiometries and
lattice structures have been investigated for their application in high precision
plastic injection molding. It was found that the hexagonal Cr2N phase deposited
by MS exhibited the lowest surface energy among the most common transition
metal nitrides [61], and therefore this film is proposed as an antiadhesive coating
for Ni-based micro-embossing tools and other shape micro-replication processes.

Nano-multilayer coatings TiAlN/ZrN deposited by the MS technique have been
applied on silicon micro-featured molds for the production of glass-based optical
components. The tested coatings replicated well the original surface micro-pattern
of the molds and exhibited an excellent thermal stability during the stamping of
molten glass at 700 �C. Additionally, their good antioxidation behavior retarded
the sticking of glass onto the coated Si molds [62].

Low friction coatings such asMoS2, amorphous carbon (a-C:H), andWC-C depos-
ited by MS were tested on Ni-electroplated tools providing different wear rates under
sliding against steels [63]. In general, low friction coatings improve the wear rate of Ni
molds for plastic micro-embossing, imprinting, or other surface-replication purposes.

DLC coatings deposited by PECVD techniques were reported to prevent the
sticking of aluminum to the surfaces of hard metal molds during sliding in a ball-
on-disc configuration at temperatures of between RT and 150 �C [64]. While the
sticking of aluminum to the uncoated mold is found to occur at very early stages
of the sliding contact, DLC inhibited the galling of aluminum on the surface of
the hard metal tool even for temperatures greater than 120 �C.

Me-C:H PVD coatings have been used to enhance the tooling service of electro-
discharge machining (EDM)-produced micro-compression molds for imprinting

476 CHAPTER 20 Surface Engineering and Micro-manufacturing



applications on aluminum surfaces [65]. Figure 10(a) shows an SEM image of a
coated compression Ni-based micro-mold containing a series of parallel inserts in
the form of cylinders. The applied coating was a hybrid CVD/PVD Ti-C:H film
(2.5 mm thick). Figure 10(b) shows the imprinted hole produced in a one-step stamp-
ing stroke.

The results of the Al-imprinting tests at different temperatures showed that the
as-fabricated Ni inserts were not suitable for Al micro-molding due to strong abra-
sive surface wear. On the other hand, Ti-C:H deposition over Ni inserts enabled the
Al micro-molding process to be carried out with near 100% shape replication.

Alternatively the hardness and wear resistance of electroformed Ni micro-
embossing die surfaces can also be increased by the dual implantation of metal
species such as Cr þ N, or Ti þ N atoms. It has been shown that the dual implanta-
tion of Cr and N reduced the COF of electroplated Ni surfaces from 0.5 down to 0.2
due to the hardening of the near surface [66].

Ti-MoS2 cosputtered coatings onto Si-patterned dies increased the reproduc-
ibility of polymethylmethacrylate (PMMA) micro-channels produced by micro-
embossing, as graphically depicted in Figure 11, where PMMA embossed
micro-channels are shown for uncoated and Ti/MoS2-coated Si dies [67]. The
authors showed that the optimal coatings were those having Ti/Mo concentration
ratio about 2/1, which exhibited the best trade-off between mechanical strength
and COF.

Saha et al. ([68] and references therein) also investigated various coatings to
improve the demolding operations of PMMA micro-channel embossing for micro-
fluidic devices using patterned Si dies. N-DLC-based, Ti-Al-PTFE, or

FIGURE 10

(a) SEM image of compression Ni micro-molds containing a series of parallel inserts in the

form of cylinders and (b) imprinted hole produced by one-step stamping insert on aluminum

plates at 450 �C. The inserts are coated with a hybrid chemical vapor deposition/physical

vapor deposition Ti-C:H overlayer (2e3 mm thick).
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N-Octadecyltrichlorosilane-based coatings facilitated the demolding steps and
therefore the quality and reproducibility of the imprinted surfaces due to the reduc-
tion of the surface energy and COF of the Si micro-molds. Although, the delamina-
tion of the coatings during demolding represents a limiting factor the lifetime of
such components.

MICRO-FORMING TOOL FABRICATION USING SURFACE
ENGINEERING PROCESSES
Micro-manufacturing tool production at large scale represents a technological chal-
lenge due to the inherent difficulties found in the replication of submillimeter
features in a reproducible manner. In this context, the increasing demand for
smaller micro-components or micro-patterned surface textures has led researchers
to explore new alternatives in the design and production of higher precision tool
systems where such precision cannot be achieved by traditional manufacturing
processes.

Downscaling traditional tool production methods is a well-known approach to
achieve micro-tools, e.g., micro-cutting or micro-erosion by EDM techniques. How-
ever, mechanical removal processes by cutting often cause excessive burr formation,
especially when the cutting process is made at submillimeter scale. On the other
hand, the surface finishing of micro-forming molds as produced by micro-cutting
or EDM is often too poor, and usually electropolishing posttreatments are required.
Surface engineering has recently been emerging as a feasible method to fabricate
custom-designed ultraprecision tools both for mass manufacturing as well as for
flexible production systems.

Surface patterning by photolithography and electroforming are well-developed
techniques within the family of surface engineering. Traditionally employed for
the production of plates for integrated circuits, these technologies offer a great
potential for the production of ultra-high precision micro-tools, e.g., molds for

FIGURE 11

SEM micrographs of a channel of a polymethylmethacrylate micro-fluidic device fabricated

using an uncoated (left) and a Ti-MoS2-coated Si micro-mold (right).
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micro-embossing, micro-stamping, and endmills for micro-cutting. Moreover, the
combination of photolithography, in its different resolution ranges, visible light,
UV, or X-ray, with electroforming is well suited for manufacturing with a high
degree of repetitivity and rapidity, thus permitting its scalability to industrial
production. As a drawback, photolithography technologies generate large amounts
of residuals, which might compromise environmental regulations on waste produc-
tion. Analogously, electroforming is limited to a small set of materials, often with
low to medium hardness, having high wear rates in some applications. To overcome
this problem, further engineered coatings might provide appropriate hardness values
in combination with low coefficients of friction.

The production of Ni-based micro-embossing molds by using surface engineer-
ing methods [69] has been proposed, in which hard micro-textured DLC-deposited
Ni plates are produced following a six-step chain according to Figure 12. In steps
1e3, a pattern of oxidized Si is produced by photolithography and chemical etching,
leaving sharp cavities, of which each shape depends on the different etching speed of
each family of crystalline planes. In step 4, the patterned Si surfaces are coated with
a DLC hard film of 1e2 mm thickness, the DLC replicating accurately the original
texture formed. In step 5, an electrodeposited Ni film of 1e2 mm thickness is depos-
ited on top of the DLC. Interface-bonding films such as Ti could eventually enhance
the adhesion strength between the DLC and the electroplated Ni film. Finally, the Si
template is removed, and the Ni surfaces polished, leading to a master DLC-coated
Ni-embossing tool.

These prototype embossing masters are successfully applied for texturing pur-
poses on thermoplastics such as PMMA, PE-terephthalate, or polystyrene. Addition-
ally, the hardness and toughness provided by the DLC film enables these masters to
perform well on certain steels.

Figure 13 illustrates the result of stamping the DLC-Ni-embossing tool on
steel plates. The grooves imprinted on the steel plates resemble those of a Vickers

FIGURE 12

(a) Scheme of the design of a diamond-like carbon films-deposited Ni mold. (b) SEM image

of micro-textured molds encompassing a well-defined pattern of indenter pyramids of

100 mm base side.

Courtesy of Petterson U. et al. Tribology International 2006;39:695.
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indenter (Figure 13 left). The presence of prominent ridges is caused by the
plastic flow of material during the indentation process. Such ridges are easily
eliminated by a smooth polishing (Figure 13 right). On the other hand, industri-
ally scalable molds should eventually work over nonplanar surfaces. In conse-
quence, the mechanical performance of the molds depends strongly on the
appropriate optimization of the Ni electrodeposition method and the adhesion
and mechanical stability of the coating, in order to avoid premature crack failure
under tool deflections.

Micro-textured DLC-based films where also produced by plasma-based ion
implantation [70]. The procedure encompassed the imprinting of micro-patterns
on a sacrificial aluminum foil, which is coated afterward by a thin DLC coating.
The aluminum foil is then eliminated by chemical methods, leaving a freestanding
DLC-textured film. The process provides the rapid production of these films, thus
enabling mass production upscaling.

Ion beam bombardment methods are under development for the production of
extremely fine precision micro-cutting and molding tools. The process of ion
beam etching provides excellent precision in the design of micrometer-sharp
structures by the so-called focused ion beam (FIB) techniques. Conversely, the
process is slow and somewhat expensive as it requires advanced vacuum facilities
and ion acceleration sources, presently available within research laboratories.
Ultraprecision diamond micro-shaped endmills for glass micro-cutting were
produced by FIB etching for the prototyping of a new micro-array chip for
DNA assembly [71]. Micro-structured glass surfaces were produced using

FIGURE 13

SEM images of flat steel plate grooves produced by diamond-like carbon films (DLC)-coated

Ni-embossing tool moldsd(left) ridges caused by the plastic flow of material during the

indentation process and (right) ridges can be removed by a smooth polishing process.
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micro-embossing tools previously prototyped by FIB techniques (Figure 14). The
textured surfaces provided the micro-array chip with the functional properties
required for their performance: low surface energy, low COF, and high
transparency.

Micro-featured punches for sheet micro-forming tools have been semifinished by
FIBs methods and finally coated with low friction DLC films deposited using ion
beam-assisted deposition [72] (see Figure 15 for 0.15 mm diameter punches, after
different ion beam regrinding cycles). Micro-forming tool finishing is a complex
process which requires nonconventional polishing techniques, such as electrochem-
ical etching, which become difficult to control at the micrometer scale, and is
strongly dependent on the properties of the tool material. Contrarily, net-shape fin-
ishing by FIB mostly depends on the ion beam properties and less on the intrinsic
properties of the tool material.

FIGURE 14

SEM images of (left) nano-structured diamond tool produced by focused ion beams

techniques and (right) imprinted pattern on glass by the prototyped micro-molding tool.

FIGURE 15

Surface finish of micro-dies by ion irradiationd(left) before ion irradiation, (center) ion

irradiation with 45� beam incidence, and (right) ion irradiation with 10�beam incidence with

respect to the tool parallel axis.
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SUMMARY
In this chapter, a concise review of recent progress in surface engineering for tooling
protection has been presented, with particular focus on applications in micro- and
nano-production technologies. As a general conclusion, it can be stated that surface
engineering has the potential for great impact in the further development of minia-
ture and micro-manufacturing. In this context, research and development in this field
should focus on new concepts of flexible surface modification systems, in order to
achieve an optimal performance on nonstandard tooling elements. Moreover, the
implementation of reliable testing tools and standards needs to be addressed in
detail. The development of surface/interface modeling tools is envisaged to help
in the integration of both process design and surface engineering for micro-
manufacturing. Substantial integrative endeavors need to be undertaken between
the scientific community and the relevant industrial stakeholders to obtain the full
potential of surface engineering and to convert it in a true enabling technology for
micro-manufacturing.
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INTRODUCTION
The growing awareness of environmental issues and the requirement to establish so-
lutions reducing impact on the working environment as well as the external environ-
ment has initiated ever-increasing efforts to develop new, environmentally benign
tribological systems for metal forming [1e3]. In micro-forming, the application
of lubricants complicates the cleaning of workpieces, which process is more com-
plex than that in the macro-range due to the smaller dimensions involved. Moreover,
the thin workpiece material usually has a more sensitive dependence of the forming
limit on the friction between the workpiece and the forming tool. For the high ratio
of free-surface-to-volume of micro-parts, the size effect on the coefficient of friction
(COF) becomes more evident than that in traditional macro-metal forming when
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liquid lubricants are applied. Tiesler and Engel studied the size effect on the COF in
the double-cup-extrusion (DCE) process, their results revealing that the friction fac-
tor increased from m ¼ 0.02 in the case of the 4 mm specimen up to 0.4 for the
smallest specimen [4,5]. Guo et al. studied the size effect on friction in scaled-
down strip drawing using thin T2 copper sheet. When a kind of liquid lubricant,
e.g., soybean oil, was applied, the average COF increased from 0.138 for l ¼ 1 to
0.224 for l ¼ 0.125 [6]. From a study of the dependence on the contact pressure
at the radius of the die, it was deduced that tribological size effects would be greater
with the miniaturization of process dimensions [7].

Engineers have long attempted to reduce friction between tools and mate-
rials. Surface modification and micro-texture optimization are two possible
solutions to the challenge. By using ion-beam irradiation equipment, a micro-
textured surface with many nano-crystal particles was obtained, which was
confirmed by micro-deep drawing tests to be very useful in decreasing friction.
However, it is difficult to control the micro-textured surface produced using such
methods [8]. In surface modification, low wear friction coatings such as diamond-
like carbon (DLC) are candidates for substitution as lubricants [9]. The important
aspect is the property of DLC film to graphitize the surface at high pressures, so
that the coating becomes virtually self-lubricating. Numerous researchers are
interested in DLC film for its low COF, high wear resistance, and environmentally
benign characteristics. DLC films have been applied widely in the macro-forming
process, and the advantages of using DLC film or silicon-doped DLC film
(Si-DLC) in cold forming and warm forming, respectively [10e14], have been
demonstrated.

The excellent tribological properties of DLC film have been gaining increasingly
more attention. The most important feature is that it can eliminate the size effect of
friction in micro-forming, and it can also protect the micro-die in respect of its wear
resistance and antiadhesion characteristics. The application of DLC-coated tools is
also becoming much wider in micro-forming.

CHARACTERISTICS AND PREPARATION OF DLC FILM
CHARACTERISTICS OF DLC FILM
DLC is a metastable form of amorphous carbon containing a significant fraction of
sp3 bonds. It can have a high mechanical hardness, chemical inertness, optical trans-
parency, and low friction. In DLC, carbon is able to exist in three hybridizations, sp3,
sp2, and sp1, as shown in Figure 1. The extreme physical properties of DLC derive
from its mixture of carbon bonds. In DLC film, the sp3, as in diamond, has a strong s
bond, which confers on it many beneficial properties, such as high mechanical hard-
ness and chemical inertness. The sp2, as in graphite, has a strong intralayer s bond
and a weak van der Waals bond between its layers. The great versatility of carbon
materials arises from the strong dependence of their physical properties on the ratio
of sp2 (graphite-like) to sp3 (diamond-like) bonds [9,15].
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DLC consists not only of the amorphous carbons (a-C) but also of the hydroge-
nated alloys, a-C:H. It is convenient to display the compositions of the various forms
of amorphous CeH alloys on a ternary phase diagram, as shown in Figure 2. The
hydrogenated amorphous carbons (a-C:H) have a rather small CeC sp3 content.
DLCs with higher sp3 content are termed tetrahedral amorphous carbon (ta-C)
and its hydrogenated analog ta-C:H. Another crucial parameter is the degree of clus-
tering of the sp2 phase. Amorphous carbons with the same sp3 and H content show
different mechanical properties according to the clustering of the sp2 phase [9,16].

DLC films are characterized by high hardness and a high elastic modulus, but
also by high internal stress. The hardness of DLC films is in the range
10e30 GPa, with a corresponding Young’s modulus 6e10 times larger. The widest
use of DLC films is mainly of the hydrogenated DLC in applications exploiting the
low friction coefficients and high wear resistance of these materials. The tribological
behavior of DLC is controlled by an interfacial transfer layer which is formed by a
friction-induced transformation of the top layer of the DLC film into a material of
low shear strength. The low friction and ultra-low wear of DLC and its counterparts
can be explained by the low shear strength of the transfer layer. In ambient air at

FIGURE 1

The sp3, sp2, and sp1 hybridized bonding [9].

FIGURE 2

Ternary phase diagram of bonding in amorphous carbonehydrogen alloys [9].
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relative humidities of 20% < RH < 60%, the friction coefficients of DLC span a
range of m ¼ 0.05e1.0. The large spread in the values of the friction coefficient is
caused by variations in the structure and composition of the films [17,18].

Both the hydrogenated and nonhydrogenated DLC are metastable materials and
their structures will change toward graphite-like carbon by either thermal activation
or irradiation with energetic photons or particles. Heating of hydrogenated DLC
films results in the loss of hydrogen and CHx species, starting at about 400 �C, or
even lower, depending on the deposition conditions and the dopant contained in
the films. This causes changes in the dimensions and properties of the material
and limits the use of DLC in applications involving temperatures above 400 �C,
where thermal activation can cause the conversion of some sp3 carbon bonds into
sp2 bonds [17].

DEPOSITION METHODS OF DLC FILM
In order to obtain the metastable structure of DLC, such films are deposited by
plasma-enhanced chemical vapor deposition (PECVD) or physical vapor deposition
(PVD) techniques (sputtering or ion beams) using a variety of precursors, as
described in detail elsewhere. In the PECVD methods, the substrates have to be at
a negative bias relative to the plasma to achieve ion bombardment of the growing
film. The growth and properties of DLC films are controlled by the substrate temper-
ature and bias, the latter having the dominant control. Films deposited with this
method had polymeric characteristics. A more recent technique for the deposition
of DLC films is plasma source ion implantation (PSII). In this technique, substrates
are placed directly in a plasma source and then pulse-biased. This is a non-line-of-
sight technique and enables the coating of complex structures. Various materials
derived from the DLC films have been developed to change and improve their prop-
erties. Such materials are similar in structure to DLC, including silicon (Si-DLC),
fluorine (F-DLC), etc. Most modifications have been made to DLC to reduce its typi-
cally high internal compressive stresses, with the purpose of reducing its surface en-
ergy to enable further reduction of its already-low friction coefficients [17].

EVALUATION METHODS FOR DLC FILMS
DLC films are amorphous materials with carbon atoms bonded in mainly sp3 and sp2

hybridizations. DLC films can have an sp3 fraction of up to about 40%. The proper-
ties of the films are determined by the relative ratio of the two hybridizations. Raman
spectroscopy is widely used, being a routine, nondestructive way to characterize the
structural quality of DLC films. Diamond has a single Raman active mode at
1332 cm�1, and single-crystal graphite has a single Raman active mode at
1580 cm�1 labeled by “G” for “graphite,” while disordered graphite has a second
mode at around 1350 cm�1 labeled “D” for “disorder,” this enabling Raman to be
used to derive the structural information of DLCs and their sp3 fraction [9,19].
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The ball-on-disk test is generally used in the evaluation of the tribological
behavior of DLC film [20]. Vollertsen investigate the dry tribological properties
of DLC film using the tests as shown in Figure 3. For example, balls made of steel
X5CrNi18-10 were used as opposing bodies, under two different loads of 5 and 25 N
which is representative of the local contact pressure in deep drawing, to determine an
average friction coefficient for the DLC-coated sample of m ¼ 0.166 under the load
of 5N and m ¼ 0.18 under the load of 25N: as shown in Figure 4, these values are
much lower than that for the uncoated sample. This behavior of the friction coeffi-
cients is reflected in the wear on the surface of the samples as shown in Figure 5. For
the case of the uncoated sample, the groove has a maximum depth of more than
10 mm. In comparison, the groove on the DLC-coated sample has a maximum depth
of about 1 mm [21].

Adhesion strength is a concerned parameter for the micro-forming process
because of the high contact pressure involved. In the case of metal forming at sub-
millimeter scale, the die bears a larger stress on the shoulders or the edges. As a
result, the DLC film becomes more easily damaged and the die becomes more easily
worn or broken in comparison with larger dies. The adhesive strength can be eval-
uated by the scratch test and an indentation test. A DLC film with a gradient in me-
chanical properties was deposited using chemical vapor deposition (CVD) DLC film
equipment by changing the bias voltage. The damage of the DLC film due to the
concentration of stress/strain was evaluated using the nano-indentation test with
larger loads of up to 800 mN. Cracking and/or chipping occurred in the DLC film
except for the conditions of a bias voltage of 1 and 3 kV, as shown in Figure 6. There
were some minor wrinkles, but no cracking or delamination occurred in these coat-
ings, which means that the coatings have the ability to bear larger strain/stress [22].
Kitamura et al. have also basically evaluated the adhesive characteristics of Si-DLC
film by the indentation test [23,24].

FIGURE 3

Principle of the experimental setup for a wear test on a tribometer [21].
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FIGURE 4

Development of the friction coefficient of uncoated and DLC-coated steel X153CrMoV12 by

tribotest against the steel X5CrNi18-10 (load 5N, velocity v ¼ 1 mm/s, dry friction) [21].

(a) (b)
FIGURE 5

Wear of the uncoated (a) and diamond-like carbon-coated (b) samples (load 25N, velocity

v ¼ 1 mm/s, dry friction) [21].

FIGURE 6

Enlarged image of the cross section of diamond-like carbon (DLC) film after indentation [22].
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DLC-COATED TOOLS IN MICRO-SHEET FORMING
DEPOSITION OF DLC FILM ON THE INNER SURFACE
OF A MICRO-CAVITY OF THE DIE
The small dimensions of micro-die cavity lead to difficulty in the deposition of DLC
film on the inner surface. To easily measure the properties of DLC film on the inner
surface of a micro-channel, a series of two-body dies with micro-channels of
different widths from 0.6 to 1.4 mm were manufactured from SKD11 steel. DLC
film was deposited at room temperature with PSII. From analysis of the results of
the experiments, ripple topography of the DLC films appears on the inner surface
of the micro-cavity, which is different from the situation at the top surface. The di-
rection of the ripple is parallel to the length direction of the micro-channel. With in-
crease of the depth, the ripple topography was transferred into a group of islands.
Also, the width of the channel and the depth into the micro-cavity have an obvious
effects on the forming of the ripple. The ripple-and-island structure on the inner sur-
face is not helpful in micro-forming applications. With increase of the depth into the
micro-cavity from the top surface, the thickness of the DLC film decreases quickly.
For example, the thickness the DLC film is reduced from 554 nm for the top surface
to 48 nm for a depth of 0.43 mm, i.e., less than one-tenth of that for the top surface.
This means that it is difficult for DLC film to be deposited on the inner surface of a
micro-cavity. Fortunately, the thickness of DLC film is large at the corner of the
opening side, and sufficient for the application in micro-deep drawing process to
reduce the friction.

The mechanical properties of DLC film inside the micro-cavity, such as nano-
hardness and adhesion strength, were evaluated. With the decrease of channel width,
the hardness becomes lower. Also, it decreases with the increase of depth from the
top surface. The adhesive strength between the DLC film and the substrate at the up-
per surface is about 125 mN, as obtained by scratch tests. However, the value of the
adhesive strength at the inner surface is not attainable, as the scratch marks show a
different failure mode. On the top surface, only a small part of DLC film is peeled
off, which indicates that the failure mode is mainly brittle fracture, and that the ad-
hesive strength is greater. With the decrease of channel width, the peeled-off part of
the DLC film becomes very small. Even though the DLC film is broken for large
plastic deformation of the substrate, the DLC film is not peeled off. The reason
may be the different micro-structure of the DLC film because that the distribution
of energy is not uniform in the micro-cavity of die during the deposition of the film.

To determine the mechanism for the mechanical properties shown above, the
micro-structure of the DLC film was analyzed using Raman spectrum. The ratio
of ID/IG decreases with the increase of channel width, which means that the number
of sp3 bonds becomes larger: thus the mechanical properties of a DLC film on a
micro-cavity of large width are better than those for one of small width. When
the width of the channel is 1.4 mm, the ratio 2.31 of ID/IG is close to the value of
2.23 for the top surface. When the depth is small, the ratio of ID/IG is almost the
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same. However, when the depth increases to 1.5 mm, the ratio of ID/IG becomes
greater [25,26].

In another investigation [27], the effects of deposition pressure on the properties
of DLC films were investigated with die holes of diameter of 2 and 0.9 mm, and a
depth of 20 mm, using the pulse plasma CVD method (Figure 7), with argon gas be-
ing introduced to improve the situation. Photographs of the silicon monitor substrate
are shown in Figure 8, the substrate being inserted between the divided dies after
deposition. The length of the films deposited on the surface of the silicon wafer
increased with increasing deposition pressure from 3 to 10 Pa. The Raman spectro-
scopic analysis results indicate that all deposited films are typical DLC films. The

FIGURE 8

Photograph of the side Si monitor substrate inserted between the dies after deposition [27].

(a) 3 Pa (b) 6 Pa (c) 8 Pa (d) 10 Pa.

40 mm 20 mm

Back Cover
(Si)

Sus630 Die

Deposition Direction
Sus630 Die
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Substrate Monitor (Si)

Upper Surface (Si)

FIGURE 7

Schematic illustration of the die and Si wafers [27].
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measured hardness of films deposited under a pressure of 10 Pa is much lower than
that deposited under a pressure of 6 Pa. For thinner holes of 0.9 mm diameter, the
deposition time should be extended to ensure the obtaining of good deposition re-
sults on the inner wall surface of the dies. At the same time, the long deposition
time may lead to the decrease of hardness. In order to improve the situation, it is
of value to increase the length of the deposited films when increasing the deposition
pressure, and argon gas was introduced to the chamber together with acetylene dur-
ing the deposition of the DLC films for removing the redundant neutral radicals
generated at high deposition pressure. The thickness distribution of films on the
back cover of the dies becomes thinner from the center to the side of the dies. To
obtain a uniform thickness distribution of the films on the bottom of dies, it is neces-
sary to consider the size relation of the cathode and die in future research.

DLC-COATED TOOLS IN STRIP DRAWING
To evaluate the tribological properties of DLC film in micro-sheet forming, strip
drawing tests were carried out as shown in Figure 9. The punch, made with tool steel
JIS-SKD11, was deposited with TiN and DLC film in a plasma-based ion implanta-
tion and deposition (PBII&D) facility, and a MoS2 coating with magnetron sputter-
ing technique. With T2 copper sheet, the COF were reduced from 0.3 for no surface
modification, to 0.21, 0.15, and 0.13 for DLC, MoS2, and TiN film, respectively,
with specimen of 1 mm width. This means that the surface film is very helpful in
the decreasing of friction. When the width of specimen is changed from 1 to
2 mm, the size effects of friction do not occur. After about 100 tests, it is interesting
to note that there is no cracking or chipping of the DLC film, which means that the
DLC film has the ability to bear larger strain/stress [28]. In the strip-ironing test, the

(a) (b)

FIGURE 9

Schematic diagram of strip drawing and machine [28]. (a) Strip drawing, (b) machine for

strip drawing tests.
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(a)

(b)

(c)

FIGURE 10

U-deep drawing device [29]. (a) Schematic of U-deep drawing. (b) Two-bodies DLC-coated

female die. (c) Photograph of the die device.
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Si-DLC film shows high potential in tribo-characters such as friction and antipickup,
under the heavy conditions of high ironing reduction and no active lubrication. The
Si-DLC has the possibility of application in dry forming with a high pressure, a sur-
face expansion, and a long sliding distance [23].

A schematic diagram of the U-deep drawing process (Figure 10(a)) was devel-
oped with a set of two-bodies DLC-coated female die (Figure 10(b)) fabricated
with JIS-SKD11, and a photograph of the die device is shown in Figure 10(c).
The two-bodies female die can be surface modified separately, and then assembled
and embedded in a container. With the design of this structure, it is easy to obtain
micro-cavities with small dimensions, and helpful for deposition of DLC film in
the inner surface of micro-cavities. A contact load such as 15 N is applied to the
blank holder. Two kinds of lubricant, such as castor oil and DLC film, are used to
investigate the tribological behavior in U-deep drawing during the miniaturization
of the specimen under different lubrication conditions. As shown in Figure 11,
with a DLC-coated female die, the punch load is smaller than that for no lubrication,
but larger than that for castor oil when a specimen of 4.5 mm width is selected.
When the width of specimen is reduced to 1 mm, the results indicate that the
decreasing of specimen dimension does not lead to the reduction of the COF with
the DLC-coated female die. When the surface of the specimen is polished using
the electrochemical polishing process, the tribological behavior becomes worse
with castor oil than that with DLC film [29].

DLC-COATED TOOLS IN MICRO-BENDING
A micro-bending test was utilized to evaluate the wear properties of DLC films, as
shown in Figure 12. The shoulder radii of the die were varied from 30 to 600 mm for
changing the concentration of stress on the die-surface during bending. The DLC
films were deposited on the micro-bending dies under conditions of bias voltages
of 1.0 and 3.0 kV, and a thin sheet (SUS304-H) of 0.1 mm in thickness was
employed in the bending test. As shown in Figure 13, the evaluation of damage
due to wear indicates a strong wear-proof property but delamination is easier with
the condition of 1.0 kV. Contrarily, the DLC film with the condition of 3.0 kV shows
strong adhesion to the substrate but is easier to wear [22]. By combining these two
coating conditions, a two-layered DLC film deposited with 3.0 and 1.0 kV could
supply a gradient in properties with both wear resistance and lower friction, which
could be appropriate for metal forming at submillimeter size. Significant damage
was not observed after more than 50,000 cycles for the die with a radius of
600 mm, which means that DLC film with a gradient in properties is practical for
real production [30].

To improve the coated tool life, the nano-laminated DLC film was invented and
deposited using unbalanced magnetron sputtering, and applied in the testing. The
bias voltage Ub was alternatively controlled: at zero for the formation of the lower-
density graphitic layers, and at �200 V for the formation of the higher-density
disordered layers. The applied power was constant at 1.0 kW. The nano-layer ratio
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affects the mechanical properties of nano-laminated DLC film, which can be
controlled by varying the duration time for the formation of the low-density sublayer
and the high-density sublayer [3]. The results indicate that both Young’s modulus and
hardness increase monotonically with decrease of the sublayer thickness. Using a
coating with sublayer thickness of 10 nm, no delamination or cracking was detected
on the inside of the scratched trace until the applied load was continuously increased
up to 100 N. This suggests that the nano-laminated coating has sufficiently high wear
resistance and toughness and that its scratching strength is quite rather insensitive to
the number of layers. The nano-laminated coating was deposited on the tungsten car-
bide (WC) upper punch with sublayer thickness of 10 nm. After dry bending and
ironing a hundred times, the ironed surface of the coated punch between the mono-
layer coated and nano-laminated tools are shown in Figure 14. The monolayered
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FIGURE 11

Curves of punch load versus punch displacement for different lubricants [29]. (a) 4.5 mm in

width (b) 1 mm in width. DLC, diamond-like carbon.

FIGURE 12

Schematic configuration of the micro-bending test [22]. DLC, diamond-like carbon.
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coating broke away and separated partially from the cemented carbide tool. On the
other hand, no delamination or break-away tool place occurred when using the
nano-laminated coating. After 2000 cycles under dry conditions there is significant
change of the surface of the nano-laminated coating. No adhering work material
was seen on the surface. This improvement of wear toughness might be due to the
retardation and suppression of cracking with the nano-laminated structure [31,32].

DLC-COATED TOOLS IN MICRO-DEEP DRAWING
The micro-deep drawing of specimens of approximately 1 mm diameter was per-
formed using DLC-coated blank holders and female dies. For the small dimensions

FIGURE 13

Progress of damage in the diamond-like carbon (DLC) film during bending test: (﹍) DLC film

with �1.0 kV; (d) DLC film with �3.0 kV; (6) R30 mm; (>) R100 mm; (B) R600 mm [22].

(a) (b)

FIGURE 14

Comparison of the contact surface between the monolayered a-C:H coating (a) and the

nano-laminated a-C:H coating after bending and ironing for 100 cycles (b) [31].
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involved, it is very difficult to locate the specimens accurately in the micro-deep
drawing process. A blanking/deep drawing multiple-operation mold was developed,
as shown in Figure 15. Based on the analysis of friction in micro-deep drawing
(Figure 16), the blank holder and female die, both manufactured with tool steel
JIS-SKD11, were deposited with DLC film using the PBII&D method. To evaluate
the performance of the coating, samples with a diameter of 30 mm and a thickness of
5 mm were also coated at the same time. The micro-structure of the DLC film was

FIGURE 15

Schematic of the micro-blanking-deep drawing die [20].

FIGURE 16

Friction in micro-deep drawing [20].
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analyzed using Raman spectra (JY, HR800) with an excitation wavelength of
532 nm at a power of 0.1 mW. After Gauss-curve fitting, there are two obvious peaks
at 1381.3 cm�1 and 1554.1 cm�1 as shown, which validates the typical micro-
structure of DLC film. The adhesive strength of DLC film with a substrate is from
97 to 125.6 mN. With strip-drawing experiments, a COF of 0.15 is obtained under
a normal load of 9.6 N and a velocity of 0.01 mm/s. This indicates that the DLC
film possesses excellent tribological properties, which can be used in the micro-
deep drawing process [20,33].

The micro-deep drawing processes were carried out with T2 copper sheet and
pure Au sheet with a thickness of 40 mm. Using pure Au thin sheet, the micro-cup
was successfully deep drawn except for small wrinkles in the rim of the cups, using
DLC-coated tools. When the plasma-enhanced (PE) film is applied, the situation is
quite clearly changed. Numerous wrinkles appear at the upper part of the micro-cup.
The limiting drawing ratio (LDR) is urgently pursued in industry in order to reduce
the cost of manufacture. A series of drawing punches and dies were manufactured
with an LDR ranging from 1.8 to 2.2, whereby micro-cups with different inner diam-
eter were successfully deep drawn, as shown in Figure 17. The LDR was 2.1 under

FIGURE 17

SEM images of micro-cups formed under the lubrication of diamond-like carbon film

(a) d ¼ 1.1 mm, (b) d ¼ 1.05 mm, (c) d ¼ 1.0 mm, (d) d ¼ 0.95 mm [20].
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the lubrication of DLC film, which was much better than 1.8 without lubrication and
1.9 under the lubrication of castor oil [20,33]. Vollertsen also investigated the micro-
deep drawing with DLC-coated dies using stainless steel sheet with a thickness of
25 mm. However, the obtained LDR is smaller [21].

To compare the lubrication properties of different lubrication conditions, tests
without lubrication and lubricated with PE film and castor oil were carried out in
addition to lubrication with DLC film. The density and viscosity of castor oil was
0.93 � 103 kg/m3 and 0.61 Pa s, respectively. The drawing punch strokeeforce
curves for a drawing punch diameter of 1.1 mm are shown in Figure 18, using
heat-treated T2 copper thin sheet. The punch load for lubrication with DLC film
was reduced by approximately 15%. The reason is that the friction coefficient be-
tween the DLC film and sheet was much lower than that without lubrication, and
the friction coefficient was not affected by the size effect throughout the drawing
process [20]. When a PE film with excellent tribological properties was applied,
the punch load for the PE film increases to 128.7% of that for a DLC film at the latter
stages of the accumulation [33]. As more experiments were repeated using stainless
steel sheet, the corresponding measured punch force versus stroke curves varied
within a certain range. For example, the maximum punch force using the
DLC-coated forming tool ranged from 41 to 46 N with a deviation of about
�6.1%, which is better than that for the TiN-coated forming tool. The measured
punch force versus stroke for the deep drawing with uncoated forming tools is higher
than that with DLC-coated forming tools, although a lubricant (mineral oil HBO)
was used for deep drawing with uncoated forming tools [1,21]. This indicates that
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Punch strokeepunch force curves [20]. DLC, diamond-like carbon.
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the DLC film can reduce friction between the blank and the forming tool in micro-
deep drawing more than for the lubricant and TiN coating.

The inner diameter of micro-cups using pure Au sheet was measured using a
confocal laser scanning microscope. The diameters of the micro-cups are
1114.598 and 1096.838 mm for lubrication conditions of DLC film and PE film,
respectively. The diameter of the micro-cup for DLC film is a little greater than
that of the punch due to the springback of the thin sheet. In the case of PE film,
the accumulation of PE film decreases the diameter of the female die, and the diam-
eter of the micro-cup is almost the same as the diameter of the punch. The distribu-
tion of thickness is one of the important evaluation parameters in the deep drawing
process because nonuniform thickness can lead to breakage of the micro-cup due to
stress concentration in application. By measuring the thickness of micro-cups ob-
tained under different lubrication conditions, it is shown that the greatest reduction
of thickness occurs at the bottom corner of the micro-cup under both lubrication con-
ditions: DLC film and PE film. An interesting feature is that a DLC-coated tool is
helpful for the fabrication of micro-cups with uniform wall thickness [33].

After a small number of tests, no obvious cracks or similar damage caused by
friction due to the so-called eggshell effect were observed in micro-deep drawing.
This means that DLC film possesses excellent wear resistance in the bearing of
high strain/stress. Therefore, DLC-coated tools have a great application potential
in micro-forming under dry conditions [1,21]. The ratio of ID/IG obtained by Raman
spectra increases to 2.1, which indicates that the number of sp2 bonds becomes
greater. Graphitization of DLC film occurs with increase of temperature induced
by friction. With the increasing of the time of duration of the experiments, the graph-
itization of DLC film will become more serious, which may lead to the wear of DLC
film [33].

The durability and wear of DLC film in mass production was investigated using a
blanking and deep drawing tool combination with a maximum stroke rate of
200 ppm. Experiments with copper foil of 0.05 mm thickness were performed to
produce cylindrical micro-cups with a diameter of 1.0 mm. The punch and die of
0.9 and 1.06 mm diameter, respectively, are both made of stainless steel. The results
show that an uncoated tool has a longer life than a coated tool, which was not ex-
pected. After 5000 strokes, it can be observed that the DLC film starts to delaminate.
When the number of strokes reached 15,000, the production of micro-cups in an
automatic procedure was not possible due to cup base fractures produced [34]. To
discover the mechanism of delamination of DLC film, the micro-structure of the
cross section of the blanking and deep drawing tool combination was analyzed.
High density of scattered carbides and pores with different size of up to 35 mm was
observed. Because of their hardness, the carbides stick out from the rest of the tool
material after the manufacturing of the tools, and small mesas can be formed on
the carbides’ surface during the coating process. The coated carbides can break out
during a mechanical stress state as existing in micro-deep drawing, which may dam-
age the DLC film and cause the delamination. Therefore, it is important to analyze the
micro-structure before using a DLC-coated tool in micro-deep drawing [34].
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When the dies and punches were made using WC, and coated by the nano-laminated
DLC film, even after 50,000 strokes with Cu-alloy sheet, no delamination and damage
took place on any surface of the punches and dies, together with no scratches on the
surface of the drawn cups [3].

DLC-COATED TOOLS IN MICRO-BULK FORMING
DLC-COATED TOOLS IN MICRO-EXTRUSION
The validity of using high strength/low friction die coating was investigated in
micro-extrusion by observing the tribological characteristics. Micro-extrusion tests
with pure aluminum were carried out at room temperature using a segmented die to
facilitate the deposition of the surface coating and the removal of the pins after
extrusion. The segmented die was fabricated with a base diameter of 1.71 mm
and the corresponding extrude diameter was 1.09 mm, while the diameter of the
punch was 1.47 mm. The forming assembly was placed inside a novel experimental
press. The coatings used in the test are DLC disposed by two different coating
methods (DLC-Spatter and DLC-Arc): chromium nitride (CrN) and titanium nitride
(TiN). The typical extrusion indicates that the maximum extrusion force for the
DLC-Spatter-coated die is the lowest (25 kN) and that of the uncoated die is the
highest (32 kN). The corresponding values for the DLC-Arc-coated die, CrN-coated
die, and TiN-coated die were about 28, 30, and 29 kN, respectively. These results
show that the DLC-Spatter coating produces the least friction and therefore has
the lowest extrusion force [35]. In another similar micro-extrusion experiment, Si-
DLC film deposited using PECVD shows the lowest extrusion force and the greatest
pin-length extruded [36,37].

DLC-COATED TOOLS IN EMBOSSING/COINING
For mint application, the performance of proof coinage dies can be improved by
DLC film with the filtered cathodic vacuum arc method. High-quality DLC films
are prepared and emphasis is placed on the lifetime of the proof mint dies coated
with the DLC films, which can be extended to approximately eight and four times
corresponding to that of uncoated and hard chromium plating dies. The adhesive
critical load value was observed to be more than 30 N. The sp3 bond fraction in
DLC films as examined by Raman spectroscopy and X-ray photoelectron spectros-
copy was approximately 72%. DIN 2550 was selected as the die material due to its
uniform and homogeneous structure that had no trace of bending, was free from un-
dissolved primary carbides, and had a small level of porosity. Annealed silver
(99.99%) and aluminum bronze (92Cu2Ni6Al) blanks were used in the investiga-
tion. Prior to the actual deposition of the DLC films, a thin titanium interlayer of
thickness less than 0.1 mm was deposited onto the substrate to increase the adhesive
strength of the coating. Figure 19 shows the schematic illustrations of the coining
process. Significant plastic deformation during coining can be noticed. Three
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loadingeunloading cycles were performed to make one single coin. Even at 30,000
strokes, failure of the die surface at the conjunction point did not occur. This implies
that the adhesion and quality of the DLC film are excellent. When the number of
strikes exceeded 200,000 in silver and aluminumebronze coin production, the fail-
ure mechanisms of DLC film for the coining process were summarized as (1) die
sinking and/or die settling due to the plastic deformation of substrates, (2) micro-
cracks and local DLC film breakdown due to surface pinholes of the DIN 2550 sub-
strate, and (3) high-stress abrasion and/or impact wear due to inclusions within the
blank [38].

DLC film can also be etched to mold-die tools for micro-forming. Differently
from conventional plasma etching with use of chemically active agents, only oxygen
gas or oxygeneargon mixtures are employed as a carrier gas to make etching
carbon-based bulk and coating materials. The unmasked regions of DLC film are
selectively removed by this plasma etching. A two-dimensional mask pattern for
micro-hole patterning with a hole-diameter of 50 mm is made. The geometric devi-
ation of hole-diameter and periodicity in the imprinting lies in the range of 1 mm
[39]. Its geometric accuracy is essentially determined by the micro-etching behavior
and the resolution in micro-texturing. The slender walls of micro-grooved DLC
would have a risk of collapsing if the aspect ratio of its width to depth is greater
than 3.0. Using the micro-embossing system, these micro-textures on larger-area
products were duplicated onto aluminum sheets without wrinkling and damage [40].

DIAMOND TOOLS IN EMBOSSING
For the purpose of improving the die life and lubrication, diamond micro-dies were
fabricated with a hot-filament CVD method using silicon negatives seeded with dia-
mond nano-crystals, as shown in Figure 20. PMMA using the diamond dies were
fabricated by hot embossing at 423 K under 980 N without a lubricant (shown in
Figure 21). The PMMA specimen was a plate of 20 mm in length and width, and
1.0 mm in thickness, and molded according to the configurations of the diamond

FIGURE 19

Schematic illustration of the coining process (a) coining setup, (b) press and induce

plastic deformation [38].
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(a) (b)

(c) (d)

FIGURE 20

SEM micrographs of the fabricated diamond dies: (a) pyramids, (b) square poles and

crossed wall, (c) round, and (d) square hollow [41].

(a) (b)

FIGURE 21

SEM micrograph of the micro-structures fabricated by micro-forming with the diamond dies:

(a) pyramid and (b) crossed channels [41].
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dies. Scratch marks and droops introduced by releasing the die from the workpiece
were not observed. This indicates that the diamond dies have good lubricating ability
under dry conditions. The diamond die is therefore more appropriate for micro-
forming than conventional silicon and nickel dies [41].

For the nano-imprinting tests of glasses at high temperature, the surface smooth-
ing of the diamond film was performed by conventional high-frequency inductively
coupled plasma reactive ion etching. Figure 22(a) shows the diamond mold used for
imprinting glass micro-lens arrays. Figure 22(b) shows the typical appearance of the
silicate glass micro-lens array fabricated by imprinting at 600 �C. The figures reveal
that there were no defects either on the diamond mold or on the imprinted glass.
Quartz glass micro-lenses were also fabricated by imprinting at a higher temperature
(1330 �C). Cracks were absent in the obtained micro-lens array. The quartz glass
micro-lens array had a three-dimensional (3D) ultrafine surface structure with a
maximum depth of 5 mm, which was close to the structure with the maximum depth
of 6 mm in the mold. The results indicate that the diamond dies have good releasabil-
ity and shape transcription properties at temperatures above 1330 �C [42].

DLC-COATED TOOLS IN NANO-FABRICATION/IMPRINTING
Three-dimensional structures are required in various devices such as optical devices
(micro-lens, photonic crystals, etc.). Focused-ion-beam chemical vapor deposition is
very useful for the fabrication of 3D structures [43]. Nano-imprinting of Pd-based
metallic glass (MG) was performed with fabricated dot arrays of 13e18 nm diam-
eter and 7e34 nm gap widths in a vacuum atmosphere of 10�3 Pa. The concave
hole array was clearly replicated on the MG surface. The flow distance into the
hole was proportionately correlated with the gap width, which depended upon the
ratio of specific surface to volume [44].

The DLC is well known to have the advantages of lower surface energy, lower
friction, and high hardness. These excellent properties are of importance in

(a) (b)

FIGURE 22

SEM surface image of (a) the diamond mold for the micro-lens array, and (b) the

imprinted glass [42].
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application as an antiadhesion layer in ultraviolet nano-imprint lithography. To
ensure UV transparency for use as a UV stamp, it is important to control the DLC
film thickness because a thick DLC layer has the shortcoming of low UV transpar-
ency. A DLC film of less than 10 nm is found to have a UV transparency of approx-
imately 80% with good antiadhesion characteristics. From the results, excellent
correlations between 3D multilayered stamps and imprinted features can be
observed without any problems. This indicates that micro-scaled structures can be
created in a single step using the DLC-coated stamps. However, intensive investiga-
tion into working life, the yield of antiadhesion measures, and the variation of the
coating thickness of a DLC layer still remain to be resolved by further study [45].

Although the surface energy of the DLC film is relatively low, it is still not low
enough for achieving smooth and easy postimprint separation. Thus, an additional
surface treatment is required. It has already been demonstrated that the in situ fluo-
rination of DLC during growth significant lowers its surface energy. The advancing
contact angle of water was found to increase from 70� for bare DLC to 90�e100�
upon plasma fluorination under different conditions for both C4F8 and CHF3
[46e48]. The DLC film could also be fluorinated using a Plasmalab 80þ reactive
ion etcher with CF4 as the fluorine source to improve the durability in the nano-
imprint lithography. Comparisons between SiO2 imprinters and <3-nm thick
F-DLC SiO2 imprinters have shown a significant improvement in the quality of
the pattern transfer along with the durability of the imprinter after multiple samples
were imprinted utilizing the same imprinter [49,50].

Not only as an antistick layer, the DLC film was deposited and patterned for
imprint templates that offer high wear resistance and robust antistick surfaces.
The abrasive wear of DLC films on Si and quartz indicates that the wear resistance
of a DLC template is 3 times better than that of quartz and almost 2 times better than
that of Si [51].

WEAR MECHANISM OF DLC FILM
The deposited DLC films can be characterized by small clusters of sp2-bonded
carbon that are interconnected with a network of sp3 carbon-bonded hydrogen.
The sp3-oriented carbon structure in DLC can be thought of as formed by compress-
ing several hydrogen atoms into one carbon vacancy. Sliding-induced heat accumu-
lating on local contact areas can probably cause a gradual destabilization of
carbonehydrogen bond in the sp3 tetrahedral structure. The removal of hydrogen
atoms, as has been reported by calorimetry experiments, can thus trigger the trans-
formation of the sp3 structure into a graphite-like sp2 structure [52].

The wear of DLC film is different from that of simple rigid contact sliding
because of the plastic deformation of the surface micro-asperities. As shown in
Ref. [29], the wear mechanism of DLC film was analyzed in micro-U-deep drawing
using DLC-coated tools. As shown in Figure 23, the peak frequency of the G peak
increases slightly, which indicates that some important changes occur in the
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micro-structure of the DLC film. The integrated intensity ratio of the D and G bands
(ID/IG) derived from curve-fitting increases with the increasing of the test duration.
This means that a part of the sp3 bonds transform to sp2 bonds, and graphitization of
the DLC film appears clearly after 100 times of testing.

The internal energy change per unit volume accompanying the conversion pro-
cess of the sp3 carbon structure to pure sp2 structure is shown in Eqn (1):

Q ¼ CDLCrDT (1)

where CDLC is the specific heat of the DLC, r is the density, and DT is the temper-
ature increment at which the sp3 structure is converted into sp2 structure.

The graphitization of DLC film can be analyzed considering the frictional work.
Considering the micro-topography of the specimen surfaces, a micro-asperity can be
treated as a micro-pin, and the real contact area can be obtained using Eqn (2):

a ¼ 0:0182ðPDCEÞ1=3 (2)

Here, P is the normal load applied to the micro-asperity, D is the diameter of the
micro-asperity, and CE can be obtained by the elastic moduli and Poisson’s ratio of
the specimen and the DLC film. As shown in Figure 24, the real contact area is the
summation of every contact area of the micro-pins. The friction work per test can be
calculated using Eqn (3):

W ¼
X

Pf ð2aÞ ¼ 0:0364
X

fP4=3ðDCEÞ1=3 (3)

where f is the COF. When the frictional work overcomes the energy barrier of trans-
formation from sp3 bond to sp2 bond, the graphitization of DLC film occurs. This
means that the wear of the DLC film begins.
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Raman spectra of a DLC film after tests (normal load 15 N) [29].
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INTRODUCTION
Human beings have used fibers for centuries. In 5000 BC, our ancestors used natural
fibers such as wool, cotton silk, and animal fur for clothing. Mass production of fibers
dates back to the early stages of the industrial revolution. The first man-made
fiberdviscosedwas presented in 1889, at the World Exhibition in Paris. Develop-
ments in the polymer and chemical industriesdas well as in electronics and
mechanicsdhave led to the introduction of new types of man-made fibers,
especially the first synthetic fibers, such as nylon, polypropylene, and polyester. The
needs and further progress allowed the production of high-functionality fibers (anti-
static, flame-resistant, etc.) and high-performance fibers (carbon fibers in 1960 from
viscose and aramid fibers in 1965) that showed high strength, a high modulus, and
great heat-resistance. These fibers are used not only in clothing but also in hygienic
products, medical and automotive applications, geotextiles, and other applications.

Traditional methods for polymer fiber production include melt spinning, dry
spinning, wet spinning, and gel-state spinning. These methods rely on mechanical
forces to produce fibers by extruding a polymer melt or solution through a spinneret
and subsequently drawing the resulting filaments as they solidify or coagulate. These
methods allow the production of fiber diameters typically in the range of 5e500 mm.
At variance, electrospinning technology allows the production of fibers of much
smaller dimensions. The fibers are produced by using an electrostatic field [1].

Electrospinning is a fiber-spinning technology used to produce long, three-
dimensional (3D), ultrafine fibers with diameters in the range of a few nanometers
to a few microns (more typically 100 nme1 mm) and lengths of up to kilometers
(Figure 1). When used in products, the unique properties of nano-fibers are utilized,
such as extraordinarily high surface area per unit mass (B of 100 nme1000 m2/g),
very high porosity, tuneable pore size, tuneable surface properties, layer thinness,
high permeability, low basic weight, ability to retain electrostatic charges, and
cost-effectiveness, among others [2].
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While electrospinning technology was developed and patented by Formhals [3]
in the 1930s, it was only about 20 years ago that actual developments were triggered
by Reneker and coworkers [4]. Interest today is greater than ever and this cost-
effective technique has made its way into several scientific areas, such as biomedi-
cine, filtration, electronics, sensors, catalysis, and composites [5,6]. Electrospinning
is a continuous technique and is hence suitable for high-volume production of nano-
fibers. The ability to customize micro- and nano-fibers to meet the requirements of
specific applications gives electrospinning an advantage over other, larger scale,
micro- and nano-production methods. Carbon and ceramic nano-fibers made of
polymeric precursors further expand the list of possible uses of electrospun nano-
fibers [7].

FIGURE 1

(a) SEM image of poly(ethylene terephthalate) (PET) nanofiber web. The nanofibers were

electrospun from a PET solution in THF:DMF. The diameter of the fibers is about 200 nm.

(b) PET nanofiber web - comparison with human hair [1].
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WORKING PRINCIPLE AND CONFIGURATION
OF ELECTROSPINNING PROCESSING
Electrospinning is increasingly being used to produce ultrathin fibers from a wide
range of polymer materials. This nonmechanical, electrostatic technique involves
the use of a high-voltage electrostatic field to charge the surface of a polymer-
solution droplet, thereby inducing the ejection of a liquid jet through a spinneret
(Figure 2). In a typical process, an electrical potential is applied between a droplet
of a polymer solution held at the end of a capillary tube and a grounded target. When
the electric field that is applied overcomes the surface tension of the droplet, a
charged jet of polymer solution is ejected. On the way to the collector, the jet will
be subjected to forces that allow it to stretch immensely. Simultaneously, the jet
will partially or fully solidify through solvent evaporation or cooling, and an electri-
cally charged fiber will remain, which can be directed or accelerated by electrical
forces and then collected in sheets or other useful shapes.

Needle

Bending instability

Jet

V

Nano-fiber

Collector

Taylor cone

PUMP

Taylor cone

FIGURE 2

Schematic illustration of the conventional setup for electrospinning. The insets show a

drawing of the electrified Taylor cone, bending instability and a typical SEM image of the

non-woven mat of PET nanofibers deposited on the collector. The bending instability is a

transversal vibration of the electrospinning jet. It is enhanced by electrostatic repulsion and

suppressed by surface tension.
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A characteristic feature of the electrospinning process is the extremely rapid for-
mation of the nano-fiber structure, which occurs on a millisecond scale. Other
notable features of electrospinning are a huge material elongation rate of the order
of 1000 s�1 and a reduction of the cross-sectional area of the order of 105 to 106,
which have been shown to affect the orientation of the structural elements in the fiber.

THE ELECTROSPINNING MECHANISM
In spite of the simple setup for electrospinning, the actual spinning mechanism is
quite complex. Although extensive studies have been conducted to explore the
mechanism, some aspects and phenomena are not yet fully understood.

FORMATION OF THE TAYLOR CONE AND SUBSEQUENT FLUID JET
When the high-voltage field is applied, the droplet of polymer solution at the tip of
the needle will become highly electrified and the charges induced will be evenly
distributed over the polymer solution surface. The droplet will experience two types
of electrostatic forces: electrostatic repulsion between the charges on the surface and
Coulombic forces in the external field. Under the influence of these two forces, the
droplet will be elongated and finally distorted into a so-called Taylor cone. As the
voltage increases, the electrostatic forces will become stronger and eventually over-
come the surface tension, and a charged jet of fluid will be ejected.

Both electrostatic and fluid dynamic instabilities can contribute to the basic oper-
ation of the process.

Reznik et al. [8] experimentally and numerically studied the shape evolution of
small droplets attached to a conducting surface that was subjected to relatively
strong electric fields. Three different scenarios of droplet shape evolution are distin-
guished, based on numerical solution of the Stokes equations for perfectly con-
ducting droplets:

1. In sufficiently weak (subcritical) electric fields, the droplets are stretched by the
electric Maxwell stresses and acquire steady-state shapes where equilibrium is
achieved by means of surface tension.

2. In stronger (supercritical) electric fields, the Maxwell stresses overcome the sur-
face tension, and jetting is initiated from the droplet tip if the static (initial)
contact angle of the droplet with the conducting electrode is as < 0.8 p; in this
case, the jet base acquires a quasi-steady, nearly conical, shape with a vertical
semiangle of b � 30�, which is significantly smaller than that of the Taylor cone
(bT ¼ 49.3�).

3. In supercritical electric fields acting on droplets with a contact angle in the range
0.8 p < as/<p, there is no jetting and almost the whole droplet jumps off: this is
similar to gravity or drop-on-demand dripping.

The droplet-jet transitional region and the jet region proper are studied in detail
for the second case using quasi-one-dimensional equations, taking into account the
inertial effects and additional features such as the dielectric properties of the liquid
(leaky dielectrics). The flow in the transitional and jet region is matched to that in the
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droplet. This is used to predict the currentevoltage characteristic, I ¼ I(U), and the
volumetric flow rate, Q, in electrospun viscous jets, given the potential difference
applied. The predicted dependence, I ¼ I(U), is nonlinear due to the convective
mechanism of the charge redistribution superimposed on the conductive (Ohmic)
mechanism. Realistic current values I ¼ O(102 nA) have been predicted for
U ¼ O(10 kV) and fluid conductivity s ¼ 10�4 S/m.

THINNING OF THE FLUID JET
Beyond the conical base, immediately at the end of the capillary tip, the jet continues
to become thinner. This jetting mode is known as the electrohydrodynamic cone jet.
The jet will initially travel in a straight line toward the collector but will eventually
become unstable. To the naked eye, it looks like the jet splits into multiple jets and it
was thought before 1999 that this was the main reason for the small diameter of the
electrospun fibers. However, when the jet is examined with a high-speed camera, it
can clearly be seen that the splaying is actually one single fiber rapidly bending or
whipping, causing the fiber to make lateral excursions that grow into spiraling loops.

Jet splitting does occur, but it is not as common as previously thought and it is not
the dominant process that occurs during spinning. Bending or whipping is caused by
a phenomenon called bending instability and can occur in electrified fluid jets. Every
loop then grows larger in diameter and the jet becomes thinner. New bending insta-
bilities arise when the jet is thin enough and enough stress relaxation of the visco-
elastic stress has taken place. This is called the second instability region and is
very similar to the first instability region but acts on a much smaller scale.
A tertiary-bending instability has also been documented. Each cycle of bending
instability can be described in three steps:

1. A smooth, straight, or slightly curved segment starts to bend.
2. The segment of the jet in each bend elongates and a spiral of growing loops

develops.
3. As the perimeter of the loops increases, the diameter of the jet decreases. When

the perimeter of the loop is large enough and the diameter of the jet is small
enough, the conditions of the first step of the cycle are fulfilled. The next cycle
of bending instability then begins.

Several research groups have attempted to explain the bending instability by
mathematical models.

ELECTROSPINNING PROCESSING PARAMETERS—CONTROL
OF THE MICRO- AND NANO-FIBER MORPHOLOGY
The fiber morphology has been shown to be dependent on process parameters,
namely solution properties (system parameters), process conditions (operational
parameters), and ambient conditions [1,2].
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SOLUTION PROPERTIES
Solution properties are those such as molecular weight, molecular weight distribu-
tion and architecture of the polymer, and properties such as viscosity, conductivity,
dielectric constant, and surface tension. The polymer solution must have a concen-
tration high enough to cause polymer entanglements, yet not so high that the viscos-
ity prevents polymer motion induced by the electric field. The resulting fibers’
diameters usually increase with the concentration of the solution according to a
power law relationship. Decreasing the polymer concentration in the solution
produces thinner fibers. Decreasing the concentration below a threshold value causes
the uniform fiber morphology to change into beads [9]. The main factors affecting
the formation of beads (Figure 3) during electrospinning have been shown to be
solution viscosity, surface tension, and the net charge density carried by the electro-
spinning jet. Higher surface tension results in a greater number of bead structures, in
contrast to the parameters of viscosity and net charge density, for which higher
values favor fibers with fewer beads. This reduction in thickness is due to the solu-
tion conductivity, which reflects the charge density of the jet and thus the elongation
level. The surface tension also controls the distribution and the width of the fibers,
which can be decreased by adding a surfactant to the solution. Adding a surfactant or
a salt to the solution is a way to increase the net charge density and thus reduces the
formation of beads. Finally, the choice of solvent(s) directly affects all of the
properties mentioned and is of major importance to the fiber morphology.

PROCESS CONDITIONS
The parameters in the process are spinning voltage, distance between the tip of the
capillary and the collector, solution flow rate (feed rate), needle diameter and,
finally, the motion of the target screen. Voltage and feed rate show different ten-
dencies and are less effective in controlling fiber morphology as compared to the
solution properties. Too high a voltage might result in splaying and irregularities
in the fibers. A bead structure is evident when the voltage is either too low or too
high. However, a higher voltage also leads to a higher evaporation rate of the solvent,
which in turn might lead to solidification at the tip and instability in the jet. Morpho-
logical changes in the nano-fibers can also occur upon changing the distance
between the syringe needle and the substrate. Increasing the distance or decreasing
the electrical field decreases the bead density, regardless of the concentration of the
polymer in the solution.

AMBIENT CONDITIONS
Ambient conditions include factors such as humidity and temperature, air velocity in
the spinning chamber, and atmospheric pressure. Humidity primarily controls the
formation of pores on the surface of the fibers. Above a certain threshold level of
humidity, pores begin to appear and, as the level increases, so does the number
and size of the pores.
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The precise mechanism behind the formation of pores and texturing on the sur-
face is complex and is thought to be dependent on a combination of breath figure
formation and phase separation. Breath figures are imprints formed due to the evap-
orative cooling during evaporation of the solvent, which results in condense solvent
drops on the surface and, later, pores. Surface porosity (Figure 4) can also be
achieved by selective removal of one of the components in the polymer blend after

FIGURE 3

Example of bead formation during electrospinning: SEM micrographs of poly(propyl

carbonate) (PPC) beads prepared by electrospinning a PPC solution in dichloromethane [9].
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spinning. The pores formed on the fiber surface can be used, for example, to capture
nano-particles, act as a cradle for enzymes or increase the surface area for filtration
applications.

FIGURE 4

SEM images of (a) porous poly(L-lactide) (PLA) nanofibers prepared by electrospinning a

solution of PLA in dichloromethane [5]. (b) Poly(propyl carbonate) (PPC) nanofibers with a

porous surface electrospun from a PPC solution in dichloromethane [9].
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Baumgarten studied the spinning velocities in addition to the effect of the flow
rate, voltage, gap, and the surrounding atmosphere [10]. He was able to determine
the spinning velocity using the power balance:

IV ¼ _ms _v
2
s

2
(1)

where V is the potential, I is the current, and _ms and _vs are the mass flow rate and the
spinning velocities, respectively. The calculation showed velocities close to the
velocity of sound in air. Other researchers calculated velocities of the fibers reaching
the collector to be 140e160 m/s. Obviously, these speeds must depend on the pro-
cess parameters and solution used.

Increasing the solution temperature is also a method for speeding up the process,
but it might cause morphological imperfections, such as the formation of beads.
Furthermore, the regulation of scale and bifurcation-like instability in electrospin-
ning are intriguing problems that remain to be solved. Regulatory mechanisms for
controlling the radius of electrospun fibers at the different states are clearly illus-
trated in the work by He et al. [11].

ELECTROSPINNING SETUPS AND TOOLS
NOVEL SETUPS
The traditional setup for electrospinning has been modified in a number of ways dur-
ing the last few years in order to be able to control the electrospinning process and
tailor the structure of micro- and nano-fibers.

Yarin and Zussman achieved upward electrospinning of fibers from multiple jets
without the use of nozzles; instead using the spiking effect of a magnetic liquid [12].
The concept (Figure 5) consists of a bath filled with a layer of magnetic liquid (a).
This liquid is covered by the solution to be spun (b). An electrode is submerged into
the magnetic fluid (d). A counter electrode (c) as a collector is placed a certain

c

H

a

b

d

f

e

FIGURE 5

Schematic representation of the upward electrospinning set-up [12].
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distance above this bath. A strong permanent magnet or electromagnet (f) is placed
under the bath around the electrode. When a magnetic field is applied, the spiking
effect causes some of the polymer solution to protrude into the electrical field
applied between the electrodes (c and d). The protrusion is sufficient to initiate mul-
tiple jets of polymeric fibers traveling toward the collector. The production rate was
reported to be about 12 times that of a conventional setup. This approach also avoids
clogging problems.

Using supercritical CO2-assisted electrospinning, polymer fibers of high molec-
ular weight polydimethylsiloxane and poly (D,L-lactic acid) (PLA) were produced by
means of only electrostatic forces and without the use of a liquid solvent. The fibers
were formed between two electrodes in a high-pressure view cell. This supported the
idea that the supercritical CO2 reduces the polymer viscosity sufficiently to allow
fibers to be pulled electrostatically from an undissolved bulk polymer sample.

Electrospinning in a vacuum is also a novel setup. Compared to electrospinning
in air, a vacuum allows higher electric field strength over large distances and higher
temperatures compared to what can be achieved in air, which influences both the
spinning process and the morphology of the fibers that are produced. Other attempts
have been made to incorporate vibration technology in polymer electrospinning. The
idea is to produce finer nano-fibers under lower applied voltage by vibration technol-
ogy. Other electrospinning setups are discussed in a recent review by Teo and
Ramakrishna [6].

SETUPS INVOLVING DUAL SYRINGES
A setup was developed for electrospinning involving a dual syringe spinneret
(Figure 6). The development enables spinning highly functional nano-fibers such
as hollow nano-fibers, nano-tubes, and fibers with a coreeshell structure [13].
A recent study describes the formation of hollow nano-tubular fibers in a single
step using electrospinning and solegel chemistry. The method exploits electrohy-
drodynamic forces that form coaxial jets of liquids with microscopic dimensions.
A high voltage is applied to a pair of concentric needles used to inject two immis-
cible liquids that lead to the formation of a two-component liquid cone that elon-
gates into coaxial liquid jets and forms hollow nano-fibers.

SETUPS CONTROLLING THE ORIENTATION AND ALIGNMENT
OF MICRO- AND NANO-FIBERS
A number of setups that allow control over the orientation of fibers have been devel-
oped. The orientation is crucial for different applications of nano-fibers and opens
new opportunities for manufacturing yarn, micro- and nano-wire devices, etc.
Most of the setups are based on rotating collection devices.

A technique called dry rotary electrospinning involves the organization and
alignment of electrospun nano-fibers into planar assemblies [14]. The technique
(Figure 7) involves a rotating disk as a grounded collector that stretches the coils
into aligned rings. The dry fibers in a ring shape can be collected into linear strands
to form a nano-fibrous yarn.
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Another method for controlled deposition of oriented nano-fibers uses a micro-
fabricated scanned tip as an electrospinning source [15]. The tip is dipped in a
polymer solution to gather a droplet as a source material. A voltage applied to the
tip causes the formation of a Taylor cone and, at sufficiently high voltages, a poly-
mer jet is extracted from the droplet. By moving the source relative to a surface,
thus acting as a counter-electrode, oriented nano-fibers can be deposited and
integrated with micro-fabricated surface structures. This electrospinning technique
is called a scanned electrospinning nano-fiber deposition system. In addition to
achieving uniform fiber deposition, the scanning tip electrospinning source can
produce self-assembled composite fibers of micro- and nano-particles aligned in a
polymeric fiber.

Using a frame as a countered electrode also allows an oriented deposition of
fibers [16]. The same effect can be accomplished by placing two electrodes
parallel to each other that are separated by a void [17]. A modified method for elec-
trospinning that generates uniaxially aligned arrays of nano-fibers over large areas
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FIGURE 6

Schematic illustration of the setup used to co-electrospin compound core-shell nanofibers. It

involves the use of a spinneret consisting of two coaxial capillaries through which two polymer

solutions can simultaneously be ejected to form a compound jet [13].
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has also been reported. A collector composed of two conductive strips separated by
an insulating gap of variable width was used. Directed by electrostatic interactions,
the charged nano-fibers are stretched to span across the gap and become uniaxially
aligned arrays. Two types of gaps were demonstrated: void gaps and gaps made of a
highly insulating material. When a void gap was used, the nano-fibers could readily
be transferred onto the surfaces of other substrates for various applications. When an
insulating substrate was involved, the electrodes could be patterned into various de-
signs on the solid insulator. In both cases, the nano-fibers could be conveniently
stacked into multilayered architectures with controllable hierarchical structures.
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Unstable Zone

C B A
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Stable Jet Taylor Cone
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FIGURE 7

The rotary electrospinning apparatus: (a) schematic illustration of the setup used for

electrospinning nanofibers as uniaxially aligned arrays. (b) Schematic illustration of the effect

of the rotating speed on the formation of fibers [14]. (c) Aligned Poly(vinylidene-fluoride)

(PVDF) nanofibers (Chronakis et al., unpublished results).

Electrospinning setups and tools 525



Zussman et al. reported an approach to a hierarchical assembly of nano-fibers
into crossbar nano-structures [18]. The polymer nano-fibers are created through
an electrospinning process with diameters in the range of 10e80 nm and lengths
up to centimeters. When the electrostatic field and the polymer rheology of the
nano-fibers are controlled, they can be assembled into parallel periodic arrays. These
authors also observed failure of nano-fibers owing to a multiple necking mechanism,
sometimes followed by the development of a fibrillar structure, during electrospin-
ning using a rotating tapered accumulating wheel (electrostatic lens). This phenom-
enon was attributed to a strong stretching of solidified nano-fibers by the wheel, if its
rotation speed became too high. Necking has not been observed in the nano-fibers
collected on a grounded plate.

Various other setups have been reported in the production of oriented, continuous
nano-fibers such as using copper wires spaced evenly in the form of a circular drum
as a collector and the use of a rotating wheel. In particular, the work by Theron and
coworkers described an electrostatic field-assisted assembly technique that was
combined with an electrospinning process used to position and align individual
nano-fibers on a tapered and grounded wheel-like bobbin [19]. The bobbin is able
to wind a continuous as-spun nano-fiber at its tip-like edge. The alignment approach
resulted in nano-fibers with diameters ranging from 100 to 300 nm and lengths of up
to hundreds of microns.

As described previously, one of the most important factors influencing the depo-
sition of the fibers produced through conventional electrospinning is the whipping
effect. The chaotic motions of the fiber jet originated by the whipping effect, causes
difficulties in controlling the structure of the deposited fiber meshes. A near-field
electrospinning (NFES) process has been developed to deposit solid nano-fibers in
a direct, continuous, and controllable manner [20,21]. A tungsten electrode with
tip diameter of 25 mm was used to construct nano-fibers of 50e500 nm line width
on silicon-based collectors while the liquid polymer solution is supplied in a manner
analogous to that of a dip pen. The minimum applied bias voltage is 600 V, and min-
imum electrode-to-collector distance is 500 mm to achieve position controllable
deposition. Charged nano-fibers can be orderly collected, and can be assembled
into controlled complex patterns such as circular shapes and grid arrays on large
and flat areas, thus, making NFES a potential tool in direct write nano-fabrication
for a variety of materials.

CHARACTERISTICS AND DESIGN CONSIDERATIONS
OF ELECTROSPUN MICRO- AND NANO-FIBERS
MOLECULAR ORIENTATION
In traditional fiber spinning, the molecular orientation obtained by stretching the
fibers after their formation is critical for their strength. The molecular orientation
of electrospun fibers has also been a subject of various studies.
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Dersch and coworkers studied the intrinsic structure of polyamide (nylon 6) and
PLA electrospun fibers [16]. They found that the fibers do not differ a great deal
from as-spun thicker fibers obtained by melt spinning and showed rather disordered
crystals and different degrees of crystal orientations. The orientation seems to be
almost absent in the PLA fibers and to be locally strong, yet inhomogeneous, in
the polyamide fibers. However, stretching the PLA fibers did lead to an increased
orientation of the crystals along the fibers’ axis. On the other hand, the electrospin-
ning of polyethylene oxide (PEO), for example, causes some molecular orientation
but a poorly developed crystalline micro-structure.

Collecting electrospun fibers onto a high-speed rotating drum can enhance the
molecular orientation up to an optimal speed, after which the orientation can
decrease slightly [22]. In the report of a study using a high-speed winder, it was sug-
gested that a critical winding speed exists that just matches the “natural” velocity of
the fiber (due to electrohydrodynamic forces) and that additional drawing of the fiber
should occur for higher winding speeds. This work concluded that the degree of
molecular orientation, which develops only due to electrohydrodynamic forces
and, hence, would be expected in nonwoven electrospun fabrics, is quite low.

SHAPES AND SIZES
In addition to circular fibers, a variety of cross-sectional shapes and sizes can be
obtained from different polymers during electrospinning. Koombhongse and
coworkers actually obtained branched fibers, flat ribbons, ribbons of other shapes,
and fibers that were split longitudinally from larger fibers in electrospinning a poly-
mer solution [23]. Studies of the properties of fibers with these cross-sectional
shapes from a number of different kinds of polymers and solvents indicate that
effects of the fluid mechanics, the electrical charge carried with the jet, and evapo-
ration of the solvent all contributed to the formation of the fibers.

Sung and Gibson used polycarbonate in another study [24]. Electrospun fibers
created in this process showed a wrinkled structure that was found to depend on
the rate of evaporation of the solvent from the surface related to the rate of evapo-
ration from the core. Indeed, as the solvent on the surface evaporated and a “skin”
formed, the solvent entrapped in the core diffused into the ambient atmosphere and
caused what they called a “raisin-like structure.” A rapid evaporation of solvent from
the jet that creates a skin, as mentioned above, can in fact give rise to hollow fibers
that can collapse into a ribbon.

ALTERATIONS OF SECONDARY STRUCTURE AND FUNCTIONALITY
The electrospinning process is highly versatile and allows not only the processing of
many different polymers into polymeric nano-fibers but also the coprocessing of
polymer mixtures and mixtures of polymers and low-molecular-weight nonvolatile
materials. This is done simply by using ternary solutions of the components for elec-
trospinning to form a combination of nano-fiber functionalities. Polymer blends,
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coreeshell structures, and side-by-side bicomponent electrospinning are growing
research areas that are connected with the electrospinning of multicomponent sys-
tems. The targets are either to create nano-fibers of an “unspinnable” material or
to adjust the fiber morphology and characteristics.

The option of spinning a polymer blend renders possible the creation of coree
shell nano-fibers through phase separation as the solvent evaporates. Another
method for creating a structure of this kind is to coelectrospin two different polymer
solutions through a spinneret consisting of two coaxial capillaries (see Figure 6).
Nano-fibers with hollow interiors are used in several applications, such as nano-
fluidics and hydrogen storage. Electrospun tubular fibers can also be used as sacri-
ficial templates.

The electrospinning technique also provides the capacity to lace together a vari-
ety of types of nano-particles or nano-fillers to be encapsulated into an electrospun
nano-fiber matrix (Figure 8) [25]. Several functional components (e.g., nanometer-
sized particles, nano-fillers, carbon nano-tubes, drugs, enzymes, and DNA) can be

FIGURE 8

SEM images of (a) electrospun poly(ethylene terephthalate) (PET) nanofibers containing

encapsulated molecular imprinted 17beta-estradiol nanoparticles (50% of the nanofibers

content) [25]. (b) electrospun polyurethane (PU) nanofibers coated with SiC ceramic

nanoparticles (Chronakis et al., unpublished results).
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dispersed in the initial polymer solutions, which are then electrospun to form com-
posites in the form of continuous nano-fibers and nano-fibrous assemblies.

Another interesting aspect of nano-fiber processing is that it is feasible to modify
not only their morphology and their (internal bulk) content, but also their surface
structure in order to carry various chemically reactive functionalities. Thus, nano-
fibers can be easily postsynthetically functionalized, for example, by using plasma
modification, physical or chemical vapor deposition, and chemical modifications
such as cross-linking or grafting. By varying the processing parameters, it is also
possible to produce fibers with unique surface features and secondary structures
such as micro-textured/nano-porous fibers and micro- and nano-webs.

Besides traditional two-dimensional (2D) nano-fibrous structures, electrospin-
ning is powerful in fabrication of three-dimensional (3D) fibrous macro-structures,
especially for tissue engineering applications. A recent article summarizes recent
advances in electrospinning techniques, including multilayering electrospinning,
postprocessing after electrospinning, liquid-assisted collection, template-assisted
collection, porogen-added electrospinning, and the self-assembly of some typical
electrospun 3D fibrous macro-structures such as fibrous honeycomb structure,
nano-fiber yarns, and fibrous stacks [26]. These 3D nano-fibrous macro-structures
have been demonstrated to have potential applications in tissue engineering, energy
harvesting and storage, and filtration.

APPLICATIONS OF ELECTROSPUN FUNCTIONAL
MICRO- AND NANO-FIBERS
Electrospun micro- and nano-structures are a class of novel materials that is exciting
because of several of the unique characteristics discussed above. Significant prog-
ress has been made in this field in the last few years, and the resulting micro- and
nano-structures may serve as a highly versatile platform for a broad range of impor-
tant technological applications in areas such as biomedicine, pharmacy, sensors,
catalysis, filter, composites, ceramics, electronics, and photonics. Some of the
most recent developments in their processing and the relevant applications that
are considered are presented below.

BIOMEDICAL APPLICATIONS
Tissue engineering
Electrospun 3D nano-fibrous structures meet the essential design criteria of an ideal
tissue engineered scaffold based upon their unique action in supporting and guiding
cell growth [27,28]. Most studies confirm that the electrospun nano-fibrous structure
is capable of supporting cell attachment and proliferation. The structure features a
morphological similarity to the extracellular matrix (ECM) of natural tissue, which
is characterized by a wide range of pore diameter distribution, high porosity, and
effective mechanical properties (Figure 9).
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Nano-fibers have been studied for engineering cardiovascular tissues such as
heart tissue constructs and blood vessels. Ramakrishna’s group published several ar-
ticles on the use of nano-fibers as a scaffold for blood vessels and looked at the in-
fluence of fiber diameter, orientation and other parameters on cell proliferation [29].
Nano-fibers made of poly(L-lactide-co-ε-caprolactone) or poly(ethylene tere-
phthalate) (PET) were primarily used.

Biomimetism toward human ligament has been considered, and the effects of
fiber alignment and direction of mechanical stimuli on the ECM generation of
human ligament fibroblast was studied [30]. An elastic biodegradable material in
a tubular form was produced by combining polylactide with cross-linked elastin
[31]. The tubular material obtained showed excellent mechanical properties equal
to those of blood vessel and peripheral nerve tissue.

FIGURE 9

(a) SEM image showing fibroblast (human MRC-5) extension wrapping around the

electrospun nanofiber. (b) TEM image showing a fibroblast extension in close contact with

electrospun Artelon� nanofiber [28].
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Nano-fibers are potential structures for bone tissue engineering. Yoshimoto et al.
used poly(ε-caprolactone) scaffolds to grow mesenchymal stem cells derived from
bone marrow [32]. Polylactide combined with cross-linked elastin shows a potential
for neural applications [31]. The regeneration of peripheral nerve axons was
observed in transplantation using a rat model with sciatic trauma. Silk-like polymers
with fibronectin functionality (ECM proteins) have been electrospun to make
biocompatible films for use in prosthetic devices intended for implantation in the
central nervous system [33].

It has been shown by Jayasinghe’s group that it is possible to directly electrospin
living organisms under stable threading conditions at a level of resolution that is con-
strained only by the size of the cells being electrospun [34]. The treated cells were
safe in terms of growth and survival and this has not been achieved by any other
competing jet-based technology. This has far reaching implications and will enable
significant advances to be made in technologies ranging from tissue engineering to
regenerative medicine. For instance, for the development of 3D biological models,
for the development of preorientated and organized architectures for repairing,
replacing, and rejuvenating damaged and/or aging tissues, while also adding a novel
approach to the delivery of biological therapeutics.

Wound dressings and healing
Electrospun nano-fibrous membranes can be used in the production of novel wound
dressings. These membranes are particularly important because of their favorable
properties, such as high-specific surface area, combined with antibacterial and
drug release functionality. Recent studies support that nano-fibrous dressings pro-
mote hemostasis, have better absorptivity, semipermeability and conformability
and allow scar-free healing [35]. The nano-fibrous membrane also shows controlled
evaporative water loss, excellent oxygen permeability, and promoted fluid drainage
ability, but it can still inhibit exogenous microorganism invasion because its pores
are ultrafine. Histological examinations also indicate that the rate of epithelialization
is increased and that the dermis becomes well organized when wounds are covered
with electrospun nano-fibrous membrane.

A nano-fiber mat made of fibrinogen, a soluble protein that is present in blood,
has been produced by electrospinning [36]. The mat could be placed and left on a
wound, thereby minimizing blood loss and encouraging the natural healing process.
Fibrinogen increases the “stickiness” of clotting cells, thickens the blood, and pro-
motes the formation of fibrin (the stringy protein that forms the basis of blood clots).
Electrospinning can also be used to create biocompatible, thin films with a useful
coating design and a surface structure that can be deposited on implantable devices
in order to facilitate the integration of these devices in the body.

Drug carrier and delivery systems
Electrospun fiber mats have also been explored as drug delivery vehicles, with prom-
ising results. The application of electrostatic spinning in pharmaceutical applica-
tions resulted in dosage forms with useful and controllable dissolution properties.
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The compatibility of the drug with the polymers, the drug distribution in polymeric
matrices, the release behavior of various incorporated drug forms and the stability of
drugs during the electrospinning process have been well investigated. Polymeric
matrices such as fibrinogen, chitosan, collagen, and poly(ethylene glycol), poly(vi-
nyl alcohol) (PVA), are a few of the polymers that have being studied as electrospun
drug delivery matrices due to their biocompatibility.

For instance, hydroxy propoxy methylcellulose, a cellulose derivative commonly
used in pharmaceutical preparations, together with a drug has also been tested [37].
Poly (L-lactic acid) and poly (D,L-lactide-coglycolide) nano-fibers are other poly-
mers that have been electrospun with an encapsulated drug and have shown prom-
ising drug release properties. In another study, PVA nano-fibers were studied as
carriers of drugs for transdermal delivery systems, using four types of nonsteroidal
anti-inflammatory drugs with varying water solubility property. The molecular
weight of the model drugs played a major role on both the rate and total amount
of drugs released, despite the different drug solubility [38]. Incorporation of an anti-
biotic in fibers developed for scaffold applications has also been reported. The com-
bination of mechanical barriers based on nonwoven nano-fibrous biodegradable
scaffolds and their capability for local delivery of antibiotics makes them desirable
for applications in the prevention of postsurgical adhesions and infections.

Nutraceutical delivery
Electrospun nano-fibers can be instrumental in food sector as vectors for nutrients,
protective entities for encapsulated active compounds (e.g., vitamins, probiotics,
functional lipids, and amino acids) during food processing and bioseparation mate-
rials to enhance food safety [39]. Recently electrospun edible nano-fibrous mats
have been prepared from blend solutions of cellulose acetate (CA) in acetic acid
and egg albumin in formic acid, via the fine tuning of electrical conductivity and sur-
face tension by addition of Tween40� (surfactant) [40]. It is pertinent to mention that
use of egg albumin, an excellent source of proteins, to develop fibrous nutraceutical
carriers facilitate to withstand stomach’s severe acidic conditions and release the
bioactive material at the alkaline pH of the intestine. In another report, release mech-
anism of gelatin from coaxially electrospun coreeshell CA fibers was found to be
anomalous diffusion and exhibited a near zero-order release pattern with release
half-life ofw7.4 days [41]. The membranes have been envisaged as suitable matrix
for sustained release of proteinaceous pharmaceutical/food compounds in the
gastrointestinal tract.

Moreover, fast-dissolving drug delivery systems became of importance for devel-
oping new strategies for drug delivery applications, due to their advantages such as
enhancing drug solubility, onset of action and bioavailability. These delivery systems
are usually in the form of solid tablets or films and designed to instantly wet by saliva
and dissolve/disintegrate in the patient’s mouth without the need to drink or chew.
Fast-dissolving drug delivery systems were prepared by electrospinning using PVA
as the filament-forming polymer and drug carrier [42]. Caffeine and riboflavin
were used as the model drugs. The SEM images showed that nano-fibers prepared
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from electrospinning PVA/drugs aqueous solutions possessed an ultrafine
morphology with average diameter in the range of 260e370 nm. Pharmacotechnical
tests showed that both PVA/caffeine and PVA/riboflavin nano-fibrous mats had almost
the same dissolution time (about 1.5 s) and wetting time (about 4.5 s). The release
measurements indicated that drugs can be released in a burst manner (caffeine of
100% and riboflavin of 40% within 60 s) from the PVA nano-fibrous matrices.

Micro- and nano-fibers as support for enzymes and catalysts
Electrospun micro- and nano-fibers are an attractive class of supports for enzymes and
catalysts due to their ultrathin sizes and large surface areas. Reneker and coworkers
demonstrated the possibility of using nano-fibers for the immobilization of enzymes,
showing catalytic efficiency for biotransformations [43]. Enzyme-modified nano-
fibers of PVA and PEO achieved by loading the enzymes, i.e., casein and lipase,
into the polymer solutions have also been reported. The membranes with encapsu-
lated enzymes were six times more reactive than cast films from the same solutions.

Electrospun CA nano-fibers on hydrolysis and subsequent oxidation by NaIO4

(to generate surface aldehyde groups) acted as suitable immobilization platform
for Candida rugosa lipase [44]. The authors have reported significant increment
in thermostability and durability postimmobilization in comparison to the free coun-
terpart. In yet another system, using glutaraldehyde as the coupling agent, C. rugosa
lipase was covalently attached to cellulose membrane (containing pentaethylenehex-
amine as spacer) regenerated from electrospun CA [45]. The authors have reported a
high activity (9.83 � 104 U/m2) of this biphasic enzyme-immobilized membrane
bioreactor for the reaction model involving the hydrolysis of olive oil.

Investigations have been made of the catalytic activity of nano-fibers obtained
by incorporating catalysts. For instance, the incorporation of palladium (Pd)
nano-particles has been studied in detail using carbonized and metal oxide nano-
fibers [46].

GENERATION OF MICRO- AND NANO-MECHANICAL AND MICRO-
AND NANO-FLUIDIC DEVICES THROUGH ELECTROSPINNING
As mentioned earlier, electrospun micro- and nano-fibers can serve as sacrificial
templates for the generation of micro- and nano-structures with hollow interiors.
Czaplewski and coworkers prepared nano-fluidic channels [47]. The channels
obtained were elliptical and presented no sharp corners, as in conventional litho-
graphic techniques, which promotes a smoother fluid flow through them. Further-
more, the spin-on glass is optically transparent and compatible with chemical
analysis, thereby opening applications in biomolecular separation and single mole-
cule analysis. They also demonstrated the use of these templates for the fabrication
of micro-electromechanical devices, such as nano-scale mechanical oscillators.

Deposits of oriented poly(methyl methacrylate) nano-fibers, combined with con-
tact photolithography, created silicon nitride nano-mechanical oscillators with
dimensions in the order of 100 nm. The fibers were used as etch masks to pattern
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nano-structures in the surface of a silicon wafer. The oriented polymeric nano-fiber
deposition method that was used in this experiment offers an approach for rapidly
forming arrays of nano-mechanical devices, connected to micro-mechanical struc-
tures, that would be difficult to form using a completely self-assembled or
completely lithographic approach. This approach may provide a useful method
for realizing nano-scale device architectures in a variety of active materials.

Furthermore, magnetite nano-particles were incorporated as a colloidally stable
suspension into PEO or PVA solutions [48]. After electrospinning, the nano-part-
icles were aligned along the fibers’ axis. These nano-fibers exhibited superparamag-
netic behavior and deflected when subjected to a magnetic field at room temperature.
A micro-aerodynamic decelerator based on permeable surfaces of nano-fiber
mats was reported by Zussman and Yarin [49]. The mats were positioned on light,
pyramid-shaped frames. These platforms fell freely through the air, apex down, at a
constant velocity. The drag of this kind of passive airborne platform is of
significant interest in a number of modern aerodynamics applications including, for
example, dispersion of “smart dust” carrying various chemical and thermal sensors,
dispersion of seeds, and movement of small organisms with bristle appendages.

MICRO- AND NANO-FIBERS IN SENSORS
Recent advances in micro- and nano-technology and the electrospinning technique
offer great potential for the construction of cost-effective, next-generation chemical,
and biosensor devices. The high surface area per volume unit makes electrospun
micro- and nano-structures great candidates for a variety of sensing applications
as they can offer high sensitivity and response time. These sensors can find applica-
tions in medical diagnosis and environmental and bioindustrial analysis, among
others [1,25].

Conducting electroactive polymers have remarkable sensing applications
because of their ability to be reversibly oxidized or reduced by applying electrical
potentials. For biosensing applications, conducting electroactive polymers combine
the role of a matrix immobilization template and the generation of analytical signals.
The most common conducting electroactive polymers include polypyrrole, polyani-
line, and polythiophene and are characterized by an electronic conductivity of up to
104 U�1. Resistive-type sensors made from undoped or doped polyaniline nano-
fibers outperform conventional polyaniline on exposure to acid or base vapors,
respectively [50].

Electrospinning of lead zirconate titanate, Pb(ZrxTi1�x)O3 (PZT) fibers should
be mentioned because of its technological importance in the field of sensors, elec-
tronics, and nonvolatile ferroelectric memory devices. PZT is one example of
one-dimensional nano-structures, the smallest dimension structures for efficient
transport of electrons and optical excitation that can be used as building blocks in
a bottom-up assembly in diverse applications in nano-electronics and photonics
[51]. Wang et al. showed that ultrafine PZT fibers could be synthesized from
metallo-organic compounds simply by using metallo-organic decomposition and
vacuum heat treatment electrospinning techniques [51].
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Other developments are electrospun nano-fibers of polyvinylpyrrolidone (PVP)
containing the urease enzyme that show a potential as a urea biosensor and nano-
fibers coated with metal oxides (TiO2, MoO3) for the detection of toxic gases [52].

To use molecular imprinting polymers (MIPs) in applications such as sensing or
affinity separation, it is often required that MIPs be immobilized on solid surfaces.
This procedure usually results in a low surface area and leads to relatively low bind-
ing capacity. A substantial increase in the surface area to volume ratio is obtained if
MIPs are synthesized in the form of nano-particles. Studies by Chronakis et al. [25]
demonstrate that by entrapping premade MIP nano-particles in electrospun polymer
nano-fibers, it is possible to exploit the favorable molecular selectivity of MIPs, for
example, to develop new fiber-based materials for chemical sensing and bio-
separation. MIP nano-particles can be prepared with a high level of cross-linking
density, making the imprinted binding sites intact even after treatment with harsh
processing conditions. Chronakis et al. have used electrospinning to encapsulate
two types of well-established MIP nano-particles (imprinted against theophylline
and b-estradiol), and tested molecular binding property of the composite nano-
fibers. The nano-fibers containing the encapsulated MIP nano-particles showed se-
lective binding for the original templates used in the imprinting reaction, suggesting
that the encapsulation by electrospinning can be a general approach to introduce
MIP nano-particles into functional membrane devices. Molecular imprinted nano-
fibers with selective molecular recognition ability and signal transduction ability
have been also developed [53].

MICRO- AND NANO-FIBERS IN ELECTRIC AND ELECTRONIC
APPLICATIONS
Electrospun nano-fibers with electrical and electro-optical activities have received a
great deal of interest in recent years because of their potential application in nano-
scale electronic and optoelectronic devices, such as nano-wires, LEDs, photocells,
etc. PZT and carbon nano-fibers are two typical and challenging examples of one-
dimensional nano-structures that can be used as building blocks in bottom-up assem-
bly in diverse applications in nano-electronics and photonics [51].

Studies support that electrospinning can be a simple method for fabricating a
one-dimensional polymer field-effect transistor, which forms the basic building
block of logic circuits and switches for displays [54,55]. In addition, the excellent
adherence of the nano-fibers to SiO2 and to gold electrodes may be useful in the
design of future devices. By means of electrospinning processing, extremely low-
dimensional conducting nano-wires have been made from, e.g., polyaniline or poly-
pyrrole for use in nano-electronics [56] (Figure 10).

Other studies report the development of carbon nano-fiber webs from the oxida-
tion and steam activation of a polyacrylonitrile (PAN) nano-fiber web for use as an
electrode in a supercapacitor, poly(vinylidene fluoride) nano-fibers for applications
as a separator or as an electrolyte in batteries [57] and fabrication of a lithium sec-
ondary battery comprising a fibrous film made by electrospinning [58].

Applications of electrospun functional micro- and nano-fibers 535



Electrospinning mixtures of ceramic particles with polymers and subsequent
pyrolysis of the polymer to form pure ceramic nano-fibers is an area of intense
research [7]. Because of their large surface-to-volume ratios and narrow-band optical
emission, these nano-fibers can be used as selective emitters for thermophotovoltaic
applications and as emitting devices in nano-scale optoelectronic applications.

MICRO- AND NANO-FIBERS IN FILTERS
The efficiency of nano-fibers in filtration has been studied by several groups. Gener-
ally, the electrospun webs have been found to be much more effective than other
commercial high-efficiency air filter media. In most cases, the nano-fiber webs
are applied on a substrate chosen to provide mechanical properties, while the
nano-fiber dominates the filtration performance. Electrospinning can also be used
to produce charged fibers for use in filtration media. Obviously, the charge-induction
and charge-retention characteristics are related to the polymer material used for
electrospinning.

Controlling the parameters of electrospinning allows the generation of micro-
and nano-fiber webs with different filtration characteristics. A study done by
Schreuder-Gibson and Gibson showed that it is possible to tailor pore size, air
permeability, and aerosol filtration of elastic nonwoven media by applying very
light-weight layers of electrospun elastic fibers to the coarser webs [59]. It has
been found that a significant deformation of the elastic webs increases air flow,
and it might be possible to design controlled flow filters or air bags that are modu-
lated by a pressure drop across elastic webs with correspondingly variable poros-
ities. Many filtering applications of electrospun micro- and nano-fibers are related
to air filtration, but liquid filtration can also occur [60].

FIGURE 10

SEMmicrograph of conductive polypyrrole nanofibers. The nanofibers were electrospun from

a solution of [(PPy3)þ (DEHS)-]x in DMF [56].
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Moreover, ion exchange materials (such as resins, membranes, etc.) have been
widely used in various industries for water deionization or softening, metal recovery,
biological process, food and beverages, pharmaceuticals, and fuel cell applications.
Polymer nano-fiber ion exchangers are new, promising materials as they have a
much higher surface area than common ion exchangers.

MICRO- AND NANO-FIBERS IN TEXTILES
Electrospun micro- and nano-membranes composed of elastomeric fibers are of
particular interest in the development of several protective clothing applications.
The excellent ability to capture aerosols and the possibilities to incorporate any
kind of active substances make electrospun nano-fiber materials potential candidates
for use in protective clothing and smart cloths responding to changes in the sur-
rounding environment. Much work is being done with the aim to develop garments
that reduce soldiers’ risks for chemical exposure [61]. The idea is to lace several
types of polymers and fibers to make protective ultrathin layers that would enhance,
for example, chemical reactivity and environmental resistance. Such mats have been
found to have a higher convective resistance to air flow while the transport of water
vapor is much higher than in normal clothing materials. These products exhibit
remarkable “breathing” properties, which are now required in clothing applications.

In some other uses of protective clothing, thermal and flammability properties
are essential [62]. Electrospun poly(methyl methacrylate-co-methacrylic acid) and
its layered silicate nano-composites have shown good thermal stability, reduced
flammability, and increased self-extinguishing properties. The possibility of using
submicron and nano-scale fibers and fibrous assemblies based on conductive
Poly(3,4-ethylenedioxythiophene) (PEDOT) for wearable electronics has also
been explored [14]. Finally, the development of electrospinning apparatuses for fiber
orientation that allow the fabrication of yarns is of considerable interest [63].

MICRO- AND NANO-FIBERS AS COMPOSITE REINFORCEMENT
The strength of a composite material is effectively enhanced by fiber-based rein-
forcement. Thus, the high surface-to-volume ratio of nano-fibers significantly
improves the stiffness and mechanical strength of the composites compared to
conventional fibers due to the increased interaction between the fibers and the matrix
[64]. Another positive aspect is that the composites are able to maintain their optical
transparency related to the small cross-section of the nano-fibers.

MICRO- AND NANO-FIBERS FOR PACKAGING APPLICATIONS
In order to improve the barrier properties of fully renewable microbial biopolyesters,
a novel methodology based on electrospun interlayers was presented by Lagaron’s
group, with significant interest in food packaging applications. They have prepared
multilayer films of PLA containing a zein electrospun fiber interlayer that showing
good adhesion between the layers and having considerably improved oxygen
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barrier properties up to 71% [65]. Moreover, multilayer structures based on
polyhydroxybutyrate-co-valerate with a valerate content of 12% PHBV12 as the
outer layers (prepared by casting or by compression molding) and electrospun
zein fibers as the inner layer have been successfully developed [66]. The effect
that zein interlayer had on water vapor and limonene permeability values depended
on the zein deposition time and on the film-processing method, although the struc-
tures prepared by casting were more permeable to water vapor and limonene than
their counterparts prepared by compression molding. A significant decrease in oxy-
gen permeability values was observed in the zein-containing multilayer films in
comparison with the pure PHBV12-based films. These results have demonstrated
the potential of this processing method for the development of biodegradable multi-
layer PHBV-based films in which the intermediate electrospun zein nano-fibers were
able to improve barrier properties (more efficiently for the longest deposition time)
with minimum changes in mechanical and optical properties.

Encapsulation of bacteriophages in the form of electrospun nano-fibers have
been also investigated by few groups [67,68]. Bacteriophage incorporated electro-
spun nano-fibers have been prepared using aqueous suspensions of M13 bacterio-
phage and PVP. The bacteriophage-encapsulated fibers instantly released the M13
bacteriophage, which exhibited some activity, and were able to infect the bacterial
host. Similarly, the same suspension electrospinning process was used to investigate
the encapsulation of T4, T7, and k bacteriophages in PVA fibers [69]. Although
exposure of bacteriophages to a PVA aqueous solution showed no effect on their
viability, a very low activity (T4: 1%, T7: 2%, k: 6%) was reported after release
from the PVA fibers. The loss of activity was mainly attributed to the rapid dehydra-
tion of the bacteriophages and solvent evaporation during fiber formation. To over-
come the sensitivity of bacteriophages to the electrospinning process and increase
bacteriophage viability, Korehei and Kadla [68] have investigated two different elec-
trospinning processes: emulsion and coaxial electrospinning. The aim was to “pro-
tect” the bacteriophage from the harsh conditions of the electrospinning process by
either pre-encapsulating and/or allocating the bacteriophage to the core of a core/
shell fiber. Coaxial electrospinning was shown to be capable of encapsulating T4
bacteriophages with high loading capacity, high viability, and long storage time.
These results are significant in the context of controlling and preventing bacterial
infections in perishable foods during storage.

The lactoperoxidase (LP) system is a naturally occurring antimicrobial system in
milk that is effective against many microorganisms. In some developing countries,
where milk is susceptible to temperature abuse and poor sanitary conditions during
transportation and storage, H2O2 has been added to raw milk to activate the LP sys-
tem to preserve the milk during transportation. Activation of the LP system in milk
prior to pasteurization can also increase the margin of safety with respect to milk-
borne pathogens. Potentially, the use of LP may offer an opportunity to decrease
the thermal requirement for pasteurization or reduce the refrigeration requirement
during storage. In a study by Zhou and Lim, glucose oxidase (GOX) was immobi-
lized in polylactide (PLA) fibers that were used to activate the LP system in milk
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[70]. The GOX-containing micro-fibers were electrospun from emulsions prepared
by dispersing aqueous GOX in PLA dissolved in a chloroform and N,N-dimethylfor-
mamide blend, using sorbitan monopalmitate as an emulsifier. The enzymatic activ-
ity of GOX-in-PLA fibers (1100 � 400 nm diameter) was more than 19 times higher
than that of the GOX-in-PLA membrane formed by direct casting, due to the larger
surface area of the electrospun fibers. The activation of LP in model solutions using
GOX-in-PLA fibers provided a more sustained generation of antimicrobial
OSCNdthan direct activation using H2O2. Preliminary evaluation on milk samples
showed that the electrospun GOX-in-PLA micro-fibers are capable of activating the
naturally present LP system, indicating that they may be promising for active food
packaging applications to extend the shelf life of milk.

ATTEMPTS TO INCREASE THE PRODUCTION RATE
OF ELECTROSPUN MICRO- AND NANO-FIBERS
ELECTROSPINNING USING MULTIPLE NOZZLES
The most obvious way to increase the rate of production of micro- and nano-fibers is
to increase the number of nozzles used in the spinning process. In a patent, Chu et al.
described an electrospinning apparatus with multiple nozzles, as shown in Figure 11
[71]. The essential invention in this patent was not the use of multiple nozzles but the
possibility to better control the jet formation, jet acceleration, and fiber collection for
individual jets. This was achieved using several additional electrodes to homogenize
the electric field that accelerates the jets from the nozzles to the collector. The pos-
sibility of controlling both the flow of the conducting fluid (polymer solution or
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FIGURE 11

Schematic drawing of an apparatus for large-scale electrospinning of nanofibers [71].
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melt) and the properties of the electric field for each jet was described as essential for
producing nano-fibers using multiple nozzles. A later patent by the same group
focused on controlling multiple fiber jets as opposed to individual jets or adding
the possibility of blowing a temperate gas in the fiber spinning direction. The gas
flow gives a higher production rate than traditional electrospinning, as well as lower
energy consumption.

ELECTROSPINNING WITHOUT NOZZLES
Perhaps the most successful way to increase the electrospinning production rate that
can be recognized thus far is the Nanospider� technology, patented by O. Jirsak
et al. [72]. This technology is now owned by ElMarco (Czech Republic). Instead
of using capillaries as a spinneret for introducing the polymer solution into the elec-
tric field, a rotating charged electrode is used that is partly immersed into the poly-
mer solution. This setup allows the creation of many Taylor cones and hence many
jets that travel upward to a conveyor belt that can be covered with a material to be
coated.

A great advantage of this method is the possibility to create multiple jets of nano-
fibers without the risk of the nozzles clogging. Another advantage of the technique is
that the spinning direction is upward, which minimizes the risk of solution droplets
forming in the product. The process is schematically shown in Figure 12.

The polymer solution (2) is applied to the charged cylindrical electrode (3) as it
rotates partly immersed in the solution. Multiple fiber jets are formed from the sur-
face of the electrode toward the oppositely charged electrode (40). The fibers are
drawn to the electrode (40), not only by the electric force but also due to the action
of a vacuum chamber (5). The patent also covers rotating cylindrical electrodes with
different patterned surfaces. Using this technology, ElMarco claims that they will
have a production capacity of 3000 m2/day (1 m in width) (2006).
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FIGURE 12

(a) Schematic drawing of the Nanospider� technology [72], (b) Picture of the Nanospider�
technology in action (from www.nanospider.cz).
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Another approach to spinning nano-fibers without nozzles is to use a porous tube
of polyethylene, as reported by Reneker et al. [73]. By applying air pressure to a
polymer solution inside a cylindrical porous tube, these authors were able to form
multiple jets of polymer solution in the electric field. With this porous tube, the pro-
duction rate could be increased to about 250 times that of the corresponding produc-
tion rate for a single needle (Figure 13).

Recently, a new technology with the use of centrifugal forces has been developed
and patented from Swerea IVF [74]. The process is schematically shown in
Figure 14.

COMMERCIAL PRODUCTS
It should be noted that some companies already have commercial products based on
electrospun nano-fibers. One of the first companies to start an industrial production
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Multiple
jets

FIGURE 13

Schematic illustration of the electrospinning setup using a porous polyethylene tube [73].

FIGURE 14

Schematic illustration of the micro- and nano-fiber formation from rotating disc [74].
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line of nano-fiber web is NanoTechnics Co., Ltd., in Korea. The company offers
nano-fiber webs of PA6 and PA66 for application in filters and PAN for electrodes
in batteries. Other companies that claim to be able to electrospin webs for use in fil-
ters are Hollingsworth & Vose, Germany, and eSpin Technologies, USA. Donaldson
Company Inc., USA is also an important actor in the field of nano-fiber-based filters.
Donaldson has several US and international patents that cover nano-fiber innova-
tions, configurations, and uses.

TECHNOLOGICAL COMPETITIVENESS AND OPERATION
ECONOMICS
Electrospinning is a very simple and versatile method for creating polymer-based,
high-functional, and high-performance micro- and nano-fibers that can revolutionize
the world of structural materials. The process is versatile in that there is a wide range
of materials that can be spun (Table 1). At the same time, electrospun micro- and
nano-fibers possess unique and interesting features. The ability to customize micro-
and nano-fibers to meet the requirements of specific applications gives electrospin-
ning an advantage over other larger scale micro- and nano-production methods.
Combining well-established technologies of today with the emerging field of elec-
trospun micro- and nano-fibers can potentially lead to the development of new tech-
nologies and new micro- and nano-structured smart assembles and stimulate
opportunities for an enormous number of applications. Thus, electrospinning tech-
nology can provide a connection between the worlds of the nano-scale and the
macro-scale.

Another advantage of this top-down micro- and nano-manufacturing process
is its relatively low cost compared to that of most bottom-up methods. The electro-
spinning method itself is environment-friendly because it consumes only a
small amount of electrical energy. In spite of the high potential difference
(10,000e40,000 V) that is applied, only a small electrical current flows through
the nano-fibers (in the order of nano-amperes). In addition, the electrospinning
method provides nano-fiber structures that imply a large reduction in material con-
sumption. For instance, the formation of a true nano-coating (monolayer-like) will
result in a thickness of only a few nanometers, while current coatings have a thick-
ness of a few micrometers. This means that the consumption of materials is also
about 1000 times less for nano-coatings while it results in the same surface proper-
ties as are obtained with micro-coatings. Moreover, the resulting micro- and nano-
fiber samples are often uniform and continuous and do not require expensive
purification (unlike submicrometer-diameter whiskers, inorganic nano-rods and
carbon nano-tubes). Overall, despite the existence of some commercial products,
it is evident that an upscaling of the electrospinning process and productivity
improvements are essential features and merit more effort to ensure full success
in socioeconomic terms.
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Table 1 Examples of Some Polymer-Biopolymer Materials that have been

Electrospun and Solvents Used (In Alphabetical Order).

Materials Solvents

ABS N,N-Dimethyl formamide (DMF) or
Tetrahydrofuran (THF)

Cellulose Ethylene diamine

Cellulose acetate Dimethylacetamide (DMAc) and Acetone or
Acetic acid

Ethyl-cyanoethyl cellulose [(E-CE)C] THF

Chitosan and chitin 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)

Dextran Water, DMSO/Water, DMSO/DMF

Gelatine 2,2,2-Trifluoroethanol

Nylon Formic acid

Poly(2-acrylamido-2-methyl-1-propane
sulfonic acid) (PMAPS)

Ethanol/Water

Polyacrylonitrile (PAN) DMF

Polyalkyl methacrylate (PMMA) Toluene/DMF

Polycarbonate THF/DMF

Poly(ethylene oxide) (PEO) Water, Ethanol, DMF

Polyethylene terephthalate (PET) Trifluoroacetic acid (TFA) and
Dichloromethane (DCM)

Polylactic based polymers Chloroform, HFIP, DCM

Pol(ε-caprolacone) based polymers Acetone, Acetone/THF, Chloroform/DMF,
DCM/Methanol, Chloroform/Methanol,
THF/Acetone

Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV)

2,2,2-Trifluoroethanol

Polyphosphazenes Chloroform

Polystyrene 1,2 Dichloroethane, DMF, Ethylacetate,
Methylethylketone (MEK), THF

Bisphenol-A Polysulfone DMAc/Acetone

Polyurethane (PU) THF/DMF

Polyvinyl alcohol (PVA) Water

Polyvinyl chloride (PVC) DMF, DMF/THF

Poly(vinylidene fluoride) (PVDF) DMF/THF

Poly(vinyl pyrrolidone) Ethanol, DCM, DMF

Silk Hexafluoroacetone (HFA), Hexafluoro-2-
propanol, Formic acid

Technological competitiveness and operation economics 543



REFERENCES
[1] Frenot A, Chronakis IS. Polymer nanofibers assembled by electrospinning. Curr Opin

Colloid Interface Sci 2003;8:64e75.
[2] Li D, Xia Y. Electrospinning of nanofibers: reinventing the wheel? Adv Mater 2004;16:

1151e70.
[3] Formhals. Process and apparatus for preparing artificial threads. US Patent, 1-975-504;

1934.
[4] Reneker DH, Chun I. Nanometre diameter fibres of polymer produced by electrospinning.

Nanotechnology 1996;7:216e23.
[5] Dersch R, Steinhart M, Boudriot U, Greiner A, Wendorff JH. Nanoprocessing of poly-

mers: applications in medicine, sensors, catalysis, photonics. Polym Adv Technol 2005;
16:276e82.

[6] Teo WE, Ramakrishna S. A review on electrospinning design and nanofibre assemblies.
Nanotechnology 2006;17:R89e106.

[7] Chronakis IS. Novel nanocomposites and nanoceramics based on polymer nanofibers
using electrospinning process e a review. J Mater Process Technol 2005;167:283e93.

[8] Reznik SN, Yarin AL, Theron A, Zussman E. Transient and steady shapes of droplets
attached to a surface in a strong electric field. J Fluid Mech 2004;516:349e77.
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INTRODUCTION
Miniaturization of products has been a strong trend already for several years. As
technology continues to develop, products are getting smaller and more complex.
Production processes have to be faster, more precise, and more accurate. This im-
plies that at least partial automation of the processes will become compulsory.
Although the need for such production of small-sized products has been rapidly
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increasing, the size scale of the manufacturing systems has not changed much. Small
products are still commonly being produced with relatively large machines. This
leads to inefficient space utilization and unnecessarily high operating costs. Further-
more, these large-size production systems and machines do not provide flexibility in
their location, but need to be placed in traditional large factories even though, in
many cases, it would be desirable to produce products closer to the customer.

Besides the miniaturization, two other paradigmsdadaptive manufacturing and
sustainable manufacturingdset new requirements to the modern production systems.
The market calls for customer specific products, which means that the production sys-
tems need to cope with high variation and demand fluctuation, small volumes, and
short product life cycles. This turbulent production environment requires adaptive
and rapidly responding production systems that can adjust to required changes both
in production capacity and processing functions. The production ramp-up has to be
fast and the effort of changing the production system for the production of new prod-
ucts or different volumes should be minimized. Customers are not willing to pay more
for the customization, speed, and flexibility. This means that the production systems
need to be able to produce customized products with the price of mass products.
Furthermore, the regulatory requirements toward sustainable manufacturing are forc-
ing the companies to minimize the ecological footprint of their production operations
in terms of energy and material consumption and waste generation.

Miniaturization of production systems is believed to answer to the industrial de-
mand and challenges discussed above. First of all, miniaturized production systems,
micro-factories, provide solution for eco-friendly production. Second, the trend to-
ward modular “construction kit”-type micro-factory solutions enable rapid configu-
ration and reconfiguration of the system based on the need, and in a location where it
is needed. Therefore they enable strong customer orientation and flexibility for
manufacturing of small-size products.

This chapter will give a thorough introduction to micro-factories. It first dis-
cusses about the characteristics of micro-factories in Section Characteristics of
Micro-factories. Second, in Section Evolution of micro- and desktop factories, the
existing micro-factory solutions, both academic and commercial, are reviewed, fol-
lowed by detailed introduction to a specific TUT-micro-factory concept, developed
in Tampere University of Technology (TUT), in Section Introduction to TUT-micro-
factory concept. In Section Potential applications for micro-factory solutions, the
potential application areas of micro-factory solutions in general, are discussed.
Finally, Section Summary and conclusions concludes the chapter.

CHARACTERISTICS OF MICRO-FACTORIES
This section first gives the definition for micro-factories. After that the challenges
related to micro- and desktop manufacturing are highlighted, followed by the discus-
sion of the benefits of micro-factories compared to traditional larger size production
systems.
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DEFINITION OF MICRO-FACTORIES
Micro- and desktop factories are small-size production systems suitable for the
manufacture of small products with micro- and/or macro-sized features. The devel-
opment of micro-factories originates from the early 1990s Japan [1], where small
machines were developed in order to save resources when producing small products,
and to reduce the size of the machinery and systems to match the product dimen-
sions. Energy saving and economizing were some of the primary goals. It is worth
noting that, in this context and chapter, the term “micro” does not necessarily refer to
the size of the manufactured or assembled parts or their features. Neither does it refer
to the size of the micro-factory itself. Instead, micro-factories can be seen as a gen-
eral philosophy to downscaling the production systems and processes closer to the
size of the produced goods [1]. The term “desktop factory” is often used inter-
changeably with the term “micro-factory.” Generally speaking, and within this chap-
ter, those terms are used to refer to the same concept: Minimizing production
equipment down to level where they can be placed on desktop and manually moved
without any lifting aids [2].

The micro- and desktop factories are often characterized by modularity, reconfi-
gurability, plug-and-play interfaces, extreme portability and mobility [2]. In general,
micro-factories are composed of similar components and devices than larger scale
production systems, but just in a miniaturized size. Due to their small size, several
challenges and limitations in their operation exist, which will be discussed in the
next section.

CHALLENGES AND LIMITATIONS RELATING TO MICRO- AND
DESKTOP MANUFACTURING
The first limiting factor is obviously the size of the production system, which limits
the size of the products that can be manufactured and handled with the system. In
general, the micro- and desktop factories are designed for handheld size or smaller
products. Second, the small size and lightweight of the miniaturized equipment in-
curs challenges relating to, for example, high accuracy demands, high movement
speeds, vibration, and temperature changes. In large-scale equipment, these types
of challenges are usually resolved using heavy frames. This is not possible in
desktop scale. Instead, alternative solutions have to be used. For example, accuracy
can be increased by using active closed-loop control. Vibration can be reduced by
using new stiff, but lightweight, materials and structures, such as composites.
Also, optimizing the movement control can reduce vibration. Since the equipment
is small, the effect of thermal expansion is not as big as in large equipment and
also in this case the new materials can help the situation. Similarly, due to the small
size, the transfer distances are relatively short and therefore the maximum move-
ment speed is not as important as in large-scale equipment.

Two main concerns of micro-manipulation are the fragile components and
sticky effect. As the objects get smaller, the gravity becomes insignificant.
Instead, adhesion and other surface forces become dominant, which hampers
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the manipulation of the components. In addition, small parts tend to be fragile.
As a result, traditional type grippers might destroy the small parts and releasing
them becomes difficult. Therefore, more sophisticated grippers need to be
developed.

In addition to the challenges relating to the mechanical design of the miniatur-
ized production systems, the small size of desktop equipment creates other diffi-
culties, such as weak accessibility or visibility of the work space to the operator
and difficulties in service operations. Operator needs to be aware of what is
happening inside the factory. Therefore, when direct visibility is limited, other
methods and techniques for visualizing the work space are needed. Often this re-
quires advanced sensors and measurement methods. Service and maintenance oper-
ations can be made easier with modular structure so that, for example, a broken piece
of equipment can be removed and serviced off-line.

One more challenge resulting from the small size of equipment is feeding of
components to the process, e.g., in case of assembly process. Large component trays
used to transport the parts from suppliers and small equipment are difficult to match,
and therefore additional equipment for unloading components from large trays to
smaller ones, or alternative feeding methods, is needed.

Currently micro- and desktop manufacturing is still relatively new and, at least
partially, unproven technology and therefore some prejudices against it probably
exist. Furthermore, the availability of small-size equipment and components is
currently limited and therefore they might not be a practical or economically feasible
solution in all cases. Standard components like actuators, controllers, amplifiers,
sensors, pneumatic valves, and cylinders are large and if small components are avail-
able they are often very expensive. This forces the system providers to develop
smaller components by themselves [3].

BENEFITS OF MICRO-FACTORIES COMPARED TO TRADITIONAL LARGER
SIZE FACTORIES
The benefits of micro-factories compared to traditional larger size factories can be
viewed from three sustainability perspectives, namely ecological, economical, and
social. These will be discussed in the following sections.

Ecological perspective
The micro-factory platforms comprise of small-sized production devices. According
to Refs [1] and [4], compared to traditional larger factories, they require less factory
floor space, consume less energy and raw material, and create less waste and emis-
sions. Due to the smaller size of the overall factory, also less energy is needed for
lighting, air-conditioning, and heating. Moreover, less waste heat, which needs to
be cooled down, is generated.

Energy saving is one of the most often cited advantage of micro- and desktop
factories. For example, Kawahara et al. [5] estimated that downscaling equipment
to size 1/X reduces the consumed energy by factors presented in Table 1. They
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separated the energy consumption to three categories: (1) operating energy, which is
proportional to moving the parts of the equipment; (2) environmental energy, which
is affected by the space needed for the equipment and the number of operators; and
(3) process energy, which is needed to remove material from the workpiece (e.g.,
cutting and grinding). As can be seen from Table 1, majority of the energy is
used for illumination and air-conditioning, and therefore these also have the largest
potential for energy savings. On the other hand, according to Ref. [5], the needed
processing energy does not decrease at all when miniaturizing the equipment.

The case studies conducted in 2003 in Japan proved high potentials in energy
and space savings by micro-factories. A desktop factory by Sankyo for assem-
bling motor bearings was reported to reach 98% savings in energy consumption
and 95% reduction in space consumption compared to their traditional production
systems [6].

Further empirical evidence of the reduced energy consumption of miniaturized
resources was obtained in a study conducted at TUT in 2010 by Ref. [7]. The results,
reported in [8], indicate that there is a great potential for operating energy savings
and possibly even greater savings in, for example, air-conditioning. Therefore, it
can be assumed that the environmental impact is smaller for products manufactured
in small-size micro-factories, compared to those manufactured in traditional
factories.

Economical perspective
The micro- and desktop factories offer an affordable solution to manufacturers,
because of lower investment and operating costs compared to traditional larger fac-
tories. Same manufacturing capacity can be fitted into smaller space and there is a
possibility to use micro-factory automation to aid human worker without the need to
reserve huge, expensive factory spaces. Due to their small-size, micro-factories do
not need big factory halls requiring heating, lighting, air-conditioning, and so on.
Furthermore, as discussed in the previous section, the energy consumption and waste
generation of the system itself is much lower compared to traditional large-scale
systems, leading to substantial savings in the operating costs. The cost reduction

Table 1 Average Energy Consumption in Actual Factories and Energy Saving

Effect when the Factories are Miniaturized to 1/X [5]

Average Consumption in
Actual Factories (%)

Energy-Saving Effect
(1/X Miniaturization)

Operating energy 13 1/X3

Environmental energy

Illuminating 23 1/(1.5*X3)

Air-conditioning 56 1/(3*X3)

Processing energy and
others

8 1
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factors have been discussed in the literature (e.g., Refs [9,10]). Micro-factories allow
also special controlled environment, such as a clean room, to be built into a small
module space, eliminating the need for big expensive clean rooms. Experiences
from one full-scale desktop factory, realized in Takashima Sangyo in Japan, have
shown remarkable competitiveness improvements compared to the company’s
earlier traditional factory: investment 1/5 and running costs 1/5 with the same pro-
duction capacity [11].

In the era of customization, the desire of the manufacturers is to be able to cost-
efficiently serve the customers in their individual demands and to bring the
manufacturing closer to the customer. Due to the plug-and-play interfaces of the
modular micro-factory system components, the full-scale system can be rapidly
build and reconfigured to different functional and volume demands. The system
setup and ramp-up time and engineering effort for new process requirements can
be radically reduced. Due to shorter setup times, the inventories may also be
reduced.

Small-size equipment provides improved portability of the production capacity
to the place where it is needed, thus enabling new business models as well as pro-
duction and logistic strategies. With the novel micro-factory solutions the produc-
tion does not need to be located anymore to traditional factories, but can be
brought to the most convenient location. Few examples could be fabricating custom-
ized shoe soles or assembling customized watches in a retail shop, fabricating spare
parts in a battlefield, manufacturing products in a ship while being transported,
building prototypes in an office room, teaching students about production systems
in a classroom, or fabricating customized medical implants in doctor’s operating
room in hospital [2]. This allows faster response to the individual customer require-
ments and more personalized service. In case of consumer products, the fact that
customer can see his/her product to be manufactured or assembled, can bring
competitive advantage against competitors and especially manufacturers abroad.

Especially for small companies and start-ups circumstances like clean room,
quality, skilled workers, and investments in high-level equipment are predominant
strategic and economic factors that hinder them to upscale from the lab to the full
production. In addition, the unknown response from the market after launching the
product, the life cycle of the product and the evolution of the product are other
issues that are taken in account when setting up the commercial production.
Thus, such a modular and mobile micro-factory increases the ability to rapidly
follow the market dynamics by means of fast production and delivery of custom-
ized final products. Such a mobile micro-factory could also be leased (hired) for a
time by a company preparing the launch of a new product, a start-up, a research
institute, etc. Micro-factories offer flexibility to try out new ideas without huge in-
vestments [8].

Social perspective
The micro-factory solutions could also have a wider societal impact for different
economic regions. First of all, they can create more attractive and safe workplaces.
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Second, they offer possibility to maintain the manufacturing or even bring it back
from low labor cost countries by enabling cost-efficient production of customized,
green products on the spot.

From the social point of view it is important to minimize hazardous work envi-
ronments, improve the ergonomics of the work environments and to pursue the ef-
ficiency, creativity, and health of the workers. The risks of the manufacturing
environment to the human worker are not only physical, but also psychological.
For example, extremely simple, monotonous work can cause psychological issues
and lack of motivation. Due to their small size, micro-factories can be placed,
e.g., on the desktop of human worker to help him/her with boring repetitive tasks,
tasks which require special accuracy, or tasks that are ergonomically difficult. The
human can then concentrate on more interesting activities which require special
skills. Compared with large production equipment, e.g., industrial robots, micro-
factory solutions do not expose the human workers to danger. Due to small forces,
for example, the collisions are not fatal. Therefore, they enable safer
humanemachine cooperation compared to traditional large-size equipment.

The micro-factories cannot only improve the manufacturing work environments,
but also provide better service for the end customers. As the small size of the micro-
factory solutions allows them to be brought closer to the end customer, even to the
point-of-sales or point-of-use, it ensures faster and more customized service and
satisfied customers. The offered products can fit better to the individual customer’s
needs. For example, in the field of medical devices the customization is extremely
important. Today, the customization of medical devices, such as medical implants,
is not yet common, causing imperfect fit and possible complications to the patients.
Therefore, the manufacturing of customized medical implants on the spot (in the sur-
geon’s room or dentist’s office) is expected to have a drastic impact on the quality of
the implant customization and thus lead to a better fit of the implant in each patient’s
body. Therefore fewer complications are expected and consequently less expensive
and possibly painful reoperations will be needed. This will lead to notable savings in
health care costs and also in the time that is needed to treat individual patient. More-
over the quality of the treatment will be better resulting in increased well-being of
the patients. Therefore, the societal impacts can be wide.

EVOLUTION OF MICRO- AND DESKTOP FACTORIES
According to Okazaki et al. [1], the idea of a micro-factory originates from the
research conducted in Japan in the 1990s. The research was based on an idea
that smaller machines are needed to produce micro-parts and machines. Energy
saving and economizing were the primary goals. Ideas of “desktop,” “palmtop,”
and “mobile” factories were awoken. In the late 1990s, the research spread around
the world, and since then multiple miniaturized production systems, i.e., micro-
and desktop factories, modular micro-factory platforms as well as miniaturized
production equipment in general, including, e.g., desktop-size machining units,
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robotic cells, and rapid prototyping units, have been developed. Despite of large
amount of research, the level of commercialization and adoption of micro-
factory solutions remains still relative low. The discipline lacks of empirical cases
and industrial practice on micro-factory-related business. However, few commer-
cial desktop factories, small-size machining units and desktop-size stand-alone
automation units have been developed for different purposes. The following sec-
tions will first list the research conducted in the academic world, followed then
by the commercial solutions related to micro- and desktop factories. Finally a
more detailed introduction to a selected set of micro-factory solutions will be
given.

ACADEMIC MICRO-FACTORY DEVELOPMENT
Table 2 presents the summary of academic micro-factory developments. In the table,
the developments are divided into the following categories:

• Miniaturized machining unitsdmultiple highly miniaturized machining units
have been developed since the mid-1990s. Some of them have been developed
as part of complete micro-factory concepts and some are developed for stand-
alone use. They are usually high-speed and high-precision machines designed to
produce metallic precision mechanics components.

• Miniaturized robotic and assembly cellsdthe miniaturized robotic and as-
sembly cells are stand-alone systems. They usually have one or few manipu-
lators and one or few cameras for teleoperation (they work in semiautomatic
mode) or for process control.

• Micro-factory as a set of small-size production equipmentdthe original
Japanese approach to micro-factories was to develop a fixed set of integrated
small-size production machines. The micro-factory systems usually include
miniaturized machining units and/or micro-press to produce components, a
small-size manipulator, transfer arm or conveyor system to transport the com-
ponents, and a small-size assembly unit or a micro-manipulator to assemble the
components.

• Modular micro- and desktop factory conceptsdthe research on modular
micro- and desktop factory concepts is mainly concentrated on modular micro-
factory platforms and/or architectures. The main focus of the research is on
developing the platform. Development of the machines is usually only a sec-
ondary goal.

For more information about the individual concepts, please refer to the sources
indicated in the table.

COMMERCIAL MICRO-FACTORY DEVELOPMENT
Even though micro- and desktop factories have been under research for several
years, large industrial breakthrough still remains unseen. At the moment, it ap-
pears that miniaturized machining units have the largest coverage and also
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Table 2 Academic Micro-factory Developments

Year Country Code Concept Institution Source

Miniaturized Machining Units

1996 JP Micro-lathe MEL [12]

1999 JP Multifunction desktop machine AIST [13]

2000 JP NC micro-lathe AIST [14]

2001 JP Desktop NC milling machine,
200 krpm “El Chuchito”

AMRI [15]

2004 JP Desktop milling machine, 300 krpm AIST [6]

2004 MX Mexican first generation MMT UNAM [16]

Miniaturized Robotic Cells and Assembly Units (Stand-alone Cells)

2002 CH Flexible micro-assembly cell EPFL/LSRO [10]

2003 GER mFemos KIT (IEF Werner) [17]

2004 FIN TOMIdmini assembly cell TUT [18]

2008 TR Versatile and reconfigurable micro-
assembly workstation

Sabanchi University [19]

2008 FR Flexible micro-assembly system with
automated tool changer

FEMTO-ST [20]

Micro-factory Concepts (Including e.g., Miniaturized Machining Units, Manipulators, Transfer Arms, and Conveyor Systems)

1994 JP Micro-factory by MMC MMC [21]

1998 JP Portable micro-factory MEL [12,22]

2000 FIN TOMI micro-factory TUT [23,24]

2006 USA Automated Illinois micro-factory UIUC [25,26]

2006 KR Mosaic KIMM [27]
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Table 2 Academic Micro-factory Developmentsdcont’d

Year Country Code Concept Institution Source

Modular Micro-factory Concepts (Modular Micro-factory Architectures and Platforms)

2001 USA Agile assembly architecture CMU [28]

2001 GER AMMS, advanced modular micro-
assembly system

Frauenhofer IPA [29]

2004 FIN ABAS desktop platform TUT [30]

2005 CH Microbox Pocket-Factory EPFL/LSRO [31]

2005 FIN TUT micro-factory TUT [3,32]

2008 JP On demand manufacturing system AMRI [33,34]

2010 CH Desktop rotary assembly line EPFL/LSRO [35]

2010 FIN Desktop assembly VTT [36]

2011 GER MicroFLEX KIT (IEF Werner) [37]
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desktop-size stand-alone automation units have been developed for multiple pur-
poses. Furthermore, desktop-size 3D printers and rapid prototyping units are
appearing rapidly on the market. Instead, only a few modular desktop factories
have been developed.

Table 3 presents the summary of the commercial micro-factory solutions. In the
table, the solutions are divided into the following categories:

• Small-size stand-alone machining unitsdsince the millennium, multiple
commercial small-size and stand-alone machining units have been developed.
The miniature machining systems are designed for versatile materials and ap-
plications, e.g., metal (micro-mechanics, jewelry, and watches), glass (micro-
optics), plastic (hearing aids), ceramics (dental), and biodegradables (implants).

• Small-size stand-alone process cellsdthe small-size stand-alone process cells
have been developed for different processes, such as laboratory automation, hot
embossing, nickel plating, and molding.

• Small-size stand-alone robotic cellsdthe small-size stand-alone robotic cells
are stand-alone cells consisting of robotic unit and needed auxiliary devices.
They have been developed for a certain task, such as pipetting, palletizing, or
screwing.

• Multifunctional micro- and desktop factoriesdthe multifunctional micro- and
desktop factories are complete factory concepts able to perform multiple op-
erations and processes, such as machining, cleaning, assembly, or coating.

FURTHER INTRODUCTION TO A SELECTED SET OF ACADEMIC
AND COMMERCIAL MICRO-FACTORY DEVELOPMENTS
Figure 1 and Table 4 summarize a selection of development milestones in micro- and
desktop factories. These will be discussed in more detail below.

The first, and one of the most commonly cited, miniaturized production unit is
the micro-lathe developed in MEL in Japan in 1996. The lathe revealed the possibil-
ity to downsize machining units. The lathe has dimensions of 32 � 25 � 30 mm and
it weighs only 100 g. The main spindle motor uses power only 1.5 W, and it can spin
up to 10,000 rpm. It has an accuracy of 1.5 mm in the feed direction and a roundness
of 2.5 mm. The minimum diameter of workpiece is 60 mm [1,12]. Four years later, in
2000, the micro-lathe was further developed and equipped with a precision digital
control system. A desktop milling machining unit, with a footprint or
550 � 450 mm, was build based on the numerical-controlled micro-lathe [1,14].

Another famous Japanese micro-factory concept is the portable micro-factory
developed by MEL in 1998. Dimensions of the system are 625 � 490 � 380 mm,
and it is teleoperated. The system has a micro-lathe, a micro-milling machine, a
micro-press machine, a transfer arm, and a two-fingered micro-manipulator. The
user interface consists of two joysticks and a 5.8-in LCD monitor, showing live
video of three miniature CCD cameras. Miniature ball bearing was used as the first
case product [22].
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Table 3 Commercial Micro-factory Developments

Year Country Code Product Company Source

Small-size Stand-alone Machining Units

2002 JP Nanowave MTS2
• Precision lathe

Nano Corporation [38,39]

2003 JP Multi-Pro
• Versatile 3-axis desktop machine platform

Takashima Sangyo
Co.

[40]

2003 JP Multi-function Turning Center DTF [41]

2004 JP TRIDER-X
• 4 Axis grinder

Rinken Co. [42]

2004 JP Desktop milling machine PMT Co. [1]

2004 JP Cylindrical cells
• Turning and grinding

SII Co. [1]

2005 JP Nanowave MTS3, MTS4, MTS5/MTS6
• Precision mill

Nanowave Co. [39]

2008 USA G4-ULTRA CNC
• 3/4/5-Axis micro-machining

Atometric Inc. [43]

2008 USA Microlution 363-S
• 3-Axis micro-mill/grill

Microlution Inc. [44]

2008 2009 USA EM203, GM703, MM903
• Micro-milling/turning/EMD/drilling/polishing nano-
grinding

SmallTec Inc. [45]

2009 JP Micromill CVN-2000
• 4-Axis CNC mill

Enomoto Kogyo Co. [46]

2010 GER Impression line: cam4-02, cam5-02, cam4-K1,
cam4-K2
• 4/5-Axis CNC machine

Vhf camfacture AG [47]

2011 FIN Kolibri
• 3/4/5-Axis CNC machine

Wegera [48]
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Small-size Stand-alone Process Cells

2003 JP Ultra Compact Hot Embossing Machine DTF [41]

2003 JP Desktop Nickel Plating Machine DTF [41]

2007 UK DS2TM and DSXTM
• Laboratory/diagnostics automation

DYNEX Technologies [49]

2009 IT Global240 and Keylab
• Laboratory/chemistry automation

BPC BioSed SRL [50]

2010 IT Sesame
• Nano-molding

Medical Murray [51]

Small-size Stand-alone Robotic Cells

2009–2011 CH Asyfeed Pocket
• Flexible multi-function robot cell, e.g., assembly
pelletizing and sorting

Asyril [52]

2019 FIN J505-62
• Desktop screw inserting cell

JOT Automation [53]

2011 FIN Roboline
• Desktop cell for automated pipetting

Biohit [54]

Multifunction Micro- and Desktop Factories

2003 JP Desktop Factory DTF�

• Multiple processes, e.g., cleaning, coating,
screwing measuring, and assembly

Sankyo Seiki Co. [55]

2003 JP Multi-Pro
• Versatile 3-axis desktop machine platform

Takashima Sangyo
Co.

[40]

2004 USA Nexar� and Araya�

• Laboratory automation
Douglas Scientific [56]

2007 GER Lean Desktop Factory
• Modular floor-standing “desktop” assembly
system

Bosch Rexroth AG [57]
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Table 3 Commercial Micro-factory Developmentsdcont’d

Year Country Code Product Company Source

2009 GER LabFab
• Laboratory automation

Festo AG & Co. [58]

2010 FIN MAG Lean
• 3/4-Axis multi-function automation cell, e.g., pick
and place, and screwing

MAG [59]

2011 FIN JOT Lean Desktop
• Lean assembly cells

JOT Automation [53]

2011 GER MicroFLEX IEF Werner [37]

2012 FIN GIN Kolibri
• 5-Axis high precision CNC milling machine

Global Innovation
Network (GIN)

[60]
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One of the first micro-factory concepts, developed outside Japan, was the TOMI
micro-factory developed by TUT in Finland in 2000. TOMI (Towards Mini and Mi-
cro Assembly Factories) was a pilot project for TUTmicro-factory research. The goal
was to develop an integrated high performance assembly system for a miniature prod-
uct. The case product was a planetary gearhead with a diameter of 8 mm and variable
gear ratios. As a result, a small-size floor-standing system was developed. Dimen-
sions of the production system are 1800 � 500 mm and the system consists of mod-
ules of 500 � 500 mm. All the assembly phases were packed into one module [24].

One of the first modular desktop-size micro-factory concepts was the advanced
modular micro-assembly system, developed by Fraunhofer IPA in Germany in 2001.
The “plug-and-produce” system is based on a 600 � 400 mm planar motor table.
Products and/or components are placed on moving carriers, which move with a
friction-free air bearing on the planar table. The fixed process modules have dimen-
sions of 100 � 200 mm, standardized interfaces, and they are placed next to the
planar table. The complete system has dimensions of 800 � 800 mm. The XY planar
stage has a positioning accuracy of 20 mm. The accuracy of the Z-axis depends on
the used process module. A miniaturized laser diode was used as a case product.
It is argued that a wide range of micro-products, e.g., mini-encoders, micro-valves,
or fiber optics, could be assembled with a similar system [61].

One of the first commercial micro-factory units was the Desktop Factory� devel-
oped by NIKED Sankyo (former Sankyo Seiki) in 2003. The modules are 170 mm
wide and they are designed for multiple purposes, e.g., cleaning, coating, screwing,
measuring, and assembly [55].

Takashima Sangyo introduced in 2003 a multifunctional desktop process ma-
chine Multi-Pro MPX. It is applicable to various machining, such as milling,
grinding, and laser processing. The current version has footprint of

Desktop
Rotary 
Assembly
Line (EPFL) 

1990 20152010200520001995

Micro lathe (MEL)

Portable Microfactory
(MEL/AIST) 

TOMI Minifactory
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(Sankyo Seiki) 
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JOT Lean Desktop
(JOT Automation) 

FIGURE 1

Selected milestones in micro- and desktop factory developments (both academic and

industrial).
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Table 4 References to Micro- and Desktop Factories Shown in Figure 1

Year Country Code Concept Institution Source

1996 JP Micro-lathe MEL [12]

1998 JP Portable Micro-factory MEL [12,22]

2000 FIN TOMI Micro-factory TUT [23,24]

2001 GER AMMS, advanced modular micro-
assembly system

Frauenhofer IPA [29]

2003 JP Desktop Factory DTF� Sankyo Seiki Co. [55]

2003 JP Multi-Pro MPX Takashima Sangyo Co. [40]

2005 CH Microbox Pocket-Factory EPFL/LSRO [31]

2005 FIN TUT micro-factory TUT [3,32]

2007 GER Lean Desktop Factory Bosch Rexroth AG [57]

2009–2011 CH Asyfeed Pocket Asyril [52]

2010 CH Desktop Rotary Assembly Line EPFL/LSRO [35]

2011 FIN JOT Lean Desktop JOT Automation [53]

2012 FIN GIN Kolibri GIN [60]

2012 FIN GIN Delilah GIN [60]
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480 � 725 mm and repeatability of 2 mm. The granite base is used to reduce the ther-
mal changes and deformation during machining [40].

The first micro-factory concept with an integrated clean room was the Microbox
Pocket-Factory developed by LSRO (a laboratory of EPFL) in Switzerland in 2005.
Microboxes have clean rooms capable of clean class 100 or ISO 5 (maximum
100,000 articles of size �0.1 mm in a cubic meter). In addition, the units include an
entry port enabling clean transfer into unit, a 4 degrees of freedom (DOF) scara robot
for easy assembly tasks, sensors for process control, a laminar airflow generator, and a
filtration system. The units have about 1 dm3 clean working area. A “pocket factory”
can be constructed out of multiple Microbox units and different feeders. Each unit can
conduct one or multiple assembly operations (e.g., gluing, insertion) [31].

The modular TUT-micro-factory concept was introduced by TUT, Finland, in
2005. The concept is based on small independent micro-factory modules of size
300 � 200 � 220 mm, which are designed to work as a stand-alone unit or as a
part of “plug-and-produce” production line. The concept includes an integrated
clean room as well [3]. More detailed introduction to the TUT-micro-factory concept
will be given in the next section.

In Europe, one of the first commercial “desktop factories” was developed by
German Bosch Rexroth AG in 2007. Despite the name, it is a modular floor-standing
system. However, thewidth of the modules is only 220 mm. An example of squeezing
a 30-m long automated assembly line down to 4.5 m, has been reported [57].

In addition, small-size and stand-alone robotic cells have been developed for
specific applications. In 2009, Swiss company Asyril published their first version
of a tabletop cell, Asyfeed Pocket. The overall size of the cell is
850 � 900 � 900 mm. It is a miniaturized version of the floor-standing cell, Asy-
feed Desktop (800 � 800 � 2250 mm). They both include a PocketDelta Robot
(highly miniaturized and high precision delta robot), an Asycube (flexible feeding
system), and an Asyview (vision system). They are primary designed for sorting
and palletizing of bulky micro-components. In addition, the cells can be modified
to assembly and measurement tasks. Work-cycles up to three components per second
can be achieved [52].

The micro-factory research at EPFL continued in 2010 with another concept, Ro-
tary Assembly Line. It is developed to achieve higher class cleanliness than with
linear concept. The circular concept has a central unit including clean air inlet, rotary
table for transportation of standard 2 in trays and interfaces (mechanic, data, and po-
wer) for the production modules. The production modules around include working
area with laminar and horizontal airflow, space for a manipulator, air outlet, as well
as inlets and outlets for the components. The modules have dimensions of about
250 � 250 mm and height of 75 mm. The overall system has a footprint smaller
than a square meter [35].

In 2010, a Finnish automation provider, Master Automation Group, intro-
duced MAG Lean cells. In contrary to Bosch modules, MAG Lean is truly a
desktop-size system. The dimensions of the three to four axis cells are
250 � 500 � 500 mm and they weigh only between 25 kg and 40 kg, depending
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on the configuration. Applications include, e.g., pick and place, screw inserting,
testing and laser marking of aluminum, steel and plastic components. In 2011, Mas-
ter Automation Group merged together with another Finnish automation provider,
JOT automation. The recently published JOT Lean cell includes two sizes,
533 � 600 � 710 mm and 333 � 600 � 710 mm. It is an improved version of the
previous MAG Lean generation in all ways. Plasma treatment has been stated as a
new potential application [53].

In 2012, a Finnish company Global Innovation Network launched two micro-
factory solutions, GIN Kolibri and GIN Delilah. GIN Kolibri is a floor-standing
5-axis high precision compact size computer numerical control (CNC) milling ma-
chine. It can mill practically all materials from titanium to plastics. GIN Kolibri is a
full-scale milling machine for versatile CNC needs and efficient high-volume
manufacturing. The guaranteed precision level within the working envelope is
5 mm. The typical applications are medical devices, their components, and medical
and dental implant manufacturing. GIN Delilah is a modular robot platform for Lab-
oratory Automation. Typical applications are sample, liquid, tube handling, and drug
development [60].

INTRODUCTION TO TUT-MICRO-FACTORY CONCEPT
TUT has a strong background on micro-factory research since 1999. In this section
the TUT-micro-factory concept and some of its applications are introduced.

TUT-MICRO-FACTORY CONCEPT
The TUT-micro-factory is a modular construction kit type concept with easy and
rapid reconfigurability for different manufacturing processes of handheld size, or
smaller, products. The system structure is designed with an idea that a base mod-
ule (Figure 2) can work as an independent unit including all the needed auxiliary
systems. The base module includes a clean room class work space, a control cab-
inet and the equipment needed by the clean room. Since the production module
does not need a separate control cabinet, the factory can be aggregated fast
and easily on a desktop table or other flat surface. This and small size of the mod-
ules enable extreme mobility of the production capacity. The outer dimensions
of one base module are 300 � 200 � 220 mm and the inside work space is
180 � 180 � 180 mm [3,62].

The production module can be tailored to certain processes by placing process
modules on top of the base module (Figure 3). Process module can be, e.g., a robot,
laser, or machining unit. In addition to the top side of the base module, both sides
and the front side can be left open when adjacent cells compose one integrated
work space. Feeders and other devices can be placed in the opening on the sides.
Examples of different configurations of TUT-micro-factory modules for different
applications can be seen in Figure 4 [3,62].
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All interfaces in the TUT-micro-factory concept have been designed to be as sim-
ple as possible. The base modules can be locked next to each other side by side, front
by side, or front by front allowing nearly unlimited number of factory layouts,
ranging from a simple line type to a freely branching one. The physical interface be-
tween two base modules includes two hybrid connectors for electrics/electronics, an
interlocking system, and connectors for pressurized air and vacuum. Each module
has an individual control unit and standardized interfaces. They can communicate
with each other through the physical connections or through WLAN. User interface

HEPA-filter

Ventilation valves

Embedded PC
(e.g. Bechhoff)

Valve terminal 
(8 pcs.)

Working area

Control room

Proces module
interface

Throughputs

22cm

20cm30cm

FIGURE 2

TUT-micro-factory base module.

FIGURE 3

Plug-and-play interfaces for easy configuration of a complete TUT-micro-factory system.
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for a tablet PC has been developed and, with that, one or multiple cells can be
controlled using only a single interface device [3,62].

Due to the modular structure of the TUT-micro-factory concept and plug-and-
play interfaces of the modules, it is easy to reconfigure the system to different product
requirements. This reconfigurability is also supported by the fact that the small-size
and lightweight equipment can be lifted manually without any lifting aids.

APPLICATIONS OF TUT-MICRO-FACTORY CONCEPT
Several demonstrations, some of those shown in Figure 4, have been realized with
the TUT-micro-factory concept during the past and ongoing research projects.
One of the first case processes was assembly of a cell phone loudspeaker in 2005
(Figure 4(a)). The assembly operation was a pick and place operation of the
loudspeaker from a jig to the cell phone cover. The component size was

FIGURE 4

TUT-micro-factory applications: (a) a loudspeaker assembly, (b) laser marking, (c) spring

assembly, (d) manufacturing of medical implant, (e) gas sensor assembly, (f) cell phone

assembly, (g) laser welding.
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10.9 � 7.4 � 2 mm and weight less than 1 g. As a manipulator a PocketDelta robot
from Asyril [52] was used [32].

The laser marking micro-factory (Figure 4(b)) was built as a demo for the Laser
2007 fair in Germany. The case products were personalized aluminum business
cards with sizes of 4 � 9 mm and 9 � 20 mm. The case was a good introduction
to the point-of-need manufacturing. The visitors could personalize their own busi-
ness cards and get them manufactured right away [3].

As a part of the Desk project, in 2008, the first industrial demonstration was con-
ducted. The case process was a small spring placement in a micro-electro-mechanical
systems (MEMS) sensor component (Figure 4(c)). The small size (D 0.7 mm,
L 2.54 mm) and complex shape made the spring extremely difficult to handle. The
factory was built using only one TUT-micro-factory module. Besides the base module
(1), a PocketDelta robot (2) was used as a manipulator, and the springs were fed by a
machine vision-based flexible feeding system, the Wisematic Minifeeder� (3). The
vacuum gripper (4) had a fiber-optic sensor to detect the spring in the gripper. In addi-
tion, a small lead frame stepper (5) was designed to move the base components. The
stepper used pneumatic actuators and an optical sensor to detect the position of the
lead frame [3].

The first process chain level three-cell demonstration was a manufacturing pro-
cess of a medical implant, a laser-machined silicon rubber ear tube (D 3 mm,
L 5 mm) (Figure 4(d)). The manufacturing process consisted of machining and
cleaning. Three base modules and two process modules were used in the demonstra-
tion. The first module included a 20 W laser lathe with a scanner and an online in-
spection system. The online inspection system was used for measuring the
dimensions of the tube. The second module included a 5 DOF articulated joint robot,
which reached the adjacent cells as well. It was used to load the lathe and move the
implants to washing. The final module included an ultrasonic washing system [62].

The gas sensor assembly was a good introduction to different joining processes
(Figure 4(e)). The case product was a gas sensor (L 78 mm, D 12 mm), including two
identical plastic frame parts, a detector in a metal package and an exciter. There were
three phases in the assembly process. First, the detector was placed in the plastic
frame in right orientation. Second, the exciter was placed in a correct position and
angle. Third, another plastic frame was glued on top of the other. The micro-
factory assembly system consisted of two TUT-micro-factory modules and a ma-
chine vision-based flexible feeder for the frame parts. The first micro-factory module
was responsible for the part handling and assembly operations. A new TUT H-Scara
robot was used for the manipulation. Besides the robot, the cell included a vacuum
gripper, two standard 2-in trays for component feeding, a turning unit, and cameras.
The second micro-factory module provided the gluing process. It consisted of a low
cost Cartesian TUT linear motor robot, a dispensing valve, an assembly jig for the
base frame, a controller, and a human-machine interface (HMI) unit [63].

In the Mz-DTF project (2009e10) the factory level integration of micro-factory
modules was considered and implemented. As a demonstration, a complete
mobile phone assembly line was built out of commercial components and the
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TUT-micro-factory modules (Figure 4(f)). The assembly process consisted of pick-
and-place, manipulation, and screwing operations. The TUT-micro-factory module
was used as a flexible screwing cell and larger desktop prototypes from industrial
partners were used for the pick-and-place operations. The implementation was suc-
cessful, but also some challenges came up. Even though handheld-size products fit
perfectly into the TUT-micro-factory, the subcontractors in the electronic industry
still tend to use rather large trays. Compact feeding systems, e.g., tape-and-reel,
bowl, and machine vision-based flexible feeding, need to be further developed
and accepted as an industry standard [64].

In the ReDia-project (2011e13) the laser-welding process of medical diagnostic
device was miniaturized and implemented to TUT-micro-factory module. In the pro-
cess, a transparent plastic plate, containing micro-fluidic channels, was welded
together with dark plastic cover plate. A conveyor transported the micro-fluidic car-
tridge to the clamping device and the finished product out of the module. The clamp-
ing device ensured good contact between materials during the welding process. A
machine vision-based measurement system was used to position the micro-fluidic
channel locations. The measurement ensured precise welding around the micro-
fluidic channels which is needed to achieve proper sealing and to prevent leakages.
Special attention was paid to the laser safety. The micro-factory module was
designed to be one phase in a complete manufacturing system of the micro-
fluidic-based immunoassay cartridge. The complete manufacturing line would
consist of several dispensing, washing, and handling modules as well as incubation
chambers. These were all modeled, but not implemented during the project.

POTENTIAL APPLICATIONS FOR MICRO-FACTORY SOLUTIONS
This section will draw a vision about potential application areas for micro-factory
solutions. As the small size of the micro-factories ensure extreme portability of
the manufacturing capacity, the production systems do not need anymore to be
located into traditional factory spaces. Therefore three principal motivation sce-
narios for the use of micro-factories can be identified:

1. Replacing the traditional size equipment and systems with miniaturized equip-
ment and systems;

2. Relocating the production further into the downstream;
3. Manufacturing “on the spot.”

Application area examples for micro-factory technologies from these three per-
spectives will be discussed in the next three sections.

REPLACING TRADITIONAL SIZE EQUIPMENT WITH MINIATURIZED
EQUIPMENT
The first scenario takes place in a traditional production chain. In this scenario the
traditional large-scale production machines are replaced and/or supplemented with
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the micro- and desktop production systems. Here, the production process itself and
the supply chain remain unchanged. Basically, smaller equipment needs smaller
factory buildings and consumes less energy and resources or, what seems to be
quite important in many cases, enables more production capacity in the existing
factory buildings. Other benefits, and obviously the motivating factors, of replac-
ing the large-size equipment with miniaturized equipment have already been dis-
cussed in Section Benefits of micro-factories compared to traditional larger size
factories.

Figure 5 represents the potential application areas speculated in the literature. In
general, micro- and desktop factories could be applied to all products and processes,
which fit into the reduced working space. However, it does not mean that the mini-
aturization would necessarily be feasible. Usually there already exists large-scale
machinery for any given process. A desktop machine or a factory is bought instead
if it is better for the application or if it can cut costs.

Replacing tradi onal size equipment with miniaturized equipment

Applica on 
area

Material produc on Component 
manufacturing

Assembly Finishing and 
inspec on

Products • Medical
• Chemistry
• Low-volume process

industry products

• Metal (e.g., 
jewelry and 
watches)

• Glass (e.g., micro-
op cs)

• Plas c (e.g., hearing 
aids)

• Ceramics (e.g., 
dental)

• Biodegradables 
(e.g., implants)

• Silicon (e.g., 
semiconductors)

• Portable devices
• Precision 

mechanics, e.g., 
watches, micro-
motors, gears

• Micro-op cs
• Jewelry
• Life science
• Medical/dental
• Semiconductors
• Sensors
• MEMS products

• Small products or 
components, e.g., 
CE marking, 
op cal control of 
assembly, 
steriliza on of 
medical implants

Processes • Chemical reac ons 
of dangerous materials

• Micro-cul va on
• Drug fabrica on and 

encapsula on

• Injec on moulding
• Machining
• Addi ve 

manufacturing (3D 
prin ng)

• Lithography

• Pick and place
• Screwing
• Dispensing
• Laser processes
• Ultrasonic 

welding
• Heat treatment
• Palle zing

• Marking 
(scratching/laser)

• Coa ng (Paint/ 
UV-prin ng)

• Washing
• Cleaning
• Steriliza on
• Op cal control
• Packing
• Processes under 

special condi on

FIGURE 5

Motivation scenario 1: replacing traditional size equipment with miniaturized equipment.
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Kawahara et al. [5] argue that micro- and desktop factories could be used as
micro-chemical plants. Applications include, e.g., drug fabrication, micro-
cultivating, and chemical reaction of dangerous materials. Multiple benefits relate
to the small reaction space. The reaction starts and ends quickly. Thus, risky
exothermic reaction can be safely achieved. In addition, truly homogeneous chem-
ical reaction becomes possible as the concentration differences decrease [5]. How-
ever, micro-factories are not suitable for large volumes. For example, instead of
pharmaceutics industry, micro-cultivation, and micro-reactors might suit better for
laboratory environments.

Component and micro-part manufacturing was one of the original applications
for micro-factories. The benefits relate mostly to floor space reduction and relating
costs. In addition, the small-size machining units enable few additional business
models for the equipment providers and subcontractors. Furthermore, the small ma-
chines can support Lean and Just-In-Time production as components can be pro-
duced on the spot based on requirements. The small components are made of
multiple materials: metal (e.g., jewelry, gears, and watches), glass (e.g., micro-
scopes, laboratory instruments, and contact lenses), plastic (e.g., hearing aids and
implants), ceramics (e.g., dental products and molds), biodegradables (e.g., im-
plants), and silicon (semiconductors, e.g., sensors). Potential miniaturized processes
include injection molding (e.g., Ref. [51]), machining and additive manufacturing,
including 3D printing, and lithography. In addition, components can be fabricated
in a clean room or under a special condition (e.g., Refs [5,31,35]).

Assembly operations are other promising application for micro-factories.
Suitable small-size products include, e.g., portable electronic devices [53], precision
mechanics (e.g., watches, micro-motors, and planetary gearheads) [18,65], micro-
optics, life science products (e.g., test kits) and other small medical products, dental
products, semiconductors, sensors, and measuring devices, as well as other MEMS
products [33]. Suitable miniaturized assembly processes include, e.g., pick and
place, screwing, dispensing, ultrasonic welding [53] as well as palletizing [52].

Finally, micro- and desktop factories could be used for finishing, inspection, or
packing, as well as for CE marking, visual control of assembly or sterilization of
small medical implants. Other miniaturized processes include, e.g., marking, laser
carving [3], painting, UV-printing, ultrasonic washing [62], cleaning, and steriliza-
tion [2]. In addition, a micro-factory with a clean room enables processes under spe-
cial conditions. Again, the only restriction is that the small products and components
have to fit into the working space.

RELOCATING THE PRODUCTION FURTHER INTO DOWNSTREAM
The second motivation scenario is relocating production further into the down-
stream. Small size and easy portability of desktop size equipment enables, at least
in theory, locating manufacturing capacity and organizing logistics freely. This
means that some of the production steps could be relocated to three different phases
between a factory and a customer. First, the products could be produced during the
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transportation, e.g., on a ship or in an aeroplane. Second, the products could be
personalized at, or before, the wholesaling level. Third, the personalization could
be placed at the retailing level. Figure 6 shows some example applications specu-
lated in the literature.

First option is a mobile factory that was first introduced by Kawahara et al. [5].
Because of the small machine size, the production system could be integrated, e.g.,
into a car, train, boat, or aeroplane. The materials could be loaded into the car and the
manufacturing would happen during transportation. In the end, the car could deliver
completed products [5]. The process could shorten delivery and enable production of
perishable products on the way. The shorter delivery could gain add-on sales. In

Reloca ng produc on further into the downstream

Applica on areas Transporta on, on 
the way/fly

Storage and 
wholesaling

Retailing

Products • Small products 
having long Ɵme 
of delivery and 
stabile demand

• Perishable 
products (e.g., 
grocery)

• Small products 
having modular 
design and 
intermediate level 
of personalizaƟon

• Small highly 
personalized 
products, e.g., 
contact lenses, 
watches, 
jewelry,
cosmeƟcs, small 
sports equipment, 
craŌ shops, 
medical

Reasons /how • To shorten 
delivery

• To protect the 
perishable 
products

• Dynamic supply 
chain and delivery

• Wholesale level 
mass 
customizaƟon

• CoaƟng (Paint/UV-
prinƟng, e.g., 
laptops)

• Marking 
(Scratching/laser, 
e.g., iPods)

• Final assembly 
(e.g., eye glasses)

• Final design (e.g., 
custom-fit sports 
equipment)

• Drug dosage and 
encapsulaƟon

FIGURE 6

Motivation scenario 2: relocating production further into the downstream.
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addition, capital costs are expected to decrease, as delivery is faster and stocks of
finished products decrease. Suitable products would be small and perishable prod-
ucts having a long time of delivery and a stabile demand.

The second option to relocate production further into the downstream is to place
some production phases at the wholesaling and/or retailing level. At wholesaling
level, the model would suite well for personalization of small products having
modular design and an intermediate level of personalization. At retail level,
micro-factories could be used to personalize small and highly personalized products,
e.g., contact lenses, watches, jewelry, cosmetics, small sport equipment, pharmaceu-
tics, and other medical products. Potential processes include coating and
UV-printing (e.g., electronics), marking (e.g., jewelry), final assembly (e.g., optics),
machining (e.g., custom-fit sport equipment), and sorting (e.g., drug dosage and
encapsulation). The advantages relate mostly to add-on sales. Customers might
choose the product because it is more personalized. In addition, decentralized pro-
duction hubs are expected to increase dynamics of the supply chain, adapting more
easily to a fluctuating demand and decreasing costs of logistics. Goldsmiths, opti-
cians, and orthotics are examples of current businesses, relating to retail level
personalization.

However, a lot of uncertainty relates to the advantages of bringing the production
further into the downstream. Production during transportation is speculated to
shorten delivery times. However, since the duration of actual transportation (espe-
cially air cargo) is usually short compared to the actual delivery time, this might
not be the case. It is also speculated that the costs of logistics and capital tied to
stocks would decrease with mobile factories. On the other hand, production equip-
ment requires space in the transportation vehicle and therefore transportation capac-
ity decreases. In addition, the impact of personalization on the costs of logistics
depends highly on the processes. If the personalization happens during the assembly
process, the components have to be transported to many locations instead of one fac-
tory. As a result, the costs of logistics might even increase. Therefore, subtractive
manufacturing, coating, and marking are more potential processes compared to
assembly.

ON THE SPOT MANUFACTURING
The last scenario, on the spot manufacturing, relates to the speculated “ubiqui-
tous manufacturing” [4], “point-of-need manufacturing,” and “decentralized
manufacturing.” As micro-factories are small, they could be used to produce prod-
ucts on the spot (in the place where the products are actually used) in various lo-
cations. There are three principal reasons for manufacturing on the spot: (1) no
space for a traditional factory (e.g., urban fabrication in a city center); (2) no
time to order and deliver (e.g., battlefield); or (3) impossible logistics (e.g., iso-
lated places such as oceans or space) (Figure 7).

“On the spot manufacturing” would be ideal for small products having critical
time of delivery, e.g., exchange parts [5], spare parts [4], and medical products [62].
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Micro-factories could be used for fabrication of customized medical implants [62];
dental applications [4,47]; drug fabrication, dosage, and encapsulation; as well as
sterilization. Battlefield, trouble spots, and the third world are examples of situations
or locations where logistics can be problematic [2]. “On the spot manufacturing”
concept allows, on one hand, producing the product in the place of use instead of
ordering. On the other hand, it provides a solution for situations in which ordering
is not an option, such as in education or prototyping.

SUMMARY AND CONCLUSIONS
This chapter gave a thorough introduction to micro-factories, which were defined as
miniaturized production systems suitable for fabricating small products with

On the spot manufacturing
Applica on 
areas

Produc on in the place of ordering New applica ons

Products • Exchange parts
• Spare parts
• Small products having criƟcal Ɵme 

of delivery
• Medical products (e.g., custom 

implants, dental implants, drugs 
fabricaƟon, dosage, encapsulaƟon, 
sterilizaƟon) 

• New applicaƟons for automaƟon and 
industrial machinery

Reasons • No space for factory
• No Ɵme to deliver
• Impossible logisƟcs

• The process is the product (educaƟon)
• Impossible sub-contracƟng 

(laboratory)

Where • Urban factory
• Space
• Oceans and air
• Researchers' special condiƟons
• BaƩlefield
• The third world

• Prototyping, e.g., in an office 
(designing, engineering, or 
architecture)

• EducaƟon (At school or Fablabs) 
• Laboratory automaƟon
• Processes inside of industrial and 

laboratory equipment
• CraŌ shops
• At home (consumers, communiƟes)

FIGURE 7

Motivation scenario: on the spot manufacturing.
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micro- and/or macro-sized features. Several different academic and commercial
micro-factory equipment and systems were reviewed and one specific micro-
factory concept, TUT-micro-factory, was introduced in detail. The advantages of
miniaturized production systems compared to traditional larger scale factories
were highlighted based on their sustainability from three perspectives, namely
ecological, economic, and social. As a conclusion, it can be said, that micro-
factory solutions can bring remarkable improvements to the manufacturing sustain-
ability from all these three perspectives. The primary benefits are smaller investment
and operating costs, as well as smaller energy and raw material consumption
compared to conventional factories. The small-size micro-factories can be flexibly
located to the most convenient locations, and modular concepts allow easy adap-
tivity and reconfigurability to different demands.

This chapter discussed also the potential application areas of micro-factories.
The literature speculates with a broad range of different applications and associated
advantages. As micro- and desktop factories are not suitable for high volume pro-
duction, especially the “on the spot” manufacturing of customized products, such
as medical implants, and nonmanufacturing applications, like educational and lab-
oratory use, as well as prototyping, are considered promising.
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[32] Heikkilä R, Karjalainen I, Uusitalo J, Vuola A, Tuokko R. Possibilities of a microfac-
tory in the assembly of small parts and products - first results of the M4-project. ISAM;
2007. pp. 166e171.

[33] Ashida K, Nakano S, Park J, Akedo J. On-demand MEMS device production system by
module-based microfactory. Int. J. Autom. Technol. 2010;4(2):110e6.

[34] Nakano S, Ashida K, Akedo J. On demand manufacturing system - a solution of ecolog-
ical MEMS factory. In: 6th international workshop on micro- factories IWMF 2008,
October 5e7 2008. Evanston, Illinois, USA. Northwestern University, USA; 2008.
p. 73e6.

[35] Kobel P, Clavel R. Circular concept of a miniaturized assembly line with an integrated
clean room. In: 7th international workshop of micro-factories. IWMF; 2010. p. 25e9.

[36] VTT. Research project desktop assembly. Technical Research Centre of Finland; 2010.
Available at: http://www.vtt.fi/files/research/ism/manufacturingsystems/desktop_
assembly_poster2.pdf [accessed 12.12.11].

[37] Hofmann A, Hummel B, Firat O, Bretthauer G, Bär M, Meyer M. Microflex - a new
concept to address the needs for adaptable meso and micro assembly lines. ISAM;
2011. 5 p.

[38] Iijima D, Ito S, Hayashi A, Aoyama H, Yamanaka M. Micro turning system: a super
small CNC precision lathe for microfactories. In: 3rd IWMF; 2002. p. 37e40.

[39] Nano Co. Nanowave products. Available in: http://www.nanowave.co.jp/proeng/
products/index_e.html [accessed 10.10.13].

[40] Sangyo T. Takashima Sangyo Co., Ltd. Available at: http://www.takashima.co.jp/en/
index_e.html; 2011 [accessed 10.12.11].

[41] DTF. “DTF” technological foundation of nagano prefecture. Suwa Techno Lakeside
Regional Center; 2011. Available at: http://www.dtf.ne.jp/en/ [accessed 10.11.11].

[42] Lin W, Ohmori H, Uehara Y, Asami M, Ohmori M. Development and characteristic on
the desk-top 4-axes machine “TRIDER-X” for micro-fabrication. In: 4th IWMF; 2004.
p. 74e9.

[43] Atometric Inc. G4-ULTRA CNC MicroMachining centers. 2008. Available at: http://
www.atometric.com/index-1.html [accessed 10.12.11].

[44] Microlution Inc. The microlution solution e the 363-S 3axis, CNC horizontal micro
milling machine. 2007. Available at: http://microlution-inc.com/products/363.php
[accessed 10.12.11].

[45] SmalTech. Manufacturing advanced micro machining equipment. Available in: http://
www.smaltec.com/index.cfm, [accessed 10.10.13].

[46] Enomoto K. Desktop micro CNC milling machine CVN-2000. 2009. Available at:
http://tubasa-kikai.co.jp/wordpress/wp-content/uploads/2011/07/8ea3339b5231ad4fe
0263c2c30a1f754.pdf [accessed 12.10.11].

[47] Vhf camfacture. Impression line. 2010. Available at: http://www.vhf.eu/en/machines/
BasicSystems/ImpressionLine [accessed 10.12.11].

578 CHAPTER 23 Micro-factories

http://www.vtt.fi/files/research/ism/manufacturingsystems/desktop_assembly_poster2.pdf
http://www.vtt.fi/files/research/ism/manufacturingsystems/desktop_assembly_poster2.pdf
http://www.nanowave.co.jp/proeng/products/index_e.html
http://www.nanowave.co.jp/proeng/products/index_e.html
http://www.takashima.co.jp/en/index_e.html
http://www.takashima.co.jp/en/index_e.html
http://www.dtf.ne.jp/en/
http://www.atometric.com/index-1.html
http://www.atometric.com/index-1.html
http://microlution-inc.com/products/363.php
http://www.smaltec.com/index.cfm
http://www.smaltec.com/index.cfm
http://tubasa-kikai.co.jp/wordpress/wp-content/uploads/2011/07/8ea3339b5231ad4fe0263c2c30a1f754.pdf
http://tubasa-kikai.co.jp/wordpress/wp-content/uploads/2011/07/8ea3339b5231ad4fe0263c2c30a1f754.pdf
http://www.vhf.eu/en/machines/BasicSystems/ImpressionLine
http://www.vhf.eu/en/machines/BasicSystems/ImpressionLine


[48] Wegera. Compact CNC module variations: KOLIBRI CNC system basic data. 2011.
Available at: http://www.wegera.com/images/kolibri_englanti.pdf [accessed 10.12.11].

[49] Dynex Technologies. Products. Available in http://www.dynextechnologies.com/#,
[accessed 10.10.13].

[50] BPC BioSed. Home. Available in: http://www.bpcbiosed.it/, [accessed 10.10.13].
[51] Murray Medical. Nanomolding. 2011. Available at: http://www.medicalmurray.com/

Development/Nanomolding.aspx [accessed 10.12.11].
[52] Asyril. Products. Available in: http://www.asyril.ch/en/products.html, [accessed

21.10.13].
[53] JOT Automation. Products and solutions. Available in: http://www.jotautomation.com/

en/products-solutions.html, [accessed 22.10.13].
[54] Biohit. Biohit RobolineTM - your automate. 2011. Available at: http://www.biohit.

com/resource/files/media/brochures/liquid-handling/all/roboline-brochure-490100en-
screen.pdf [accessed 10.12.11].

[55] Tuneda H. Sankyo’s steps toward realization of desktop factory. In: International forum
on desktop factory, international forum on DesktopFactory in SUWA (DTF2005); 2005.
p. 119e26.

[56] Douglas S. Products of Douglas scientific. 2011. http://www.douglasscientific.com/
Products/ [accessed 10.1.12].

[57] Klemd O. Desktop factory e new approaches for lean micro assembly. In: International
symposium on assembly and manufacturing, ISAM 2007, Ann Arbor, Michigan, USA;
2007. p. 161e5.

[58] Festo. Partner for laboratory automation with pneumatics and electrics. Flyer; 2011.
Available in: http://www.festo.com/net/SupportPortal/Files/142210/MedLab_KompFlyer_
en_V08.pdf [accessed 10.1.12].

[59] MAG. MAG Lean: solutions for industry. 2010. Available at: http://www.mag.fi/
products_and_services/electronics/mag_lean [accessed 10.12.11].

[60] GIN, Global Innovation Network. Home. Available in http://www.go-gin.com/,
[accessed 21.10.13].

[61] Gaugel T, Bengel M, Malthan D. Building a mini-assembly system from a technology
construction kit. Assem. Autom. 2004;24(1):43e8.
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INTRODUCTION
This chapter gives an introduction to micro-mechanical assembly and proposes a
classification and characterization of micro-mechanical assembly methods. Micro-
mechanical assembly is defined as assembly methods on micro-scale, where the
relative position of components is retained by exchange of contact forces provided
by mechanical constraints. Based on this definition, the current chapter will not deal
with solid bonding, welding, gluing, etc.

In view of the high quality and accuracy requirements on the mechanical assem-
bly of miniaturized products in the precision mechanical engineering industry,
manual methods still prevail. Manual micro-assembly procedures are extremely
demanding on the human operators performing them, time consuming, costly, and
frequently they give rise to quality problems in terms of uniformity. Automatic pro-
cedures with a low level of flexibility have been adopted only where high product
volumes occur [1e3]. Hence, highly automated systems for micro-assembly are
not suitable for medium/small production batches for not respecting the minimum
cost of manufacturing principle. These problems are rendered more severe by the
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trend toward further miniaturization of mechanical components and by the
increasing variety of products and models.

Forms of flexibility have been developed in classical macro-scale assembly tech-
nology, which can also be adopted in principle when assembling micro-components.
Assembly systems can be adjusted to various models by means of a modular product
design which uses easily interchangeable product-specific system components.
Furthermore, hybrid micro-systems to be assembled should be constructed on a
modular principle, dependent on the particular application, by using standard com-
ponents [1,3].

The actual mechanical assembly function can be divided into the following con-
stituent functions:

• Handling and positioning.
• It has the function for putting two or more objects into a particular mutual

position and orientation. Handling comprises processes of selection and prep-
aration of components for composing or checking and transportation to the
following production, assembly, or packaging systems.

• Mechanical assembly.
• It has the function of ensuring the mutual relationship between components

against outside effects. By mechanical assembly, connections between the
components can be created by means of mechanical constraints. The assembly
process can be achieved by means of shape, material, force, etc.

• Quality control.
• It has the function of ascertaining whether the mechanical assembly process has

been carried out as specified. Checking represents those processes by which the
component’s presence and position are checked in addition to the quality of the
finished product.

Assembly becomes particularly challenging when dealing with micro-products.
A first approach may be to miniaturize macro-scale solutions by simple downscaling
of dimensions. This approach reaches a limit with respect to obtainable tolerances
in manufacturing processes and handling solutions. Another natural approach is
then to try to reduce as much as possible the mechanical manipulation of micro-
components, through a higher level of integration as compared to that of conven-
tional size products. This involves a high degree of integration with the design phase
when the product development is still in the early stage as well as the materials
choice, which determines obviously the process choice itself [1].

Finally it should be considered that the assembly of two or more components
may result in a subassembly which will then be subject to further processing or as-
sembly (Figure 1).

Mechanical assembly of micro-components presents quite a few challenges
because of the reduced dimensions, which include [3]:

• In the micro-world, submicron precision is often required, comparable to wafer
stepper precision. This degree of precision is beyond the calibration range of
conventional open-loop precision assembly devices used in mechanical
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industry. Closed-loop strategies are required to compensate for poor kinematic
models and thermal effects: real-time vision feedback is perfectly suited for this
application.

• In the micro-world, forces other than gravity dominate due to scaling effects.
Surface-related forces, such as electrostatic, van der Waals, and surface tension
forces, become dominant over gravitational forces.

• Manual handling of micro-parts shows the problem of the loss of direct
handeeye coordination. It implies a series of interconnected problems: because
of the dimensions in the micro-range, microscopes for vision and micro-
grippers for manipulation are suitable to be used. In order to achieve a good
resolution, high magnification is used, but then problems related to restriction of
field of view (smaller than the object), very short depth of focus (an unclear
image), and short working distance arise. Magnification could be reduced, but
then issues of trade-off between field of view and resolution emerge. Further-
more, micro-grippers have less degree of freedom than the human hand and lack
of force feedback.

• Manual handling is time consuming because slow and operating with one or few
objects at a time, which implies high production costs.

CLASSIFICATION OF MICRO-MECHANICAL ASSEMBLY
METHODS
Micro-mechanical assembly methods can be classified according to the mechanical
constraint and the way the material is processed in order to achieve this constraint
(Table 1). The mechanical constraint is divided into two categories: possibility
for disassembly or no possibility for disassembly. The material conditioning
characteristics: no deformation, elastic deformation, plastic deformation, flow, and

Assembly 
operation

Assembly
operation

Machined part 
components

Sub-
assembly

Product

Components

FIGURE 1

Levels of micro-assembly.
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Table 1 Overview of Mechanical Assembly Methods at the Micro-scale

Characteristic Material Constraint

No Disassembly
Disassembly
Possible No Deformation

Elastic
Deformation

Plastic
Deformation

Flow and
Solidification

Snap fit X X

Screw X (X) X

Velcro X X

Joinery X X

Injection
molding

X X

Riveting,
folding,
clinching

X X X

5
8
4

C
H
A
P
T
E
R
2
4

M
ic
ro
-m

e
c
h
a
n
ic
a
l
A
sse

m
b
ly



solidification. The micro-mechanical assembly methods listed in the table are those
typically found in the literature when searching for micro-assembly. This implies
that methods and technologies may exist which are not mentioned in this chapter.
However, it is believed that the most relevant technologies are mentioned in Table 1.
A more specific description of the single technologies will be given in the following
sections.

MICRO-SNAP FITS
Micro-snap fit is a mechanical joining method, based on the elastic deflection of
joint features on one micro-part that are inserted into a mating feature on another
micro-part, to obtain an elastic interference.

Complicated micro-structures consisting of multiple components can be assem-
bled together using snap fasteners. They also have great potential when being lifted
out of plane and used as vertical plug-in connectors.

A snap fastener consists of a mating pair of an anchor and flexible latches. As an
example, it may have two outer latches and a central anchor. The latches are sup-
ported on flexible beams. In its disengaged state, the anchor and the latches can
move freely with respect to each other.

In this type of assembly, only a linear movement is required to engage the com-
ponents. The relative positioning accuracy required depends on the absolute dimen-
sions, but is relatively large due to the self-aligning nature of the joint. The design
can be modified in such a way that the required force for engagement is small. See
Refs [4e8] for examples of micro-snap fits.

MICRO-SCREWING
Screws are components with a thread (a uniform cross section following a spiral or
helical path) either on the inside or outside surface. Threads may be right-handed or
left-handed. The screw may be cylindrical or tapered. Cylindrical screws need a
counterpart geometry, whereas tapered screws usually create the geometry in the
counterpart. Assembly operations involving screws require a combined translational
and rotational movement. Furthermore, a certain alignment accuracy of the screw
with respect to the counterpart is required. The level of this accuracy depends on
screw dimensions and tolerances.

Very few literature exists on micro-screwing although it is extensively used, for
example, in the watch industry. ISO standard geometries are not necessarily scaled
down to micro-scale (metric screws according to ISO 68-1) in these applications
(Figure 2). Micro-screws are used in medical devices (e.g., hearing aids) as one of
the simplest fastening components. In some of the products, the screw has another
functionality, namely creating an electrical connection.

MICRO-VELCRO
Micro-velcro is a micro-mechanical fastening system, based on silicon micro-
machining technology, which results in a strong, permanent bond without chemical

Classification of micro-mechanical assembly methods 585



adhesives. The working principle is based on arrays of micro-mechanical mating
structures, which act as mechanical adhesives.

The joining principle of micro-velcro is based on the matching of silicon wafers
with high-density micro-structured surface, with an areal density of approximately
200.000 units/cm2. The micro-structures on two identical surfaces will self-align
and interlock with each other under application of adequate external pressure. A ten-
sile strength per unit interlocked area of the order of 0.2 MPa has been achieved [10].

The principle of bonding is a button snap, or a zipper, but in a two-dimensional
configuration. The bonding principle is depicted by the schematic cross section in
Figure 3. Under application of adequate external pressure, the tabs of the structures
deform and spring back, resulting in an interlocking of the two surfaces. In this way,
a permanent bond is achieved. Other examples are reported in Refs [11,12].

MICRO-JOINERY
Micro-joinery is the fabrication and assembly of micro-joints to realize three-
dimensional (3D) micro-structures. Each micro-joint contains two or more mating
surfaces which join the various parts together as a single unit. This technique in-
volves primarily silicon but virtually any single crystalline material of virtually
any crystalline orientation (GaAs, Ge, quartz, metals, etc.) is suitable to be used
[13]. In macro-scale mechanical assembly, this technique is well known. It is there-
fore also applicable for metallic, ceramic, or polymer micro-components providing
that adequate processing technologies exist and can be applied. A critical point is, of
course, the tolerances of the parts. On one hand, they should ensure mating, and on

FIGURE 2

Example of micro-screw with non-ISO dimensions and geometry [9].
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the other hand they should be as small as possible in order to secure the assembly.
The surface area to volume ratio favors the strength of the joint on micro-scale but it
also is a potential challenge in terms of actual assembly.

The dovetail micro-joint is a particular adaptation of the micro-joinery concept
and it is commonly used in 3D (x, y, z) positioning devices requiring linear
translationdsee Figure 4 for an example.

The slot joint is similar in function to the dovetail micro-joint in that it also con-
strained translation, but method and geometry are slightly different. The slot joint
has a rectangular-shaped cross section (Figure 5). A number of techniques are

FIGURE 3

Principle of a micro-velcro assembly. Left: two initial parts. Right: assembled unit.

FIGURE 4

Dovetail assembly.
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suitable to be used for the fabrication of a slot joint: micro-milling, sawing, LIGA
(German acronym for lithography-electroplating-molding), or anisotropic etching
of silicon wafers. Finger joints are interlocking structures that feature a periodic as-
sembly of mating fins as shown in Figure 5. Finger joints are used to attach two sub-
strates rigidly together, paying attention to the fact that large mating surfaces of the
finger impart considerable strength and stability to the joint.

MICRO-INJECTION MOLDING
Micro-injection molding is a manufacturing technique that can be used not only for
the production of monolithic micro-structures but also for the assembly of hybrid
structures. As components and functional structures become smaller, they cannot
be regarded in terms of steps in a single process, but as an integrated production
concept. A process called micro-assembly injection molding has been developed
and combines the joining of hybrid elements with the generation of functional struc-
tures [14,15].

Micro-injection molding allows the production of movable micro-structures by
using incompatible polymers, soft/hard combinations of materials, the generation
of fluidic hollow structures by lost core technology, and the over molding of wires
and optical system like optical fibers.

The differences of materials used, the temperature layout of the process, and the
mechanical strain of inlay parts play a fundamental role. Most of all, the precision in
positioning of inlay parts and the demolding of hybrid structures have a relevant
importance. For these reasons, a mold technology with flexibility, precision, and spe-
cial processing equipment is required. The mold is characterized by using a special
system for positioning of inlay parts and complex sensor equipment for measuring
pressure and temperature, which are relevant process parameters. Thus, a new mold
concept has to consider the possibility of various thermal processes, such as heating
the cavity before injection, cooling down again before demolding. It has to be char-
acterized by acceptable cycle times and the possibility to evacuate the cavity.
Figure 6 illustrates hybrid micro-structures produced by injection molding. Over

FIGURE 5

Slot joint (left) and finger joint (right).

588 CHAPTER 24 Micro-mechanical Assembly



molding of other polymer parts is used in two-component micro-injection molding,
for example, for the creation of molded interconnect devices [17].

MICRO-RIVETING, FOLDING, AND CLINCHING
Riveting, folding, and clinching are mechanical assembly processes based on plastic
deformation of the materials involved. This excludes brittle materials from these
particular processes although micro-electronics mechanical systems-based riveting
has been reported [18]. In macroscopic assembly processes, these technologies
are used in metal joining/assembly. They require the use of molds/dies and tools
and are based upon sheet metal operations: Reference can be made to a relevant
chapter for the basis of these technologies. Figure 7 illustrates a micro-rivet which
was produced by a micro-cold forging operation.

FIGURE 7

Micro-rivet in Ag.

FIGURE 6

Hybrid (metalepolymer) structures manufactured by injection molding. Material: polystyrene

(left) and PA66 þ GF50% (right). Metal foil thickness up to 100 mm [16].
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SYSTEMATIC APPROACH TO MICRO-MECHANICAL HANDLING
AND ASSEMBLY
The handling of the small parts has been studied for almost half a century and
different micro-handling principles are summarized in Ref. [1]. A classification
scheme for the quantified analysis of micro-gripping principles has been proposed
in Ref. [3] and describes basic features of the gripping operation on micro-scale.
Different handling classification schemes have been introduced in recent years.
Different realizations of micro-grippers have been reported (their diversity is large)
addressing different handling situations, materials, and dimensions.

However, when developing solutions for micro-mechanical handling and
assembly, a systematic approach is beneficial. Figure 8 illustrates the contents of
a proposed methodology. Object characteristics (material, weight, dimension, geom-
etry) are considered as the basic information of the problem. Depending on what
should be done with the objects (referred to as functionality) a choice of gripping
principle and assembly method can be made. The description of the desired func-
tionality is important due to the fact that the resulting feedback may also involve
a redesign of the component to make it more suitable for the assembly operation.

Object Functionality Handling/
Assembly

material
weight

dimensions
geometry

feeding
picking

transportation
orientation
releasing
mating
joining

packaging

gripping device

assembly type

number of parts speed of operation

FIGURE 8

Systematic approach to micro-mechanical handling and assembly [9,19].
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It is not the methodology to automatically result in an optimized overall handling
and assembly process. However, by considering all the points in the methodology, a
characterization of the entire situation is possible and an identification of the most
important steps in the process is possible. The systematic consideration of what
exactly is needed in terms of operations will hopefully result in gripper designs
that are tailor-made. The next section will illustrate how the methodology has
been applied.

APPLICATION EXAMPLE: MECHANICAL ASSEMBLY
OF PUSH BUTTON PARTS
As an example of mechanical assembly, a hearing aids push button will be taken.
The push button consists of seven different parts both geometrically and in respect
of the material (see Figure 9). All parts have an axis-symmetrical geometry but
different diameters and shapes. The screw is shown in detail in Figure 2. Different
geometrical dimensions of the parts are up to 2 mm, but dimensions of the functional
structures are less than 1 mm, what allows calling these parts micro-objects. Assem-
bly of these parts is usually done by putting parts number 1e3 onto each other, then
screwing a screw through part 3 to part 1. A lid with two wires is placed on the top of
it and fastened by thermal heating and gluing, for sealing purposes: the lid and wires
are not used in this example. Presently, these assembly operations are performed
manually or on semiautomatic stations involving manual labor.

The requirements to the handling and assembly process can be summarized as
follows:

• The assembly operations should be performed using a small standard industrial
robot.

• The parts (all axisymmetrical) need to be aligned with respect to each other.
• The screwing process must be achieved by a combined rotational and trans-

lational movement using a certain torque. In this process, either the screw or its
counterpart should be moving while the other is kept in a fixed position.

It was chosen to work with small pallets as carriers for the components because
the industrial company already had good experience with this type of system. The
parts were therefore placed in separate fixtures and then picked and placed during
the assembly process. Two types of tools were needed for handling and assembly:

FIGURE 9

A picture of a push button. Schematic view of a push button parts: 1, knob; 2, spring;

3, holder; and 4, screw. Scale on left picture in millimeters.
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one capable of executing a combined rotational/translational movement and one
capable of picking and releasing axisymmetrical parts.

Two assembly scenarios were considered (Figure 10): In Figure 10(a) a screw-
driver is fixed and the parts are manipulated one by one using a mechanical gripper.
In the first step, the screw is fixed in the screwdriver by means of vacuum. Subse-
quently, the remaining parts are fitted over the screw one by one, and finally the
screwing process is performed. In the second scenario (Figure 10(b)), three of the
parts are picked and placed on top of each other by a mechanical gripper. Then a
screwdriver is used to pick and screw the small screw into place and to perform
the screwing operation [9].

The design of the mechanical gripper is a subject of high importance. On one
hand, the gripper should match the shapes of the objectsdpreferably of all the
objectsdand on the other hand, a custom-made design for each part would ensure
a better picking and releasing operation. As a compromise, a two-finger gripper
design was investigated (see Figure 11). Various angles of the slots as well as surface
textures were investigated in order to optimize the design. It was concluded that a
flexible design with a V-groove would accommodate all the various diameters of
the parts. Furthermore, the use of micro-structured surfaces facilitates the release
of objects, especially in case of the plastic parts, which have weights 10 times
smaller than that of the screw [23].

The detail-designed screwdriver (Figure 12) is composed of two different mech-
anisms. The first is an air suction-based mechanism (11 shows where it has to be
connected) for picking up the screw (1) and holding it in the required position while
transporting it. The vacuum system consists of a pump, tubes, and a manipulator (not
shown in the figure). The second mechanism is a screwing mechanism that is
composed of a screwdriver (2), a screwdriver shaft holder, bearings, a hexagonal
key, a coupling, and a motor with a gearbox (9). The remaining parts are designed

Fixed screwdriver

1 2 3

4 5 6

1 2 3

4 5 6

(a) Moveable screwdriver(b)
FIGURE 10

Assembly scenarios of push button [20e22].
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for supporting the screwdriver. The corpus consists of two parts: (4) and (11). The
corpus has a chamber for air and air connection place (3). The motor is kept in
the corpus, while fastened to a motor holder (10). The screwdriver shaft holder
and the motor are kept in place by two screws. Four screws connect both parts of
the corpus and the motor holder. The corpus is fastened by (11) holes on the sides,
by which it is held by a robot hand [24].

With the use of the described gripping and screwing device, the relative limited
accuracy of the robot was compensated for. The described assembly process was
successfully tested in a laboratory environment and is currently considered for in-
dustrial implementation.

CONCLUSION
Mechanical micro-assembly methods are among the most highly relevant methods
in micro-manufacturing. They allow the assembly of different materials, primarily

FIGURE 12

Detailed screwdriver design. 1, micro-screw; 2, shaft; 3, vacuum connection place;

4, corpus; 5, holder; 6, bearings; 7, shaft; 8, shaft coupling; 9, motor and gearings; 10, motor

holder; and 11, corpus.

FIGURE 11

Mechanical gripper. V-groove design (left) and mounted on robot (right).
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nonsilicon, and potentially they can incorporate possibilities for disassembly. The
challenges related to micro-mechanical assembly include the almost total lack of
guidelines (i.e., standards, best practice, etc.) and the need for tailor-made tools
for the processes. This often is used as an argument against the automation of
such processes.
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INTRODUCTION
Micro-devices can be divided into monolithic and hybrid systems. The monolithic
micro-devices are created on one single substrate and are built by one process after
the other on this substrate. The processes are highly optimized for one substrate ma-
terial. A typical example is the manufacturing of semiconductor devices. The pro-
cesses are adapted, e.g., for silicon substrates. There are very strict design rules to
fulfill the process requirements. High functional density can be achieved but only
with a very limited functional variety. For complex devices, a combination of
different components is mostly unavoidabledthey are built up as hybrid devices.
Hybrid devices are manufactured by combining various single components. This
implicates the advantage to use optimized materials and processes for each function.
The assembly of the subcomponents becomes an essential process step for the
manufacturing of hybrid products.

Elementary processes for assembly are

• Singularization
• Arranging
• Storing
• Feeding
• Picking/grasping
• Transporting and positioning
• Placing
• Affixing
Micromanufacturing Engineering and Technology. http://dx.doi.org/10.1016/B978-0-323-31149-6.00025-6
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They are relevant in micro-manufacturing to achieve a high quality of the prod-
uct. The production with high throughput is achieved by automated assembly sys-
tems. Components for mass production are often manufactured in batch
processes. Afterward they have to be separated from each other. Injection molded
parts have to be separated by cutting and usually provided as bulk good. For a further
processing, the single parts are arranged in a defined order in a tray. Specially
designed trays can also be used for storage. The providing of the components for
the core assembly process is called feeding. The components are provided on
defined positions, where they can be picked up. The automated core assembly pro-
cess is usually a pick-and-place system. Components are provided in a tray and
picked with a gripper transported to the final position where they are placed. The
affixing is dependent on the functionality of the component. Often an electrical
connection is additionally needed.

Micro-components are commonly assembled and packaged using robotic pick-
and-place. Modern pick-and-place machines have an adequate throughput for
typical consumer electronics [1]. “However, pick-and-place is confronted with a
trade-off between throughput and component placement accuracy. Moreover, this
method is serial, it requires closed-loop control and it becomes more expensive as
device dimensions shrink to smaller scales and registration constraints become
more stringent. Also, stiction problems become inevitable for device sizes smaller
than 300 mm” [2], pp. 1e2.

The assembly of micro-parts implies specific challenges due to the small
dimensions:

• Position accuracy
• Interfering forces (e.g., adhesion, electrostatic)
• Sensitivity of parts

In Ref. [3], a classification of the micro-assembly approaches is presented with
two major categories: deterministic and stochastic (Figure 1). The conventional pro-
cesses are all classified as deterministic processes and in contrast the self-assembly
process as statistic. He stated that self-assembly is using usually a stochastic
approach. But in recent publications [4e6], self-assembly is described as a support-
ing process for pick-and-place systems and can be seen as a deterministic and
parallel process.

“Self-assembly is the autonomous organization of components into patterns or
structures without human intervention” [7], p. 2418. But Kosar et al. [8] raised
the legitimate question “if we strictly follow this definition, is anything not self-
assembly, including the origins of life? From replication of DNA in the molecular
scale to the formation of galaxies in the astronomical scale, all the structures and
motifs in nature form without human intervention.” Whitesides [9], p. 146 stated
that “it is easiest to define by what it is not. A self-assembling process is one in
which humans are not actively involved, in which atoms, molecules, aggregates
of molecules and components arrange themselves into ordered, functioning entities
without human intervention.” And he continues: “People may design the process,
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and they may launch it, but once under way it proceeds according to its own internal
plan, either toward an energetically stable form or toward some system whose form
and function are encoded in its parts.” It was inspired by nature. But focusing in this
chapter on the assembly of micro-parts we will restrict “self-assembly as a
manufacturing strategy for creating useful entities such as patterns, structures, com-
ponents, and devices” [8], p. 1.

Self-assembly techniques are mainly based on energy minimization, what
implies a lot of advantages especially for the assembly of micro-parts [3]. They
are using the forces, which are in general detrimental, in a controlled way to sort,
arrange, or position small components. This ensures an easy handling of mirco-
parts, a parallel and fast assembly, and a positioning with high accuracy.

Self-assembly can be applied to a wide size range, from millimeter to nanometer
scales. It may avoid direct contact manipulation of components, thus overcoming the
stiction issue. It can achieve yield and throughput comparable to those of pick-and-
place techniques [2], p. 2.

There are recent publications summarizing the achievements in the field of self-
assembly for the manipulation of micro-parts [2,3,10]. But assembly methods that
rely on fluidic forces and fluidic mediums show particular promise at the micro-
scale [10]. This chapter gives an overview of the current state of art of the self-
assembly of micro-parts using surface tensions.

THEORY/PRINCIPLE
In general, a substrate is patterned with an array of energy traps. On an assembly
substrate, agitated components are attracted to these energy traps and then perma-
nently attached [3]. Using capillary forces is most interesting for the self-
assembly of micro-parts as the surface tension force scales linearly with the length,

FIGURE 1

Categories of state-of-the-art micro-assembly techniques. MCM, multichip module; SIP,

system in package [3], p. 405. Added capillary self-assembly.
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but the gravity quadratic. This means that the gravity force loses influence but the
surface tension gains influence when the parts are getting smaller. Magnitudes of
capillary forces are adequate enough for manipulating micro-components [10].

Fluidic self-assembly methods can be classified in two major groups. In the first
group, fluids are used as environment in which the assembly is carried out
[1,11,12]. In the second group, capillary forces and surface tensions are used for
positioning or transporting of parts [1,4,23]. But also a combination, using fluid
as environment and surface tension for capturing and positioning of the parts has
been presented [13].

In Ref. [14], the principle and the dynamic behavior of the self-alignment of
components using functionalized surfaces and the surface tension of fluids are
described and characterized. Macroscopic foils of 18 � 18 m2 are used but the prin-
ciple and the conclusions can be transferred to micro-components. The foils are
handled with a vacuum gripper and onto the binding site, the 125-mm-thick water
layer is dispensed. The foils are prealigned with defined offsets and released onto
the water layer, where the self-alignment positioned the foils according to the func-
tionalized pattern on the substrate (Figure 2).

In contrast, for smaller droplets and micro-parts with 500 � 500 mm2 size
Boufercha et al. [15] simulated the duration from the deposition of the part onto
the droplet to the final position. Within less than 1 ms the part is at its final position
Figure 3(a). Figure 3(b) shows the relation between the time needed for the horizon-
tal adjustment and the starting deviation from the final position.

FIGURE 2

(a) Typical self-alignment trajectory of a foil die (0.80 mg/mm2). Data extracted from

high-speed video recording starting upon die contact with water. The three regimes

(transient wetting, constant acceleration, and damped oscillation) are evidenced.

(b) Numerical derivative of the parabolic regime depicted in (a) showing the linear

progression of velocity in time [14].
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PROCESSES
Surface tension driven self-assembly can be used for a wide range of processes
within the assembly procedure: (1) singularization and arranging of parts, (2) grip-
ping of parts, and (3) positioning of parts. Examples for (1) and (3) will be high-
lighted and their functionality explained.

SINGULARIZATION AND ARRANGEMENT OF MICRO-PARTS
Common vibratory conveyor technology reaches its limits for micro-parts due to its
impact to the components and the occurring surface effects. Therefore, specialized
equipment with grippers is used for palletizing of the micro-parts. The separation
and the arranging into a tray of the micro-parts for further assembly are getting
more time-consuming and less cost efficient. As already described above, there
are a lot of investigations and publications regarding the positioning of micro-
parts using surface tension. In contrast, the feeding of the micro-components is still
a conventional process with all its disadvantages for the handling of the small parts.

In Ref. [16], the singularization of micro-parts using surface tension is described.
It can be used for components with feeding size of 1 mm and smaller. The parts can
be provided as bulk good. A selection of possible components (coated O-rings,
gears, lenses, spheres, LEDs, screws, springs, stamped parts) is presented in
Figure 4.

The fluidic sorting is based on the phenomenon to be found in nature that water
striders can stay and glide on the water surface due to the surface tension. If small
components are applied on a surface of a fluid, it shows the same behavior.

FIGURE 3

(a) Simulation of the self-alignment capability of a micro-chip; (b) Alignment of the

micro-chip [15].
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In addition, the friction is minimized and therefore the components can be moved
easily on the surface for instance due to the gravity. Fluids can be easily shaped
to concave or convex surfaces on which the components can slide to a lower level,
e.g., to the fluid rim or a present barrier (Figure 5).

For the fluidic sorting process, a curved liquid surface is required (Figure 6).
Therefore a reservoir is filled with fluid. After the reservoir is filled, it is possible
to continue with supplying and the surface is bent. In doing so, a convex surface

FIGURE 4

Selection of miniaturized components tested with fluidic sorting.

FIGURE 5

Sliding o-rings on a convex fluidic surface [16].
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is realized and the surface curvature can be controlled with the volume. The applied
components can move due to surface tension and gravity to the rim of the fluid,
where they concentrate. Possible agglomerations are resolved by applying vibration.
The components are arranging themselves along the border. When extracting the
fluid, a barrier at the rim prevents the components of returning into the reservoir.
The components are staying arranged and can be delivered to the next assembly pro-
cess (Figure 7).

A setup has been presented in Ref. [16]. Further developments have been carried
out and the first prototype is now available. It consists of following components:

1. feeding device,
2. reservoir,
3. removable tray,

FIGURE 6

Principle of the fluidic sorting process [16].

feeding device

reservoir

tray

slider

vibra on unit

fluid supply

FIGURE 7

Prototype of fluidic sorting system with visible slider, feeding device, and reservoir.
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4. slider for stable surface generation,
5. vibration unit, and
6. fluid supply.

The procedure is described below (Figure 8):

1. The slider is moved toward the reservoir and closes the reservoir,
2. Filling the reservoir with fluid,
3. By moving the slider back, the excessive fluid is pouring out,
4. The components are placed on the fluid by conveyor belt and are self-arranging

on the border,
5. If necessary a vibration can be applied,
6. Extracting of the fluid,
7. Removing of the tray with arranged components.

Components that can be arranged into a tray can be of a wide range of shape and
dimensions. Also different materials have been positively tested positive, e.g., brass,
glass, sapphire, silicone, and various polymers (e.g., silicone) can be processed.

A new process and system for separating, arranging, and feeding micro-
components have been described using the surface tension for a gentle handling.

(a) (b)

(c) (d)

FIGURE 8

(a) Moving the slider to generate a stable surface curvature. (b) The components are put

on the fluid surface. (c) Self-arranging of the components on the border. (d) Removing

the tray for processing in next assembly step.
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A parallel processing of multiple parts is feasible with this method. Micro-
components made of various materials and many shapes can be processed with
this method and system. A prototype has been realized which can be used for
application-specific developments and characterization which are component-
dependent, e.g., reliability, failure ratio, or throughput.

POSITIONING OF MICRO-PARTS
A high-throughput manufacturing technology used for flexible substrates is the roll-
to-roll manufacturing. It is commonly used in the printing industry, but its impor-
tance for the electronic industry is steadily increasing, especially for the
manufacturing of organic and printed electronics and the manufacturing of micro-
systems [17]. A main characteristic of the roll-to-roll manufacturing is the contin-
uous processing, whereby a high yield is achieved. It is based on a layer by layer
approach to avoid serial processes, which would slow down the production speed.
On the other hand, the integration of components is a sequential process. Therefore,
an integration of devices during the roll-to-roll manufacturing is not feasible nowa-
days. But the combination of conventional devices (e.g., semiconductor circuits,
LEDs, sensors) with a roll-to-roll organic and printed electronics could take specific
advantages of both technology platforms and could lead to new products with high
functionalities [18].

The self-assembly process is a known method for a highly parallel assembly of
small parts [19,24]. It could provide a precise handling and positioning of micro-
parts as well as high-throughput and cost-efficient assembly for an in-line integra-
tion of components in a roll-to-roll manufacturing. The described processes chain
in Ref. [24] using the self-assembly effect have a sequential arrangement (Figure 9).
The fluidic self-assembly for the integration of GaAs devices that utilizes fluid trans-
port and shape differentiation for placement and orientation requires well-defined
structures as well on the device as on the substrate [19]. For a roll-to-roll
manufacturing, a seamless processing has to be provided and to keep the
manufacturing costs of devices as low as possible, their design restrictions should
be minimized. In Ref. [20], a solution for the self-assembly of components in a
roll-to-roll manufacturing is described.

For the generation of controlled surface tensions, the surface has to be function-
alized in hydrophobic and hydrophilic areas. The hydrophilic areas have to be sur-
rounded with hydrophobic characteristics. The dimension of the hydrophilic area
and the micro-part has to be identical. Placing ultrapure water on the surface, it
will be aligned within the hydrophilic area. A part, placed on the water layer, will
be positioned by the surface tension according to the hydrophilic shape.

Hydrophilic and hydrophobic functionalized surfaces and structures are needed
(Figure 10). The requirements of the functionalized areas are

• sharp transition from hydrophobic to hydrophilic characteristic and
• same shape and size of functionalized area and device, e.g., 500 � 500 mm.
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The surface functionalization can be realized with different methods. Investiga-
tions have shown that two technologies are feasible: (1) atmospheric plasma and
(2) the technology for the manufacturing of offset-printing plates.

For the atmospheric plasma functionalization, a polymer is used as substrate.
A surface mounted device mask with apertures of 500 mm is placed on the polymer.
The plasma nozzle with exhausting atmospheric plasma is moved across the mask
apertures. The plasma increases the surface energy where it has access to the surface.
It is hydrophilizing the substrate through the mask apertures.

The results can be seen in Figure 11 (right), where droplets are positioned on the
hydrophilic areas to show the effect. The sharp transition is demonstrated by the
quadratic shaped droplets with 500 mm lateral length. A 100-mm gap between two
squares is also an indication for the sharp transfer of mask shape to the surface.

Offset-printing plates are established devices in the printing industry for hydro-
philic and hydrophobic surfaces. A laser is structuring the Teflon-covered aluminum
to realize hydrophilic and hydrophobic surfaces. In Figure 12, the water droplet on
the functionalized area shows even better characteristics as the atmospheric plasma
functionalization. Structures with 200-mm size can be realized easily with this
method. This method is optimized for one substrate material. Therefore the self-
assembly cannot be carried out directly onto the product substrate. But it can be
used as a transfer substrate.

FIGURE 9

Schematic diagram of the process steps for the self-assembly of micro-parts [20].

FIGURE 10

Schematic of the functionalized area [20].
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In the next step, the ultrapure water is deposited onto the hydrophilic areas. The
water evaporates within seconds residue-free [21], so that a contamination of the
devices can be excluded. To generate a well-formed droplet on a 500-mm square,
a droplet diameter of 400 mm is required. A standard air-powered dispenser with a
passive magnetic valve was used, which was developed at Fraunhofer IPA [22].
The valve supports a reproducible volume for a reliable processing. Figure 13 shows
the miniaturized valve integrated into a capillary. For a high-throughput production,
a parallel applying of droplets can be achieved by an application-specific arrange-
ment of capillaries with integrated valves.

The parts are applied onto the droplet without using a gripper. The parts are
placed adjacent directly one after the other inside an opened channel. The row of
parts is moved as far until the first part protrudes from the channel edge. The sub-
strate with the droplet on the hydrophilic area is moving just below. As the droplet
is on the top of the surface, it hits the protruding part and pulls it out of the channel.
The part stays on the droplet and the self-assembly takes place. The part is posi-
tioned according to the hydrophilic structure on the substrate (Figure 14).

As already mentioned, the roll-to-roll process is a continuous process, and so the
applying of the parts has to be realized on a moving substrate. A structured offset-
printing plate is mounted on a rotating cylinder in Figure 15. It has hydrophilic

FIGURE 12

Left: 500-mm hydrophile square on an offset-printing plate. Center: Inked water (for

better visualization) on hydrophile area. Right: Self-assembled chip [20].

FIGURE 11

Left: Surface mounted device mask on polymer substrate and plasma nozzle above.

Right: Droplets on functionalized surface with 500 mm edge length and minimal spacing

of 100 mm [20].
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FIGURE 13

Left: Miniaturized IPA. VALVE in a 1-mm tube. Right: 400-mm droplet [20]. OD, outer

diameter; ID, inner diameter.

FIGURE 14

Left: Top view onto the channel with a single chip protruding from the edge. Right: Side

view with moving substrate and droplet underneath the chip [20].

FIGURE 15

Cylinder with functionalized surface and parallel deposition of devices [20].
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squares with 500-mm lateral length. On this rotating surface the droplets and parts
have been applied in parallel. The self-assembled micro-parts are then transferred
on the product substrate.

A self-assembly process using surface tension for the assembly for micro-parts
has been adapted for the continuous roll-to-roll manufacturing. The assembly of
parts with 500-mm lateral dimension has been presented. The requirements for a par-
allel positioning of devices within a roll-to-roll manufacturing are fulfilled with the
above described method. Future work will be focused on the automation of the pro-
cesses to meet the requirements of production equipment.

CONCLUSION
Self-assembly has an extremely wide field of applications. For the assembly of
micro-parts, surface tensions can be used for a precise and fast positioning. The
self-assembly approach is also applicable for the feeding, sorting, and gripping of
micro-parts. There are versatile approaches, but only very few have managed the
step toward implementation. But there are self-assembly processes available for
application-specific developments. Further effort is fundamental to adapt these pro-
cesses to industrial requirements.
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INTRODUCTION
The joining processes in electronic device manufacturing are today still dominated by
conventional joining techniques such as press fitting, crimping, and resistance weld-
ing. Laser beam joining techniques have been under intensive investigation and sub-
sequently new processes for mass manufacturing and high-accuracy assembling have
been established. With the newly developed SHADOW� (Stepless High Speed Accu-
rate and Discrete One Pulse Welding) welding technology, technical aspects such as
tensile strength, geometry, and precision of the weld can be improved. This technol-
ogy provides the greatest flexibility in weld geometry with a minimum welding time
as well as new possibilities in using application-adapted materials. Different parts and
even different metals can be joined by a noncontact process. The application of a rela-
tive movement between the laser beam and the part to be joined at feed rates of up to
60 m/min produces weld seams with a length of from 0.6 to 15.7 mm using a pulsed
Nd:YAG laser with a pulse duration of up to 50 ms. Due to the low-energy input, typi-
cally 1e6 J, a weld width as small as 50 mm and a weld depth as small as 20 mm have
been attained. This results in low distortion of joined watch components.
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In the field of micro-production, a variety of materials with individual product-
specific dimensions are commonly used. Especially, the manufacturing of hybrid
micro-systems, built up of different functional groups, affords variable joining tech-
nologies tailored to the specific demands of each components or material combina-
tion. Soldering with metal solder alloys is an established and well-known process in
electronic industries [1].

LASER BEAM SOLDERING
During the soldering process, a liquid phase is caused by melting of a solder alloy or
by diffusion processes within the intermediate layer. In principle, the joining process
is based on interaction reactions between the joining partners and the melted solder.
Therefore, a direct, oxide-free, and contamination-free contact between the metal
surfaces of the joining partners and the solder alloy is one of the most important pro-
cess requirements. If the melting temperature of the additional material is below
450 �C (840 �F) the process is called soldering, while when above 450 �C the pro-
cess is called brazing. Characteristic features of soldering include the following [2]:

• The melting temperature of the joining partners is higher than the melting
temperature of the solder alloy.

• In most cases, the service temperature of the assembly must be lower than the
melting temperature of the solder alloy. In a diffusion soldering process, called
transient liquid phase bonding, the service temperature can be higher than the
soldering process temperature.

• Prior to the joining operation, the surfaces have to be cleaned to remove oxides
and organic films. The use of a flux can avoid these prior processing. However,
there are some constrictions associated with the use of flux, e.g., the residues
that they leave behind, which are often corrosive and can be difficult to remove.

• Complex assemblies can be produced with low distortion, high fatigue resis-
tance, and good resistance to thermal shock.

• Joints tend to be strong if well filled, unless embrittling phases are produced by
reaction between the solder alloy and the components.

• By using a broad variety of solder alloys, it is possible to match the solder with
the required process temperature and reduce the melting temperature by using
elements with a low melting point (e.g., indium, bismuth).

• Compensation and gap bridging by using an additional filler material as solder
alloy.

• For a molten solder alloy to wet and bond to a metal surface, the surface has to be
free from nonmetallic surface films. Despite a precleaning process and ensuring
this condition at the beginning of the process, significantly oxidation will occur if
the components are heated in air. An active flux fulfills the following functions [2]:
• Removal of oxides and other films on surfaces by either chemical or physical

means,
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• Protection of the cleaned joint from oxidation during the soldering process,
• Wetting the joint surfaces, but being displaced by the molten solder as the

latter spreads, and
• Reducing the surface tension between the solder alloy and the joint surface,

thereby enhancing spreading.
• The heating cycle involves four important parameters: the heating period with

heating rate and dwell time for heating, the peak soldering temperature, the
dwell time above the melting point of the solder alloy, and the cooling rate
(Figure 1). In general, it is desirable to use a high heating rate but the maximum
heating rate is normally constrained by the form of the energy input. By means
of laser energy and its high energy density, it is possible to realize a maximum
heat rate. The dwell time for heating is necessary for the evaporation of vapor
and constituents of the flux and for the uniform heating of the joining partners
up to the wetting temperature. This temperature is below the melting temper-
ature of the solder alloy. The soldering temperature should be such that the
solder alloy is certain to melt, but at the same time the solder alloy should not
be overheated so that it degrades through the loss of constituents. The peak
temperature is normally set at about 20e30 �C above the melting point.
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Heating cycle for soldering.
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The minimum time that the joint geometry is held at this temperature must be
sufficient to ensure that the solder alloy has melted over the entire area of the
joint. Extended holding times tend to result in excessive spreading of the molten
solder alloy, possible oxidation gradually taking place, and deterioration of the
properties of the parent materials. The cooling stage of the cycle is not
controlled by the operator but normally governed by the thermal mass of the
joint geometry. For laser processing, it is very fast because of the instantaneous
switch-off of the laser power, resulting in a fine-grained micro-structure of the
joint.

Apart from light beam soldering and electron beam soldering, laser beam solder-
ing is a soldering technique using radiation as an energy source (DIN 8505 1979). In
contrast to other conventional selective soldering techniques, laser beam soldering
features a contactless, temporally and spatially well-controllable energy input.
Because of these characteristics, laser beam soldering is predestined for joining
tasks where miniaturization and reduced thermal and mechanical stresses are
required. Special features of laser beam soldered joints are fine-grained micro-
structure and a low amount of intermetallic phases due to the high heating and
cooling rates of this process. In principle, laser beam soldering is characterized by
temporally and spatially selective energy input by surface absorption in the joining
area, successive heat conduction, and interface processes. The joining process is
determined by characteristics of the laser beam source, the chosen process parame-
ters, and the thermophysical properties of the joining partners.

The first tests on soldering with laser radiation were conducted in 1974 by C. F.
Bohmann [3]. Here, a continuously emitting CO2 laser was used for selective con-
tacting of electronic components, the influence of laser power, irradiation time, and
geometry of laser beam interaction zone on the quality of the joints being explored.
Although different research teams were working on the industrial implementation of
this process, the CO2 laser did not become a widely accepted tool for soldering tasks
despite the good automation possibilities [4,5]. There are some technological and
economical reasons, which are inhibiting the use of CO2 lasers as a laser source
for soldering applications. Widely used basic materials in electronic production
(e.g., FR4) have an absorption of more than 90% at the emission wavelength of
CO2 lasers (l ¼ 10,600 nm), but soldering alloys (e.g., tinelead) have a reflection
of about 74% at the same wavelength [6]. In consequence, the risk of burning or par-
tial carbonization of the circuit board is high by primary or diffused scattered laser
radiation. Apart from these process-specific drawbacks, the investment and opera-
tion costs, maintenance effort, and dimensions of this laser source are not an advan-
tage compared to the use of technological alternatives.

Nd:YAG lasers were used for the first time for soldering applications in the 1980s
[7,8]. Compared to CO2 lasers, these laser sources have different positive features
and emit light at near-infrared (l ¼ 1064 nm). Apart from smaller dimensions, the
shorter emission wavelength enables flexible and cheaper beam shaping and guid-
ance. Here, fiber optics are used for beam guidance and optical components need
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not be made from materials such as germanium, zinceselenium, or cadmiume
telluride but can be made of cheaper optical glasses. Metallic materials have a higher
absorption in the near-infrared, resulting in a more efficient and reproducible
process. The main applications for laser soldering systems based on Nd:YAG lasers
are electrical and mechanical joints from sectors, which require a greater level of
reliability. Here, precision applications are known from civil fields, e.g., computer
technology, automotive, aviation, aerospace, but there are also applications from
military fields [6,9]. Because of high investment and operational costs, even laser
beam soldering with solid-state lasers is only established in small market segments
compared to competing selective soldering technologies.

Since the development of high-power diode lasers, laser beam soldering has
become increasingly more important in industrial applications. Diode lasers feature
a simple layout, a high electrical efficiency factor, and small dimensions and are
appropriate for manifold industrial applications on this account. In combination
with not requiring maintenance, being of simple operation, and having long life-
times, these laser sources fulfill the requirements of industry due to providing an
economic operation by lasers [10,17].

The latest developments in laser technology have resulted in fiber lasers
becoming a versatile tool for laser-based production processes. Even if they are
currently not used for soldering, very often it can be seen that they will penetrate
laser beam soldering applications within the next few years. Due to their excellent
beam quality, only these laser sources provide minimal focus geometries meeting
the requirements for further miniaturization. Furthermore, these laser sources
feature continuous emission, small emission wavelengths (l ¼ 1030 nm), and
high-anticipated lifetimes, combined with small dimensions.

Table 1 shows the important characteristics of these four laser sources for solder-
ing applications.

Table 1 Comparison of Different Laser Sources for Laser Beam Soldering

Diode Laser Fiber Laser
Nd:YAG
Laser CO2 Laser

Dimension
(ratio)

1 1 100 1000

Electro-optical
efficiency

40–50% 30% 3–17% 10–15%

Emission
wavelength

800–1000 nm 1030–1090 nm 1064 nm 10,600 nm

Lifetime >100,000 h >100,000 h >1000 h w10,000 h

Maintenance Low
maintenance

Low
maintenance

200–1000 h Every 500 h

Investment/
power

10–50 V/W 15–30 V/W 50–100 V/W 10–50 V/W

Beam guiding
(fiber optics)

Yes Yes Yes no
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Although the beam quality of high-power diode lasers cannot be compared to
that of conventional laser sources, these laser sources excel at flexibility. The deci-
sive factor in this is the dimension ratio between the single different laser beam sour-
ces. The beam-generating dimensions of a high-power diode laser are smaller by a
factor of 100 compared to a Nd:YAG laser at the same power. For the CO2 laser, this
difference is even greater (a factor of 1000). Compactness of semiconductors and the
higher efficiency resulting in smaller and low-power consumptive peripheral devices
are responsible for the small system design. This saves space in the production envi-
ronment and increases the mobility of these laser sources. Therefore, it is possible to
integrate diode lasers directly into production cells. With respect to economical as-
pects, modern high-power diode lasers are an attractive alternative to Nd:YAG and
CO2 lasers. Investment costs related to the optical output are at the lower range of
competitive laser sources. Due to the epitaxic layout, diode lasers offer the possibil-
ity for cost-efficient mass production. Hence, forecasts see a decreasing price for
diode bars so that high-power diode lasers will gain an advantage compared to other
laser beam sources [10]. With an electro-optical efficiency of about 50%, diode la-
sers work much more efficiently compared to Nd:YAG (<17%) and CO2 lasers
(<15%), resulting in lower power consumption as well as in required cooling power:
this influences directly the operational costs. Diode lasers work almost maintenance
free because there are no components wearing out (e.g., flashlights in Nd:YAG).

Due to the demands for high-quality soldered joints, many process control mech-
anisms have been examined over the last few years. An essential requirement for
laser beam soldering is the stability of the material and geometry conditions due
to the energy input into the materials being independent of environmental condi-
tions. Compared to other selective soldering methods, laser beam soldering enables
temporally and spatially adapted energy input by pyrometric process monitoring.
The development of a closed-loop feedback of process information by thermal radi-
ation gives the possibility of process control.

There are numerous different application-specific solutions available commer-
cially for laser beam soldering machines. In principle, they are based on flexible
beam shaping and guidance using galvanometric scanners or axis systems. For
fiber-guided systems, the processing optics are moved but there are also systems
where the entire laser beam source is being moved. In Figure 2 a production cell
and laser processing optics are shown based on a galvanometric scanner.

The machine is designed for the laser beam soldering of an automotive micro-
electronic module (an alternator regulator realized in thick film technology) with
solder pads printed on an alumina substrate (Figure 3). The housing has seven ter-
minal leads to be soldered to the substrate. The entire alumina substrate is glued
by a heat conducting adhesive to an aluminum base plate [11,12].

Major components of the production cell are a fiber-coupled, continuous wave
(cw) diode laser system and a processing head with integrated pyrometric and power
sensors.

The diode laser system has a maximum optical output power of 500 W, which
can be modulated by controlling the pump current. The collimated laser beam passes
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through a galvanometer scanner and is focused by an f-Theta lens onto the lead/sol-
der pad area to generate the joint. The circular focus geometry of the laser beam is
aligned to the center of the semicircle at the end of the terminal lead (Figure 4). The
working distance between the optics and the laser beam interaction area is about
80 mm. With an image projection ratio of 1:2 the minimum focal diameter is
1.2 mm, which is double the fiber core diameter of 0.6 mm.

Thermal radiation emitted from the surface follows the beam delivery system of
the galvanometer scanner and passes through a dichroic mirror, which is transparent
for this wavelength range. After passing the dichroic mirror, the thermal radiation is
focused by a lens on a photodetector (Ex. InGaAs, peak wavelength 2.3 mm).
The output signal of the detector is conditioned by a logarithmic amplifier circuit.

FIGURE 2

System design for laser beam soldering based on a galvanometric scanner: production cell

(left) and laser processing optics (right).

FIGURE 3

Automotive micro-electronic module in a plastic housingdalternator regulator.
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The integrated pyrometric sensor is conditioned for laser beam applications with
process temperatures in the range of 150 �C, e.g., welding of plastics or soldering.
The pyrometric sensor is calibrated by means of a standardized blackbody and the
response time of the sensor is about 1 ms at 150 �C.

The surface of the lead/solder pad area is imaged onto a charge-coupled device
camera via a deflecting mirror.

Apart from interconnection requirements, a high production rate has to be
ensured for the process to remain attractive for mass production. For this reason
the total process period, especially the irradiation time, has to be as short as possible.
However, to achieve an adequate solder joint with reduced irradiation time the laser
power has to be increased. To avoid the hazard of superheating, the laser power has
to be limited and controlled. Therefore the thermal radiation from the interaction
zone is detected and analyzed in more detail. In a series of experiments the following
features could reproducibly be observed in the recorded pyrometric signal. A typical
profile is presented in Figure 5, where the laser is switched on at time t ¼ 0.2 s. At
point (A) the reduction of the ascending slope indicates the initial activation of the
applied adipic acid. The second change in the pyrometric signal at point (B) is
related to the onset of localized melting of the solder pad and outgassing of volatile
components. Due to the continued energy input by the laser beam, the terminal lead

Loop area

Terminal lead

Center of laser beam

Ceramic substrate

Aluminum base plate

Plastic
housing

2.0

2.0

1.0

Solder pad

FIGURE 4

Solder joint configuration (dimensions in mm).
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reaches the wetting temperature (point (C)). In the next phase there is a sudden
improvement in heat dissipation due to the wetting of the terminal lead, which often
results in a temperature decrease (point (C)e(E)). At point (D) a gas bubble consist-
ing of volatile components leaves the molten solder. The variation of the signal curve
following point (E) is induced by self-optimization of the surface tension and by
superheating of the molten solder pool. After the laser beam is switched off at
t ¼ 1.2 s, very high cooling rates are observed. This high rate is caused by the opti-
mized heat transfer into the aluminum base plate. At point (F) the solder solidifies.
The change of the descending slope in the signal curve at the crystallization point (F)
is known from the thermal analysis of solidification reactions in the literature
[13,14].

Based on a set of characteristic curves, benchmarks can be determined and by
changing specific process parameters a thermal and temporal optimized profile
can be generated. Using these analytic profiles as set point settings for a closed-
loop control system, the energy input can be controlled individually for each joining
application or product (Figure 6).

Figure 7 shows a detailed view of two solder joints and a cross section of a laser-
soldered joint.

An innovative application for laser beam soldering is the electrical contacting of
solar cells for photovoltaic module production (Figure 8). Due to the decreasing
thickness of the solar cells (at the present time 220 mm but in future likely to be
below 150 mm) the demand for a soldering method without any mechanical contact
has led to the development of the laser beam soldering process [15]. The process is
controlled by pyrometric sensors to avoid thermal damage of the thin silicon wafer.

Laser soldering is playing an increasingly important role as an alternative to the
gluing or clamping of micro-optical components into metallic mountings. In contrast
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Pyrometric signal detected during soldering; irradiation time: 1000 ms.
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to laser soldering, the energy input by induction is difficult for miniaturized optics
with a diameter smaller than 1 mm and mounting widths below 50 mm because of
the smaller amount of material for heating. Similarly, manual soldering using a sol-
dering iron raises problems because of the small dimensions and therefore the result-
ing insufficient reproducibility. An alternative to these processes is soldering by
using a high-power diode laser or a fiber laser. For these experiments the joining
components consist of a gold metalized stainless steel mounting and sapphire optics,
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FIGURE 6

Array of pyrometer signals recorded during different closed-loop controlled laser beam

soldering processes. The gray curve represents the defined set point settings.

FIGURE 7

Detailed view of two solder joints (left) and a cross section of a laser-soldered joint (right).
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also metalized with gold. An AuSn solder alloy with a melting temperature of
280 �C is used. By using a fluxing agent, the surfaces are cleaned of oxides before
soldering and the joining area is prevented from oxidation during the soldering pro-
cess. This flux causes pores in the soldering joint and therefore pores can be
detected. By means of a pyrometer, it is possible to set a controlled process and a
two-step temperature profile, as recommended in the literature for soldering. At
the beginning of the laser soldering process the flux is activated at a lower temper-
ature (w150 �C), while in the second step the necessary energy for the melting of
the solder alloy is applied. This process management reduces the number of pores
within the soldered joint significantly (Figure 9 (right)).

The gap is filled homogeneously with the solder by capillary forces: Excessive
solder does not wet the surfaces of the sapphire but wets the mounting on the laser
facing side. Both diode lasers focused to 1 mm and fiber lasers collimated to 1 mm
diameter or lower can be used as laser sources. The advantage of the fiber laser is
that the focal position does not have to be aligned because of the Rayleigh length
of greater than 1600 mm.

FIGURE 8

Electrical contacting for solar cell interconnection.

FIGURE 9

Joining components: bushing, sapphire optics, solder preform (left). Cross section of a

soldering joint (right).
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Application areas of selective laser beam soldering using high-power diode la-
sers are manifold and are not confined to a special branch of industry. Currently in-
dustrial applications are focused on electronics assembly, especially for the
automotive sector. Discrete mounting of critical components, soldering of cable
strands, soldering and brazing of micro-electronic and micro-mechanical compo-
nents, and cable assemblies are industrial applications of laser beam soldering.

LASER BEAM MICRO-WELDING
Laser beam micro-welding is a versatile and flexible manufacturing technology,
which has found its way into various industrial applications. Electron guns for cath-
ode ray tube displays have been produced using Nd:YAG lasers since the 1970s.
Such an electron gun contains more than 150 spot welds to assemble the different
parts. This sums up to 15 million laser pulses per day. In many other industrial fields,
laser beam welding tends to become a standard manufacturing technology for small
products.

In the watch industry, gear wheels and arbors will no longer be joined in a press
fit process, but by means of laser beam welding. In the automotive industry, increas-
ingly more sensors and components such as relays and control units are being
mounted directly under the hood and have to undergo heavy vibrations and high tem-
peratures. The joints in these components have to survive these stresses with a long
estimated lifetime and a very low failure probability, as they are part of the safety
equipment.

As a variety of different geometries and different accessibilities have to be joined
securely, only a joining technology with high flexibility at reasonable cost and the
ability to provide short cycle times can be used. Alternative joining methods often
reach their limits in terms of product quality and reliability (Table 2).

Laser beam micro-welding is a noncontact process without any tool wear out.
The process duration is shorter than that of comparable techniques. The joining pro-
cess may be finished within a few milliseconds, whereas the whole cycle time is

Table 2 Alternative Joining Methods

Joining Method
Disadvantage in Comparison to Laser
Beam Welding

Adhesive bonding Elaborate surface preconditioning
Lower bond strength
Long process time

Swedging or border crimping Tool wear out
Additional forces

Resistance welding Two-sided accessibility
Limited material choice

Soldering Reduced high-temperature strength
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determined by loading and unloading of the components to be joined as well as by
the specifications of the laser source.

One main advantage of laser beam welding is its flexibility: Part geometry, ma-
terial and material combinations can be changed very easily because the energy
input can be controlled and the intensity and the power can be adapted to the task
over a wide range. Spot welds as well as continuous weld seams can be applied. Pro-
cess monitoring as a main requirement in industrial production lines can easily be
integrated as in-line weld monitoring or off-line inspection of the weld.

Laser beam welding requires good contact between the joining partners. To
obtain good results the following joint geometries have been established (Figure 10).

PROCESSES AND RESULTS
The most commonly used laser source is a pulsed flashlamp-pumped Nd:YAG laser
at a wavelength of l ¼ 1064 nm with a low absorption in nearly all material. Typical
data of commercially available laser sources are listed in Table 3.

Pulsed flashlamp-pumped Nd:YAG lasers offer some advantages compared to
continuously emitting cw Nd:YAG lasers, which include:

• high maximum pulse power at moderate average power,
• better beam quality,
• affordable investment costs and low cost-of-ownership,

Overlap Joint Butt Joint

Parallel Joint T-joint 

FIGURE 10

Joint geometries for micro-welding.

Table 3 Typical Specifications of Pulsed Nd:YAG Laser Sources and Fiber Lasers

Pulsed Nd:YAG Fiber Laser

Average power (W) 10–400 100–200

Pulse power (kW) 1–7 –

Pulse energy (J) 1–50 –

Pulse duration (ms) 0.1–20 Cw

Beam quality (mm mrad) 8–16 0.4

Beam diameter (mm) 50–400 35

Fiber diameter (mm) 100–500 10–50
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• lower requirements for cooling,
• steeper slopes for pulse rise time, and
• pulse forming capability.

The applicability of optical fibers to guide the laser light offers new possibilities
for industrial use within manufacturing equipment. The separation of the laser
source itself and the working head inside the machine or even the possibility of using
one laser source for different machines by energy-sharing or time-sharing mecha-
nisms. By means of this, the use of lasers becomes more economic.

The new sources, e.g., fiber lasers, now combine better beam quality with
reduced costs.

BEAM DELIVERY
For Nd:YAG lasers, there are two possible ways for beam delivery: direct beam and
fiber delivery [10]. The beam quality of a direct beam (BPP1 8e20 mm mrad) is bet-
ter than the beam quality of a fiber-guided system (BPP 15e30 mm mrad)1. The in-
tensity distribution of a direct beam is normally a Gaussian distribution, whereas the
fiber-guided system has a top-hat distribution. Thus the Gaussian distribution can be
focused better to smaller beam diameter.

A disadvantage of Nd:YAG rod lasers is the influence of the thermal lens. Beam
quality and intensity distribution are depending on duty cycle, pulse duration, and laser
power. They also can change from pulse to pulse as well as within one pulse. Therefore
a laser beam guided through an optical fiber by multiple reflections is homogenized.
Beam quality and intensity distribution are predetermined by the diameter of the fiber
and its numerical aperture (NA) and vary only slightly. Furthermore, the maximum
temperature of the weld bead using a Gaussian distribution is normally higher, so
the top-hat distribution is normally more appropriate for laser beam welding.

The positioning of the beam can be made by using a Cartesian positioning system
to move the workpiece or by moving the beam by means of a galvanometer scanner
(Figure 11).

Typical applications of laser beam micro-welding are dealing with wires and thin
sheets ranging from several tens of microns to one millimeter in thickness. The
diameter of the laser beam should be of the dimension of the thickness of the parts
to be welded, although in certain applications it can be larger. As a particularity the
parts are sometimes already placed in a polymer housing (e.g., a premolded pack-
age). Here it has to be taken into account that the housing material must not be influ-
enced by diverging laser radiation or by the heat created by the joining process. The
main materials are steel and coated and uncoated copper alloys.

1The beam parameter product (BPP) of a laser beam is defined as the product of beam radius and the
beam divergence half-angle (measured at the beam waist and the far field respectively). The usual unit
for the BPP are mm mrad and can be used to specify the beam quality of a laser beam: the higher the
beam parameter product, the lower is the beam quality.
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Often combinations of materials have to be joined, e.g., steel/copper or steel/
brass. In this situation, the joint geometry determines the weldability. As the joining
tasks differ very much in terms of geometry, dimensions, and material, attention has
to be paid to the heat conduction in the parts. Sheets with a thickness of below
500 mm cannot be treated as semi-infinite bodies. Therefore, heat accumulation at
the back face of the sheet influences heavily the welding as well as the heat losses
into the surrounding material of the parts and the clamping devices.

In micro-technology three different types of joining methods are applied: spot weld-
ing, spaced spot welding to create lines, and continuous seam welding (Figure 12).

SPOT WELDING
Spot welding will be applied if only small connection cross sections are needed or if
the available space is not sufficient for elongated weld seams. The diameter ranges
from 100 to 800 mm depending on the beam diameter, the material, and the laser po-
wer. The spot welding process can be divided into four phases: heating, melting,

Non Moved Beam 

Spot Welding Simultaneous Welding
Moved Beam 

Spaced Spot Welding SHADOW® or cw-Welding 

FIGURE 12

Classification of laser beam micro-welding. SHADOW�, Stepless High Speed Accurate and

Discrete One Pulse Welding; cw, continuous wave.

FIGURE 11

Positioning of the laser beam for micro-welding.

Laser beam micro-welding 627



melt flow dynamics, and cooling. Depending on the intensity, evaporation of mate-
rial may occur.

By means of pulse forming, the intensity can be adapted to the sequence of the
process phases. A typical pulse form is given in Figure 13.

For some materials a preheating, as shown on the left above, is favorable. Other
materials such as copper alloys require high intensities at the beginning of the pulse
in order to crack existing oxide layers and to assure stable uncoupling of the laser
energy.

Post heating with well-controlled cooling conditions may reduce the risk of
cracks. Therefore a pulse form as shown on the right above can be used. Typical
pulse durations range from 1 to 15 ms.

For pure heat conduction welding, the weld depth amounts to the radius of the
weld spot diameter. Increasing the intensity leads to evaporation of material and
to the establishing of a capillary. The presently developing keyhole welding process
creates deeper weld depths. The discrimination between pure heat conduction weld-
ing and keyhole welding cannot be given for micro-parts due to the given facts of
heat accumulation and the dimensions of the parts.

Spaced spot welding
Spaced spot welding is realized by placing several spot welding at a certain overlap
in order to achieve a seam weld. The length of the seam is scalable, but the heat input
is very high because for each spot all process phases of spot welding have to be
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FIGURE 13

Typical pulse form.
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passed through. This may lead to distortion or thermal damage of the parts. Figure 14
shows a cover of battery housing for a pacemaker.

Important process parameters beside pulse power and pulse duration are pulse
repetition rate and feed rate. The latter two determine together with the spot diam-
eter the overlap of two consecutive spots, which is usually in the range of 60%.

CONTINUOUS WELDING
Continuously emitting lasers are seldom used in micro-technology to realize weld
seams because of the large beam diameter.

Up to the present time, cw laser welding has been used only for longer joints and
for larger parts. A high average laser power, Pav > 500 W, and a high-processing
velocity, v > 5 m/min, are required for cw laser welding. Above all, cw laser sources
are more expensive than pulsed laser sources. Nevertheless, the joints obtained by
cw laser welding show a smooth surface and an optimized micro-structure almost
entirely without pores. The energy per length is less for cw laser welding than for
pulsed laser welding.

The idea is to apply cw welding to micro-parts with a part geometry of less than
500 mm and a weld width of less than 100 mm. The use of pulse forming (temporal
shape of the laser pulse) enables the joining of dissimilar materials such as steel to
copper. As the length of the weld seam will be very short, cw lasers tend to be off
rather than being used for welding. Therefore a new technique called SHADOW�

was developed to realize extended weld seams with a pulsed laser using one single
pulse and sweeping the laser beam over the surface during the duration of the pulse.

SHADOW� stands for Stepless High Speed Accurate and Discrete One Pulse
Welding. It was invented to weld small axisymmetric parts, which can be rotated
quickly during one single laser pulse. This technique combines the advantages of
cw welding, such as a smooth surface and a high process speed, with the possibilities
of the pulsed laser systems, such as lower costs and the capability of forming the
temporal lapse of a pulse. Since the parts are small the latter advantage of the process
enables the application in micro-technology, where the thermal load of the assem-
bled parts has to be well controlled (Figure 14).

FIGURE 14

Typical application for spaced spot welding.

Lasag.
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Pulsed laser sources at present are able to generate a maximum pulse duration of
sH,max ¼ 20 ms. To weld parts over a length of l ¼ 2 mm a processing velocity of
v ¼ 6 m/min is therefore required.

Comparing the energy input (EH,SHADOW ¼ 6 J) with the energy input for a
similar joint using the multipulse technique where 10 pulses without overlap are
needed (EH,p ¼ 10 � 2.4 J ¼ 24 J), it is seen to be less by a factor of 4. Moreover,
the joined parts show less debris or pollution on the surface and neglecting the
time needed to accelerate the process, and the processing time is dramatically
reduced.

The effect of reduced energy input can be seen in Figure 15. As the transition
from solid to liquid is limited to the initial instant of the process, no particles or
melt ejections occur. The result is a smooth and even surface of the weld seam.

SHADOW� can be used for welding difficult materials and to improve the weld
quality (Figure 16). The applications are shown in the following section.

Applications of SHADOW� in fine mechanics and electronics
The accuracy of a mechanical watch depends on the quality of the rotating spring
assembly (balancer). For high-end watches this balancer consists of a ring with
four pins. Here SHADOW� is used to weld the pin to the ring. As the outer surface
is diamond turned after the welding process, the weld seam can no longer be seen.
The diameter of the annular weld seam can be adjusted to achieve either a ring
around the pin or, by reducing the diameter, the pin can be molten in total
(Figure 17).

Instead of moving the laser beam by means of a scanning head the complete part
can be turned, especially for the joining of a wheel to an axis or, as shown in the

FIGURE 15

Schematic drawing of the setup.
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following example, the inner cage of a ball bearing (Figure 18). The axis in the mid-
dle of the part prohibits the use of a scanning head where the beam comes from the
center of the field of view. This application is done with a high-speed rotating work-
piece with a tilted beam targeting from the outside to the center of the part at an incli-
nation angle of 45� (Figure 15).

Stainless steel, pulsed mode Stainless steel, SHADOW®

Brass, SHADOW®®

®

FIGURE 16

Examples of the weld seam with Stepless High Speed Accurate and Discrete One Pulse

Welding (SHADOW�).

Material 
Ring  CuBe2 

h = 700 μm 
Pin CuBe2 

d = 350 μm 

Parameter:
Q = 2.0 J
tH = 6.5 ms
vf = 35 m/min
N = 3 
a = 0°

FIGURE 17

Balancer for mechanical watches.
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Comparison of conventional pulsed mode welding to SHADOW�

The already mentioned advantages of the SHADOW� technique can be discussed in
an example from the watch industry. The application is the second hand of a gear
wheel. The typical combination of steel and brass with its problem of evaporation
of zinc is shown in Figure 19. Two different methods are applied and the results
are discussed in the following.

In pulsed mode, 130 pulses with a pulse energy Q ¼ 0.1 J are applied. The total
energy amounts to 14 J. In comparison, the SHADOW� technique only uses one
pulse with an energy Q ¼ 1.3 J. The reduction of the energy results in a smooth sur-
face without any ejection or particles on the part.

Material 
Inner Cage CuBe2

d = 600 μm 
Outer Cage CuBe2

d = 3000 μm 

Parameter 
Q = 1.3 J
tH = 20.0 ms
v = 5.6 m/min
N = 1 
a = 45°

FIGURE 18

Ball bearing.

PH = 112 W, tH = 1.0 ms, fP = 100 
Hz, 130 pulses

Q = 1.3 J, tH = 20 ms, v = 3.3 m/min
Low contamination of the surface

FIGURE 19

Comparison of conventional pulsed mode (left) welding to Stepless High Speed Accurate

and Discrete One Pulse Welding (SHADOW�) (right). Material: Axis S20AP; Wheel CuZn37

Ø 0.3 mm.
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PRECONDITIONS AND LIMITS OF LASER BEAM MICRO-WELDING
To determine the applicability of laser beam micro-welding for a specific joining
problem, there are some crucial points that have to be investigated.

Offsets in the butt joint configuration and gaps at all instances commonly create
kerfs at the edges of the weld seam, which decrease the stability and strength of the
joint. Furthermore, the surface conditions such as oxidation or contamination with
lubricants due to preceding manufacturing steps, e.g., stamping, change the absorp-
tion and therefore the welding result. As a consequence more pores may occur.

Reproducible clamping conditions are one major precondition to assure repro-
ducible weld results. The thermal mass and the dimensions of the parts are so small
that differences in the positioning within the clamping, varying gaps or clamping
forces, may not be compensated for.

Furthermore, the position of the focal plane with respect to the surface of the
workpiece is crucial for the weld result. Defocusing due to misalignment will lead
to broadening of the weld seam, taking into account that the intensity distribution
may seriously change the process behavior. Finally, the mode of operation of the
laser source itself influences the weld results. At the limits of the working range
the focusing conditions vary from pulse to pulse in terms of pulse power, pulse
form, and intensity distribution.

CONCLUSIONS AND REMARKS
Laser beam joining offers the advantage of well-controlled energy input into the
parts with low effects on the surrounding material.

For welding micro-parts, two different kinds of laser sources can be chosen:
diode-pumped systems such as fiber or thin disk lasers for longer weld seams and
flashlamp-pumped rod lasers used for the SHADOW� technique. Fiber laser sys-
tems of up to 200 W are able to weld stainless steel as well as copper up to thick-
nesses of at least 250 mm. It is also possible to weld dissimilar metals in an
overlap configuration. The beam diameter has to be small to obtain a keyhole. How-
ever, the Rayleigh length of a laser beam with 15 mm beam diameter is smaller than
200 mm, so the requirements for beam positioning are quite high.

The flashlamp-pumped rod laser used for the SHADOW� technique is more eco-
nomic for weld seams length of up to several half centimeters. The welding tech-
nique SHADOW� combines the advantages of continuous welding such as low
contamination and smooth weld beads with the lower investment costs of a pulsed
solid-state laser, with its capability of pulse forming and the good focus ability
due to its comparable beam quality. As most micro-parts need only short weld
seams, the SHADOW� technique often is the most economic welding technique.
To further increase productivity an increase in throughput by parallelization can
be achieved. By using special diffractive optics to split the laser beams, the soldering
process can be performed on multiple spots simultaneously [16].
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Fiber lasers with their unique beam quality at reasonable cost and extremely
small footprints are at their point of entry into industrial use. The possibility to
realize very small weld seams due to their achievable focus diameter opens up
new fields of use in micro-mechanics and micro-electronics, such as the replacement
of thermosonic ribbon bonding for high-power electronics.

The current development of laser sources with high beam qualities enables to in-
crease the quality of the welding process. With further and fine-grained control over
the process parameters even difficult material combination could be addressed. To
package temperature-sensitive glass/glass and glass/ceramics component groups,
especially those with large substrate surfaces to be sealed, the laser-based joining
process using glass solder is becoming more and more significant. Unlike other pro-
cesses, the laser beam is able to apply energy to a limited space in order to melt the
glass solder precisely, thus generating a bond with long-term, stable hermeticity.

High-temperature processes such as anodic bonding and glass frit bonding are
widely used methods for hermetically sealing components made of silicon and glass.
The heat needed for joining is introduced into the component by a kiln process at
temperatures of 300e600 �C. Because the most temperature-sensitive component
determines the maximum allowable temperature of the entire system, these two pro-
cesses cannot be used for temperature-sensitive functional elements. They are, for
example, unsuitable for encapsulating organic light-emitting diodes, because the
functional organic layers would be destroyed at a temperature of even 100 �C [18].
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INTRODUCTION
Presently, a large number of industrial developments are being made for compact
products. The trend toward miniaturizing products such as electronic, optical, and
mechanical devices is motivating fundamental innovation in production processes.
These compact products are composed of micro-components, which are fabricated
using different kinds of micro-manufacturing machines. Therefore, a micro-
manufacturing plant must be composed of different kinds of manufacturing
machines, and several inspection, assembling, and packaging stations.

At a micro-manufacturing facility, the handling process includes transporting
components from one location to another, orientation control, and sorting. It is
essential that the components are presented in a specific position, are facing the right
direction, and are at a suitable rate at all workstations. These points are the main
objectives of a handling system. The aim of this chapter is to emphasize the impor-
tance of the handling process in micro-manufacturing, compared to conventional
manufacturing at a meso-scale.

Several definitions can be found in the literature to characterize meso-handling
and micro-handling domains. In this chapter, the following definitions have been
adopted. Micro-handling is basically the manipulation of small parts with high
accuracy. Typical part dimensions are in the range of micrometers up to a few
millimeters. The typical location accuracy is in the range of 0.1e10 mm. Meso-
handling is concerned with the transport and location of parts greater than a few
millimeters (as a reference, the meso-domain is defined as products fitting in a
box of 200 � 200 � 200 mm3).

Automated positioning at the meso-scale is easily solved using conventional
closed-loop control and a variety of sensors. In meso-handling, the main chal-
lenge concerns the picking of objects and the subsequent development of tools
that are stiff enough to resist the effects of gravity and inertial forces. However,
automated positioning at a micro-scale becomes a difficult problem. When the
size of the components decreases, handling becomes the bottleneck in the fabri-
cation process and the most expensive task, owing to automation difficulties. This
is especially true for very small components that require very restricted posi-
tioning tolerances. The main handling challenges at an automated micro-
manufacturing plant are (1) how to transport the micro-components between
the different stations (intermachine transport problem) and (2) how to handle
the micro-components at an intramachine station (intramachine micro-handling
problem).

One key feature that characterizes micro-manufacturing facilities is the need to
manipulate a large number of different micro-components. This chapter is focused
on the serial pick-and-place approach. However, given that micro-fabrication
processes can yield thousands of micro-parts, it is interesting to consider whether
a large number of micro-parts can be handled simultaneously. This class of
micro-handling is called the parallel approach [1].
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SERIAL PICK-AND-PLACE TASK
The handling task of picking a part from #P location and placing it at #R location is
called a “pick-and-place” task (see Figure 1). Serial micro-handling is a concept
used in conjunction with a manipulator and a gripper, which must perform pick-
and-place cycles for each object. A serial pick-and-place task is composed of the
following subtasks:

1. Picking subtask
2. Hold and transport subtask
3. Placing subtask

Each subtask is composed of a sequence of actions. Consider the following list of
possible actions for the pick-and-place task:

1. Grasp actions (close the gripper, set vacuum, etc.)
2. Move actions (approach, depart, transport, etc.)
3. Release actions (open the gripper, reset vacuum, vibrate, etc.)

The “move” actions will be performed by a manipulator and the “grasp” and
“release” actions will be performed by a gripper, which will be based on different
types of grasping principles (stick, friction, suction, magnetic, etc.).

The complete sequence of actions in a pick-and-place task is described in Table 1.
The picking subtask includes the actions for grasping the part from #P location. The
hold and transport subtask includes the actions to transport the part from #A to #B
location. Finally, the placing subtask includes the actions to place the part at #R
location.

This chapter provides an overview of the fundamentals of the micro-handling
process, with particular reference to the serial pick-and-place task. After a brief
description of intermachine transport systems, the principal requirements, methods,
and components of intramachine micro-handling systems are presented. The chapter
ends with a short discussion of different handling applications.

Placing
Hold and transport

Picking

#B#A

#P #R

FIGURE 1

Pick-and-place task.

Serial pick-and-place task 639



INTERMACHINE TRANSPORT SYSTEMS
The evolution of new types of micro-components has contributed to an inefficient
proliferation of separate, and sometimes even unique special purpose machines.
For example, the use of specialized stand-alone equipment for assembling,
inspection, packaging, etc., inherently requires multiple queuing steps for each
machine as well as returning the components to an interim packaging mode between
stations.

A flexible and automated transport system must be integrated in a fully auto-
mated micro-manufacturing facility. In any multitask automation system, the need
to simultaneously perform operations with different time cycles presents a difficult
challenge. It is also important to build flexibility into multifunction stations to
accommodate variations in overall production requirements. Some automation ap-
proaches include rotary turret architectures and linear pick-and-place architectures
based on carriers.

Rotary dial indexers are well established in the industry for their efficiency, flex-
ibility, and ability to deliver high-speed performance. These systems generally use
central, high-accuracy, direct drive indexing to synchronize a number of operations
nested around the circumference of the dial. Rotary turret system designs offer a
simple, rugged-core mechanism that can be used for integrating a variety of assem-
bling, inspection, and other processing operations on individual stations around the
periphery of the rotary indexer platform. Some of the primary advantages of rotary-
indexed architectures are simplicity, precision, reliability, durability, and high
throughput within a relatively small footprint.

Although rotary turret architectures generally provide the most efficient
approach for the high-speed integration of most applications, linear pick-and-
place architectures can also be the best choice for certain applications. For example,
systems that process parts from carrier-to-carrier or carrier-to-tape often can benefit
from using a linear pick-and-place strategy instead of rotary turret architecture. The
use of carriers throughout the stations makes it most efficient and appropriate to
feed the machines directly from carriers (see Figure 2). By combining advanced

Table 1 Sequence of Actions in a Pick-and-Place Task

Subtask Action Velocity Trajectory

Picking 0. Move to #A 100% Joint space

1. Approach to #P 30% Cartesian space

2. Grasp 0% Cartesian space

3. Depart to #A 70% Cartesian space

Hold and transport 4. Transport to #B 100% Joint space

Placing 5. Approach to #R 30% Cartesian space

6. Release 0% Cartesian space

7. Depart to #B 70% Cartesian space
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FIGURE 2

Linear pick-and-place concept based on carriers.
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carrier-scan techniques with multihead pick-and-place systems, linear architecture
can deliver a balanced combination of flexibility and speed that fits smoothly into
carrier-oriented production-floor operations.

STANDARD CARRIERS
A key problem area limiting the emergence of automated micro-handling
technology is the lack of standardization, which causes equipment makers to spend
an excessive amount of time and resources on custom automation solutions [2,3].

A carrier or tray is a flat magazine that can take up pieces for storage, transport,
and handling in an orderly manner and is adaptable to automatic piece feeding to the
production equipment.

A cassette or cartridge is a container for carriers, which can be plugged into pro-
duction equipment for the purpose of automatic feeding.

There are some standards defined for micro-handling issues. However, many
standardized systems are available in the semiconductor industry, where some exam-
ples are given below:

1. Trays: standardized plastic carriers (2 or 4 inches) (50.8 or 101.6 mm) with
depressions for the individual placement of components. The parts move freely
within the limits of these depressions. Manufacturers offer standard-sized
depressions in a range of variations. To protect the components, the trays are
closed with a lid with accompanying retaining clips.

2. Gel packs: components are held by adhesion to glass or plastic carrying
materials with gel coatings. Gels with different levels of adhesive strength are
available depending on the sizes of the components.

3. Belt magazines: a belt magazine has a band made with depressions into which
the component is locked by a covering layer of foil. For small pieces, plated and
embossed belts are available to enclose the components.

4. Tube magazines: in the case of tube magazines, the components are either
stacked or lined up. The lengths of the tubes, which are made of plastic, are
shaped like the components themselves, thus preventing the components from
becoming distorted.

In general, a dimensionally specific carrier is well suited for large volume
production, where changes of micro-component types are not frequent.

CONVENTIONAL TRANSPORT EQUIPMENT
Conventional transport equipment such as stockers, vehicles, conveyors, manipu-
lators, indexers, and lifters are used for transporting materials, components, and
tools between the different stations in a linear pick-and-place plant based on
carriers.

Conveyors usually consist of a looped belt or chain moving along a predeter-
mined path. Instead of conveyors, vehicles could be more flexible and easier to adapt
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to changes in the environment. Both conveyors and vehicles are used to transport the
carriers and cassettes between the different stations. Some examples of transport
equipment are a person-guided vehicle (PGV), an overhead hoist transport (OHT),
a rail-guided vehicle (RGV), and an autonomous-guided vehicle (AGV).

1. An OHT is a conveyor suspended from the ceiling that loads/unloads carriers or
cassettes.

2. An AGV is a trackless mobile robot typically with a single gripper, a single
manipulator, and two buffers. A buffer refers to a place on the vehicle where one
or two carriers can be placed. Loading/unloading of carriers and transfer be-
tween two carriers can be performed.

3. An RGV is a rail-guided mobile robot of which there are several types with
various numbers of grippers, manipulators, and buffers.

4. Finally, a PGV is a person-guided vehicle. There are several types of vehicle, as
with the RGV.

Other components such as optical character recognition, ionization units, carrier
ID, or light curtains are occasionally added, based on system requirements.

INTRAMACHINE MICRO-HANDLING SYSTEMS
A key problem area limiting the emergence of automated micro-handling technology
is the nonavailability of flexible and highly precise micro-handling machinery [2].

The most significant difference between meso- and micro-handling is the
required positional accuracy of automatic handling systems. Micro-handling often
requires submicron precision. This degree of precision is beyond the calibration
range of the normal open-loop precision handling devices used in industry.
Closed-loop strategies, such as real-time vision feedback, are required to
compensate for poor kinematic models and thermal effects. Additionally, in
micro-handling, the structural vibration due to link flexibility must be controlled
at a submicron level.

Another major difference between handling in the meso- and micro-domains is
the mechanics of object interactions. People usually think in meso-scale terms, but
when talking about handling methods at the micro-scale, gravity and inertial forces
cannot be considered the main forces being applied to the part. In the micro-world,
surface forces dominate due to scaling effects, and the mechanics of manipulation
can be unpredictable. For example, when a gripper opens, the part may not drop
downward.

Finally, it is necessary to emphasize that micro-handling requires greater care in
manipulation and in cleanliness because the micro-parts are very fragile. Usually it
is mandatory to control the grasping forces and to work under clean room conditions.

Since micro-scale positioning becomes a difficult problem, manual micro-
handling is the most commonly used method. In this case, micro-handling tasks
are carried out by operators, who position and align objects manually in a specific
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station. The application of teleoperating micro-handling, which transforms the hu-
man operator’s hand motion by means of a joystick into the finer 3D motion of
the system’s manipulator systems, is normally tailored to specific complex tasks.
Finally, an automated serial pick-and-place task is only applied to micro-parts,
which can be handled and released using a well-suited gripper.

A micro-handling system is composed of the following subsystems:

1. Micro-part feeder subsystems;
2. Fixture and gripper subsystems;
3. Sensor and control subsystems.

SIGNIFICANT FORCES AT THE MICRO-SCALE
In micro-handling, surface forces such as friction or adhesion are immensely more
significant than in meso-handling. Therefore at the micro-scale (masses <10�6 kg),
gravity forces are not significant compared to surface forces, and releasing an object
becomes a real challenge due to adhesion between the micro-part and the tool (see
Figure 3).

Formally, a force is defined to be short range if it decreases with distance quicker
than d�n, where n is the dimensionality of the system (usually 3). Short-range inter-
actions are commonly dealt with by imposing a cutoff to the potential V(d), dc,
beyond which V(d) is set to 0. On the other hand, long-range forces have a range
of infinity.

Intermolecular and surface force interactions are classified into several cate-
gories. The first category includes long-range attractive interactions that bring par-
ticles to surfaces and establish adhesive contact. These forces include van der Waals,
electrostatic, and magnetic forces. The second category of forces is focused on

Part Size

GravityAdhesion

critical
range

Force

mm-rangeµm-range

FIGURE 3

Significant forces depending on part size.
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adhesion, including diffusion, condensation, diffusive mixing, mutual dissolution,
liquid and solid bridges between particles and surfaces, and capillary forces. The
third category includes very short-range interactions that can contribute to adhesion
only after an adhesive contact area has been established. These forces include
chemical bonds, intermediate bonds, and hydrogen bonds.

Balancing these forces depends on environment conditions, such as humidity and
temperature, the surface condition, material properties, geometry, and relative
motion. Micro-handling is quite different from meso-object manipulation. To
manipulate micro-objects, one must consider micro-physics and pay attention to
environmental conditions.

There are three main adhesive forces that are important for handling micro-parts:
van der Waals, capillary, and electrostatic forces [4]. van der Waals forces come
from intermolecular potentials and are always present. Capillary or surface tension
forces depend on the humidity of the environment, and electrostatic forces are due to
the triboelectrical phenomenon. Much work has been done by several authors, who
have presented the principles of van der Waals forces, surface tension forces, and
electrostatic forces [5,6]. Some authors have described numerical methods to
compute the van der Waals force between a smooth sphere and a smooth rectangular
block [7] or to compare capillary effects with surface tension forces [8]. However,
micro-parts have different shapes with considerable surface roughness and often
show large deformation in the contact region. As a consequence, theoretical predic-
tions are rarely applicable in practice.

In order to improve micro-part manipulation, different strategies have been set
up to deal with these surface forces [7,9]. First, the effects of surface forces, Fadhesion,
can be reduced by choosing an adapted set of manipulation parameters. This can, for
example, be done by changing the coating. Surface tension effects can be reduced
with hydrophobic coatings, electrostatic forces by using conductive materials, and
van der Waals forces by increasing the roughness profile.

MICRO-PART FEEDERS
A micro-part feeder always uses a certain number of functions to ensure the perfect
treatment of a micro-part at the workstation. These functions are to index; extract
(isolate, disentangle, separate); sort; turn over; locate; guide; move; load/unload;
release/seize; and recognize a micro-component. Micro-part feeders, which singu-
larize and orientate parts prior to the station processes, are a significant bottleneck
in successful automation.

The basic kinds of part feeding, which are designed to feed and to orient the
micro-parts, may be classified as follows:

1. Mechanical feeders;
2. Manipulator-based part feeders.

Mechanical feeders
Commonly used mechanical feeders for micro-handling are vibratory bowl feeders
and tape-and-reel systems.
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The most common approach to automated feeding is the vibratory bowl feeder,
which consists of a bowl filled with parts guided by a mechanical track. The bowl
and track are made to vibrate, causing parts to move on the track, where they
encounter a sequence of mechanical devices such as grooves, gaps, balconies, etc.
Most of these devices are filters that reject parts in all orientations except for the
desired one. Thus a stream of oriented parts emerges at the end after successfully
running the full track.

Another particular form of mechanical feeder is known as tape-and-reel for
feeding parts of relatively small sizes, which can be placed on tapes of standard width.
Tape-and-reel is a method of housing parts in separate cavities in a long continuous
strip. The cavities are covered with a plastic sheet to facilitate winding the strip around
a reel for component presentation or feeding to automated placement equipment.
These particular mechanical feeders are based on standard belt or tube magazines.

For large volume manufacturing, the employment of a dedicated mechanical part
feeding apparatus may be justified. However, mechanical feeders often fail due to
jamming and, most significantly, generally require retooling when a micro-
component is changed.

Manipulator-based part feeders
Another common feeding concept is the use of a specially designed carrier for each
micro-part family to maintain sufficient accuracy for a completely preprogrammed
manipulator. In this case, the manipulator will perform a serial pick-and-place task
using a specific gripper mounted on the manipulator.

Conventional manipulators do not meet the repeatability and accuracy require-
ments needed in the micro-world because joint backlash, temperature drift, and
structural vibration must be controlled at the submicron level.

The state-of-the-art of precision industrial manipulators is summarized in
Table 2. This table shows the most important parameters of the workspace, the
accuracy, the velocity, and the load capacity of different manipulators. The most
common configurations are SCARA (RRP) and Cartesian (PPP) manipulators, but
other configurations are also available. There are important differences in degrees
of freedom (DOF), accuracy, workspace, and load. The most accurate manipulators
have reduced speeds. Cartesian manipulators are usually slower than SCARA-type
robots, but have greater precision.

Micro-handling flexibility would denote that different products with similar
scales and complexity levels are handled at the same station without any hardware
modifications, but with software changes. Although there are technological and
economic limitations to reach in such a goal, shorter product life and constant prod-
uct changes demand greater flexibility in the handling process. The most common
principle for achieving flexibility is vision-based flexible part feeding, which is a
concept used in conjunction with a manipulator, whereby the manipulator uses a
vision system to locate micro-parts that can be randomly scattered on a conveyor
belt. Randomly oriented parts have to be positively identified and accurately located
everywhere within the camera’s field of view.
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Table 2 Some State-of-the-Art Industrial Micro-manipulators

Model By Type DOFS

Rep.
Acc.
(um) WS (mm)

Load
(kg) Speed (mm/s)

E2C Epson SCARA 4 8 R250 Z100 5 P&P[{(br)}]0.39 s

RP-1AH Mitsubishi SCARA 4 �5 150 � 105 � 25 1 400[{(br)}]P&P 0.28 s

YK-120X[{(br)}]YK-
150X

Yamaha SCARA 4 5–10 R110 Z30 0.5 700–2000[{(br)}]
P&P < 300

Tusboscara[{(br)}]
SR4-Plus

Bosch SCARA 4 �50 R400 Z200 2 1600

Autoplace 400 Sysmelec Cart 4 �2.5 150 � 150 � 150
[{(br)}]85 � 85 � 75

4

MP63-25DC Feinmess Cart 3 5 25 � 25 � 25 2 5

MP84 Feinmess Cart 3 3 25 � 25 � 25[{(br)}]
100 � 100 � 100

1.5 250

1940 Kopf Cart 3 1 128 � 128 � 128

MM3A Kleindiek RRR
[{(br)}](antr)

3 1 100 cm3[{(br)}]z:12
x,y:180�

10

Klocke Nanomanip RRP
[{(br)}](spher)

3 0.001 5 � 5 � 19 5

MRSI

Exfo PCS-4100 RPPPR 5 0.4 25 � 25 � 25 2

Semprex Univ. pipette
manipulator

PPPRPP 6 75 � 33 � 25[{(br)}]
95� 75,200

Somapatch MW3R/L CART 3 0.25 5 � 5 � 5

MRSI Newport PPPR 4 �10 415 � 415 9000
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The cost and performance of a micro-handling system can be significantly
improved by carefully considering issues at multiple scales: precision, compliance,
modeling, gripping, fixturing, tolerance, and control. One of the basic challenges in
precision handling is the need for very high accuracy over a large range of motion.
This fact involves the design of handling tools and processes at multiple scales, and
their integration into coherent system architectures. One possible approach to micro-
handling systems is to improve the performance of standard manipulator systems. A
conventional robot for coarse motion with low accuracy but long traveling distance
is used and there is a fine positioning device between the end effector and the robot
with high accuracy and a very small traveling distance.

Existing solutions have the common feature of being expensive and bulky. Due to
their dimensions, they are sensitive to environmental perturbations such as
vibrations or temperature drifts. A general trend is to reduce manipulator size.
The aim is to improve the system’s immunity to environmental perturbations such
as vibrations and thermal drifts. The development of such robots is now being
made possible by new technologies, in particular, by zero-backlash micro-gears
and highly dynamic micro-motors with integrated incremental encoders, which
allow manipulator structures to be miniaturized.

FIXTURES AND GRIPPERS
Fixtures are used to hold micro-components during machining, inspection, and
assembly processes. The use of precision fixtures can mitigate the need for high
positional accuracy. V-groove structures, datum points, or other minimum energy
surfaces should be used as much as possible to guide the micro-parts into their
desired positions and orientations.

Micro-grippers are used to grasp, hold, and release micro-components during the
handling process. Compliance analysis of micro-handling, including both the
gripper and the micro-part, is critical for reducing the necessary positional accuracy
of the system, and therefore the cost. The handling system need not require the same
precision as the tolerance of the locations if proper use is made of compliance, grip-
ping, and fixturing.

Grasping principles
A grasping principle is the physical principle that produces the necessary force to get
and maintain a part in a position with respect to the gripper. Some grasping
principles are well known in the meso-domain: friction-based gripping [10], form-
closed gripping [11], suction-based gripping [12,13], and magnetic gripping.

Other principles, based on adhesive forces, are particularly applicable in the
micro-domain [14]. One example is the use of electrostatics, or the charge difference
between the gripper and the part [15e17]. For small, low-weight parts, the capillary
force and the surface tension of a liquid between the gripper and the part can be
sufficient to hold the part [18,19]. van der Waals force is another grasping principle
[20]. Cryogenic gripping means that a small amount of liquid is frozen between the
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gripper and the part, so that the adhesive property of ice produces the required force.
To release the part, the frozen material is broken, and/or molten, and evaporated
[21]. Ultrasonic pressure waves can also be used to lift a part. Since these forces
are small, only extremely light parts can be handled in this way [22]. A focused light
source, for example, a laser source, can produce a pressure that is sufficient to lift
small parts. To compensate for the mass of the part, the operation may take place
in a liquid [23,24]. The Bernoulli effect has also been demonstrated to be applicable
for raising small parts; an airflow between gripper and part causing a force, which
brings the gripper and the part close together.

Grasping requirements
Some grasping principles can only be applied when the environment in which the
operation takes place meets certain demands, or, the other way around, the
environment puts constraints on the selection of the grasping principle. In some cases,
conditioned environments are applied. Micro-handling may, for instance, take place
in clean environments, in dry environments, or in a vacuum. The substrate is important
because adhesive forces occur between both the part and the gripper and also between
the part and the substrate. One possible attractive alternative is to manipulate parts
while they are immersed in a fluid, which eliminates electrostatic and surface tension
effects. Fluidic transport provides a powerfulmeans for handling components inmany
micro-systems and is increasingly being employed in a number of such applications.

Some grasping principles put constraints on the type of material that can be grip-
ped. Where appropriate, the material type of the top layer, a coating, for example,
must be considered. Adding coatings to parts is a possibility that enables the appli-
cation of a grasping principle, which could not have been applied otherwise. Some
examples of the relation between the grasping principle and the material type are (1)
the hydrophilic properties of the material are important for the application of adhe-
sive gripping; (2) gripping using magnetism demands ferromagnetic materials.

The interaction between the gripper and the part takes place via the part’s force
interaction surface. This surface must be available for force operation throughout the
entire pick-and-place cycle, for example, from picking up a part at a feeding position
through to releasing the part in the final position. Technical executions of grasping
principles demand a certain configuration and shape of the force interaction surface.
Friction-based gripping will demand at least two locations on the side of the part for
finger placement. Several other principles only demand one accessible part surface.
In developing a grasping solution, it should be noted that geometric constraints may
impose limitations on the availability of part surfaces.

In the case of a contact-grasping principle, one possible situation that may occur
during the release procedure is that the partmay stick to thegripper andnot remain static
during the release action. In this case, Fadhesion is greater than Fgravity (see Figure 4).
This situation would require a device that would hold the part in place during the
gripper-release procedure. Such devices do not have to be complicated to design;
one common method to overcome this problem is to use sticky paper with an adhesive
force slightly greater than that of the adhesive force acting on the part and gripper.
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Grippers
Suction grippers, such as vacuum grippers, consist mainly of a thin tube or pipette
connected to a vacuum pump. This makes this kind of gripper cheap and easy to
replace. This is important since micro-tools are fragile and have to be replaced
frequently. The disadvantage is that the vacuum gripper can obviously not be
employed in a vacuum.

Tong grippers grasp a part employing friction between the part and the gripper,
usually implemented using a pair of fingers. Gripping parts based on friction
certainly provide sufficient force in many cases. Another advantage of this kind
of gripper is the ability to center the part between the gripping jaws and to align
it parallel to the jaws. This allows more precise handling of micro-parts by putting
them in a defined location after being gripped. This is an important attribute in a
handling system with a high degree of accuracy and speed. The more reference
points that can be applied to the location of the micro-part, the fewer sensors that
will be needed to determine the same information. However, with decreasing part

Micro-part

Pad

Fgravity

Facceleration

Fadhesion

Fgripping

Fadhesion

Vacuum gripper

FIGURE 4

Force vectors in a contact-handling principle.
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size, the parameters of the gripper-finger dimensions need to be small also. Here, a
technical problem may occur with this method having to be eliminated due to tech-
nical or cost perspectives.

Adhesive grippers utilize the surface forces discussed earlier. The easiest force
to control is the electrostatic force, but it is not suitable for the manipulation of
charge-sensitive devices. Surface tension forces due to air humidity can be
controlled by incorporating a micro-heater in the gripper. In cold conditions, an
object can be picked up simply by touching it. To release the object, the heater evap-
orates the water in the contact. Common manipulation methods with surface forces
include vibration of the gripper, sliding and inclining tools, or using dual
manipulators.

The disadvantage of contact strategies is that friction between the tool and the
part may generate micro-dust from the object. Contactless grippers have several
advantages compared to conventional contact grippers. A homogeneously distrib-
uted force enables the sensitive gripping of fragile parts. Disadvantages include
low flexibility for different part shapes and the need for additional equipment,
such as ultrasonic sources and pressure supplies. Contactless grippers include
air-cushion grippers and ultrasound levitation.

The principle of an air-cushion gripper is based on a vacuum prestressed air
bearing. The gripper includes several arrays of pressure and vacuum nozzles. These
create an air cushion, separating the gripper and the micro-part, which is levitated
about 10 mm underneath the gripper. The weight of the part has to be in equilibrium
with the pushing and pulling forces exerted by the air cushion.

Another contactless gripping method is ultrasound levitation, which is based on a
squeeze film or acoustic standing waves. Parts can be picked from above by the com-
bination of ultrasonic waves and vacuum. The vacuum forces the parts to the gripper
surface. The air cushion generated by the high-frequency oscillation of the ultra-
sound sonotrode produces a repulsive force on the part. Finally, there is balancing
of these two forces and the weight of the handled part. A further phenomenon
that can be used for handling parts without contact is levitation based on acoustic
standing waves. The arrangement consists of a reflector and a vibrating sonotrode,
the assembly being called a resonator. The distance between the two elements is
an integer multiple of half the wavelength. In the resonator, small parts are levitated
in the pressure nodes of the standing wave.

SENSORS AND CONTROL SYSTEMS
Obtaining accurate sensor information is difficult at a micro-scale as sensors can be
too large to be placed in a tiny environment. The main sensors used at a micro-scale
are displacement, vision, and force sensors because motion control, visual servoing,
and force control strategies are often required at micro-domains. These sensors
have to be extremely sensitive as the forces and displacements involved are
very small. Thus, to enable micro-manipulation, miniature sensitive sensors are
needed.
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Vision sensors
Vision systems are often used for the recognition and positioning processes to locate
the individual micro-components. The camera resolution must be compatible with
the size of the manipulated objects. Optical microscopes and scanning electron mi-
croscopes are therefore used. Applications in confined spaces require compact cam-
era systems such as fiberscopes or micro-cameras.

In a meso-domain, visually servoing has been shown to effectively compensate
for uncertainty in the calibration of camera lens systems, manipulators, and work-
spaces. However, manufacturing engineers usually prefer strongly calibrated
parts-handling systems due to cost and reliability issues. In micro-domains, pre-
cise calibration is highly dependent on precisely modeled kinematics, which is
subject to thermal growth errors. Two common techniques for compensating ther-
mal errors include the use of expensive cooling systems, or waiting several hours
for the thermal equilibrium of the device to stabilize. These types of factors
greatly affect the cost and reliability of handling systems, therefore real-time vi-
sual feedback can be used effectively and economically in a micro-domain. How-
ever, there are problems with visual control or image processing in controlling
these systems. Some of the main problems are low processing speeds, high costs,
programing difficulties, and being error prone due to glare, reflection, and other
unwanted contaminants. Moreover, the manipulation tools may obstruct the
view. Additionally, it is important to emphasize the problems in setting up
image-processing equipment and the long downtimes that are involved if an error
occurs. Even processes that may seem straightforward such as focusing and align-
ing the camera properly become complicated and extremely difficult to carry out
at these micro-scales.

In micro-handling, structural vibrations due to link flexibility must be controlled
at the submicron level. Control of machine vibration becomes very important as de-
signers attempt to advance the state-of-the-art with faster and lighter machines.
Many researchers have examined different controller configurations in order to con-
trol machines without exciting resonances. Even with a sophisticated controller it is
difficult to rapidly move flexible machines without deflections and vibrations. A
more achievable goal is to eliminate residual vibration once the machine has
achieved a desired set point. Input shaping is a command-generation technique
that reduces residual vibration when a machine is moved from one set point to
another. Input shaping works like a notch filter that is designed to eliminate decaying
sinusoidal responses.

Micro-force sensors
A typical micro-force sensor structure is fabricated by micro-machining technology
on a silicon wafer. A diode sensor has a cold-field emission cathode, which is a sharp
silicon tip, and a movable diaphragm anode. When a positive potential difference is
applied between the tip and the anode, an electric field is generated, which allows
electrons to tunnel from inside the cathode to the vacuum. The field strength at
the tip and the quantity of electrons emitted (emission current) are controlled by
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the anode potential. When an external force is applied, the anode deflects and
changes the field and the emission current.

Impedance control is a strategy adequate for both free motion and constrained
motion control. It consists of an imposition of behavior on the system rather than
tracking a reference value. Mechanical impedance is the dynamic relation between
a force acting on a body and its motion:

ZðsÞ ¼ FðsÞ=vðsÞ ¼ MðsÞ þ BðK=sÞ
where Z is the impedance, F is the force, v is the velocity, M is the mass, B is the
damping, and K is the stiffness of the system.

Opposition of the body to the force consists of its stiffness, viscous damping, and
mass. The function of the impedance control is to impose the desired values for these
three parameters instead of the real values.

APPLICATIONS
The serial pick-and-place task has been used extensively in the micro-manufacturing
industry. There are specific pick-and-place machines used for placing micro-
components. The aim of this section is to show a few examples of handling
applications, which may refer to different kinds of processes, for example, in
micro-fabrication, inspection, and assembly.

MICRO-FABRICATION
The main intramachine micro-handling task in a micro-fabrication station is the
packaging of the fabricated micro-parts into a standard carrier.

INTRAMACHINE HANDLING SYSTEM IN A MICRO-FORMING
APPLICATION
This example consists of the design of a micro-handling system, which arranges the
micro-parts produced by a bulk-forming machine into a standard carrier [25,26].

The forming machine is set in a specific location and will leave the micro-pieces
in an output buffer. This buffer guides the micro-parts along a mechanical track, like
a vibratory bowl feeder system. A vision control strategy for actuating on the vibra-
tion will allow the individual micro-parts to flow in order to synchronize the buffer
release process with the load process into the carrier cells.

The carrier has been defined following the DIN-32561 standard. This carrier is a
small tray able to store hundreds of small pieces on it (see Figure 5). The shape of the
cells for locating the pieces depends on the piece shape. An empty carrier will be
attached to a 2-DOF manipulator, which will move the carrier under the vibration
subsystem, so that the empty cells in it are exactly below the buffer output, permit-
ting the pieces to fall into them. The vision system indicates to the manipulator when
a micro-part is into the cell to proceed to locate the next empty cell.

Applications 653



When the carrier is full, the 2-DOFmanipulator will move it to a specific location
where the unload subsystem will take the carrier and put it into a cassette. The load
subsystem will take another empty carrier and load it on the manipulator.

INSPECTION
Usually component inspection requires different points of view. A micro-handling
system can be used to obtain all the views required for a complete inspection. For
example, a rotational movement can be used for inspecting cylindrical surfaces.

Stent inspection system
A cardiovascular stent is a small, expandable, slotted, metal tube that acts like a me-
chanical scaffold in an artery. Cardiovascular stents have hundreds of critical fea-
tures with tight tolerances. These stents require 100% inspection over all surfaces.

Stent inspection has been traditionally accomplished by manually operated ster-
eomicroscopy. The typical drawbacks of inspecting cylindrical surfaces with this
method are nonreferenced fields of view and the focal depths of stereomicroscopes,
which increase operator fatigue and error. Often parts are rotated under the micro-
scope while the operator is looking from checkpoint to checkpoint.

Nowadays the quality control of stents is made by an automatic visual inspection
system but the handling process is usually manual. In the sampling plant, the stent is
inside a plastic tube, which protects it throughout the process. This tube is also use-
ful for identifying one stent from the others. An operator manually extracts the stent
from the plastic tube and inserts it into a needle. The operator fixes the needle on a
rotary gripping system in front of a vision system, and then the system rotates the
needle while the vision system scans the stent surface. Once the automated inspec-
tion has been done, the operator removes the needle and extracts the stent from it,
puts the stent into the tube again and screws its top on.

The aim of this example is to describe a stent quality control application without
human intervention. In this application, all the manipulation is done by a 6-DOF
manipulator. The whole handling system is composed of different subsystems (car-
riers, unscrewing/screwing gripper, manipulator, funnel system, rotating disk, inser-
tion pin).

Carrier

Camera 

Guide

Guide 

Parts

FIGURE 5

Vibration subsystem details.
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The intermachine transport system consists of a linear pick-and-place architec-
ture based on carriers. The tube arrives in a carrier that is able to transport nine tubes
(Figure 6). This carrier approaches the inspection station on a powered belt
conveyor. The manipulation process is divided into the following parts:

1. Picking: the manipulator picks the plastic tube from the carrier.
2. Unscrewing: the manipulator carries the tube to the unscrewing/screwing

gripper and removes the screwed cap.
3. Extraction: the manipulator transports the uncapped tube to the funnel zone and

empties its content (the stent).
4. Gripping: the funnel guides the stent to a vertical pin on the rotating disk, where

it is inserted by gravity and vibration principles. A piezoelectric system
mounted on the pin holds the stent.

5. Inspection: the pin is rotated to the horizontal inspection zone. There is a hor-
izontal position to perform the machine vision quality control.

6. Collection: the pin carrying the analyzed stent is transported to the collection
position, where the stent is released and put into the tube.

7. Screwing: the tube with the stent is taken to the unscrewing/screwing gripper
where its cap is located and then screwed on.

8. Placing: the tube is placed in a new carrier.

The first task must be the opening of the tube. This must be done by a rotating
four-fingered gripper. The fingers of the gripper are developed in order to accurately
grip the top of the transporting tube.

A 6-DOF manipulator is needed, in order to be able to move the tube around the
working area. A FANUC manipulator (LR Mate 200iB model), which is a six-axis,

FIGURE 6

Stent inspection concept.
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modular construction, AC electric servo-driven robot, is used. It is optimized for op-
erations in sensitive, contamination-controlled environments and occupies minimal
floor space. It provides high throughput, industry-leading reliability, and sophisti-
cated motion control for part handling. It can move along three-dimensional curved
paths and approach any position from virtually any direction.

The stent is very fragile, but is heavy enough to be subject to the effects of gravity.
If the stent is allowed to fall into the pin vertically, it is possible to feed the pin without
problems. In any case, this process must be done with extreme accuracy because sub-
jecting the stent to a little stress renders it useless. Therefore a rotating disc can be
used to locate a pin in the vertical position to load the stent, after which the disc rotates
the pin to a horizontal location to perform the inspection of the stent surface and
finally, the disc rotates the pin to the unload vertical position to release the stent.

ASSEMBLY
Micro-handling and micro-assembly are closely linked topics because several posi-
tioning movements are always involved in micro-assembly processes.

Optical fiber communication systems are increasing because of the demand for
large-capacity and high-speed data transmission on local area networks. With the
growth in optical fiber communications, fiber alignment has become a key produc-
tion process because its efficiency greatly influences the overall production rates for
the optoelectric products used in optical fiber communications. Fiber alignment is
necessary when two optical fibers are connected, when an optical fiber is connected
to a photodiode or a light emission diode, and when an optical fiber array is con-
nected to an optical waveguide (Figure 7). Connecting optical fibers is difficult
because the connecting edges should be aligned with submicrometer resolution.
Therefore, it is time consuming even for human experts.

Active optical fiber alignment
The technique for aligning the optical fiber to maximize optical coupling efficiency
while monitoring the signals, in respect of the amount of light coupled to the input
fiber, is known as active alignment. This widely adopted method consists of rough
and fine searches. In the rough search, a coordinate where the coupled light is maxi-
mized is found approximately. In the fine search, a peak coordinate is strictly iden-
tified to the order of submicrons. More specifically, in the rough search, a scan is
made in a zigzag or spiral manner. In the fine search, a cross-scan is repeated around
the (coarse search) coordinate showing a maximum amount of coupled light, to seek
a new coordinate showing a maximum amount of coupled light. The fiber alignment
ends when the distance between the newly found coordinate showing a maximum
amount of coupled light and the previous coordinate showing a maximum amount
of light converge to less than a given value.

In this application, a precision manipulator is needed in order to move the optical
fibers while monitoring the signals during the automated alignment process.
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CONCLUSIONS
A review of existing systems for handling of micro-parts was carried out in this
chapter. A key problem area limiting the emergence of micro-handling technology
is the nonavailability of flexible, highly precise, micro-handling machinery.

Due to the increasing number of topics related to MEMS, some standards for
automated gripping and handling of micro-parts have arisen. Irrespectively, the stan-
dardization of these micro-systems is quite new, so there are few standards defined at
this moment. For example, to deal with different part sizes, an automated inter-
change tool system can be used (DIN 32565). This norm is the result of the work
committee “NAFuO.” It specifies requirements of a mechanical interface between
an end effector and a handling device for micro-systems.

The combination of different grip principles in the same gripper is recommended
to increase flexibility. Additionally, sensors mounted on smart grippers can help to
compensate for inaccuracies in part gripper relations. Machine vision is a wide-
spread technology for high precision handling of parts in industrial environments.
In micro-scale, machine vision can be used to “see” exactly what it is going in
the working place and to “actuate” in consequence. With dedicated algorithms,
the features of an object in the image can be extracted for robot localization and con-
trol. For the latter, a real-time processing of images is a crucial issue.

Compliance analysis of micro-handling, including both gripper and part is
critical for reducing the necessary positional accuracy of the system, and therefore
the cost. The handling system need not require the same precision as the tolerance of
the locations if a proper use of positioning, sensing, modeling, and control tools is

Handling Bar

Semicylindrical
Lens
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Fiber
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FIGURE 7

Optical fiber alignment.
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made. The use of precision fixtures can mitigate the need for high positional accu-
racy. V-groove structures, datum points, or other minimum energy surfaces should
be used as much as possible to guide the micro-parts into desired positions and
orientations.

The following are key areas of the research in micro-handling systems:

• “Contactless” and smart micro-grippers;
• Modeling of micro-assembly processes using molecular dynamics simulation;
• High-resolution micro-feeding techniques;
• Plug and produce micro-assembly modules (control and hardware integration);
• Integration of automated assembly processes applicable to “super clean room.”
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INTRODUCTION: ROBOT DEFINITIONS
A robot can be seen as an electromechanical system programmable in three or more
axes and with some degree of intelligence and ability to make choices based on its
environment. Based on its size (and scale), robots may be classified as follows:

1. Macro-robots (macro-scale)
2. Micro-robots (micro-scale)
3. Nano-robots (nano-scale)
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In 1954, the first modernmacro-robot was invented, called the Unimate. This robot
was installed to automatically remove hot metal from a die casting machine. From that
time up to the present, millions of robots have been developed and manufactured.
Numerous companies are currently selling robots, two examples are shown in Figure 1.

Nowadays macro-robots are used for many applications: car production,
packaging, palletizing, printed circuit board (PCB) manufacturing, goods transpor-
tation, vacuum cleaning, lawn mowing, care assistance for the elderly, and even for
military applications or laparoscopic surgeries. Although new applications are
arising, this kind of robot is used mainly in industrial environments.

On the other hand, a micro-robot is basically a small robot usually capable of
operating at the microscopic scale. Micro-robotics is used widely for biologic
applications, mainly biotechnology (cells localization, particles separation,
chromosome cutting, or even genetic manipulation), but also for a large number
of micro-manufacturing applications.

An example of an industrial micro-robot suitable for micro-manufacturing is the
RP-1AH robot from Mitsubishi Electric [1], which is a miniature-format robot
designed specifically for high-precision micro-handling applications. Its footprint
is no larger than that of a DIN A5 sheet of paper. The RP-1AH is designed for small,
cramped work areas and applications such as the placement of components on
surface mount device circuit boards and micro-mechanics.

Finally, a nano-robot can be defined as a robot at or close to the scale of
nanometers. Another definition sometimes used is a robot that allows precise inter-
actions with nano-scale objects, or can manipulate with nano-scale accuracy.
In general, nano-robots are still under development, but some initial results and tests
have been made. An example is the first single-molecule car with buckyballs for
wheels (by Rice University) (Figure 2).

Possible applications for nano-robots are nano-surgery, nano-manufacturing,
weaponry, and cleaning.

Table 1 summarizes the main features of the different robot technologies.
Very closely related to micro-robotics are micro-electromechanical systems

(MEMS), which can be defined as the technology of small things. MEMS are usually
used to make sensors by incorporating silicon-based mechanical and electrical

FIGURE 1

Two different commercially available robots from Robotnik Automation Company.

662 CHAPTER 28 Robotics in Micro-manufacturing and Micro-robotics



components. Sensing devices are generally two dimensional in shape and use the
electrical and mechanical properties of bulk silicon and deposited thin film.

Nowadays, there are numerous applications in which MEMS take part, such as in
pressure measurement, material straining, fluid flowing, and chemical
compounding.

MICRO-ROBOTICS APPLICATIONS
Something about the actual applications of micro-robotics in micro-manufacturing is
now explained. Many of these have arisen with the growth of the MEMSmarket. One
of the first applications is in micro-assembly, which can be defined as the assembly of
micro-products, where the main goal is the construction of a micro-structure by
means of several micro-components under microscopic tolerances. Micro-
assembly may combine many different techniques from many different disciplines,
such as robotics, chemistry and pneumatics or computer vision. The second main
application is in micro-handling, where not only is the accuracy of the movement
important, but also that of the physical gripper that holds the micro-part.

FIGURE 2

The Nanocar.

Courtesy of Rice University.

Table 1 Robot Technologies

Type Size
Interaction with
Environment Main Application

Macro-robot Centimeters to
meters

Mechanical Industrial

Micro-robot Micrometers to
centimeters

Mechanical,
chemical, and
electromagnetic

Micro-assembly

Nano-robot Nanometers to
micrometers

Chemical Surgery (future)
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MICRO-ASSEMBLY
In general, assembly applications are very well known in the robotic macro-world,
as they are spread over numerous industrial applications, but these applications are
completely different and relatively unknown when referring to the micro-scale.

As explained in Ref. [1], there are two main differences between micro- and
macro-assembly:

1. The final accuracy needed: as an example, a typical assembly SCARA robot
has an accuracy of 0.01 mm, while the precision needed by a micro-assembly
application is below the submicron level. This problem is further increased by
the accuracy needed by the sensors placed on the micro-robot, as the dis-
placements and movements involved are very small and slow.

2. Manipulation strategies: the interaction between objects is completely different
for the micro-world and the macro-world. In the former, gravity is not the main
force, and other forces that appear, as surface-related forces (electrostatic, van
der Waals) and surface tension forces, are dominant over gravitational force.
This means that in the macro-world, mechanical interaction between objects
will not perform as one might think it should. As an example, if a gripper is
opened in the macro-world, the object being gripped will be released and will
fall to the floor. If the same experiment is made in the micro-world, the object
will not fall, as it will probably remain in place, adhering to the micro-gripper
due to surface-related forces.

A review of many different types of micro-assembly systems is made next:

1. Teleoperated micro-assembly systems [2]
2. Master slave micro-assembly systems [3]
3. Automatic micro-assembly machines [4]
4. Serial or parallel micro-assembly [5,6]
5. Environment-controlled micro-assembly systems [7]
6. Hybrid micro-assembly systems [8]
7. Micro-assembly by micro-robots [9,10]

A good example of a micro-assembly system can be found in Ref. [11], where 3D
MEMS micro-structures are created by assembling multiple surface, micro-
machined micro-components together. In this case, the micro-assembly process
consists of the following subprocesses: grasping a micro-component with a
micro-gripper, removing the micro-component from a chip substrate, reorienting
the micro-component to a new location, and joining the micro-component to another
micro-component.

Another good example of micro-assembly of MEMS is found in Ref. [12]. In this
case, the assembly process is done using adhesive films, and the example case is a
micro-part being assembled on a PCB.

The last example presented of micro-assembly systems is the Pocket Delta robot,
developed at CSEM (the Swiss Center for Electronics and Microtechnology). Based

664 CHAPTER 28 Robotics in Micro-manufacturing and Micro-robotics



on parallel kinematics, this micro-assembly robot has a repeatability of 2.5 mm and a
pressing force of up to 2 N (Figure 3).

MICRO-HANDLING
The second main application for micro-robotics is in micro-manipulation or micro-
handling. Micro-manipulation consists basically in moving a micro-component
from one location to another. To achieve this task, the end effector plays an impor-
tant role as it has the task of physically picking up and releasing the micro-part.

There are many different end effectors used for micro-handling operations. The
most commonly used are the micro-grippers, which have been designed in many
types. They usually use flexure or rotatory joints and also piezoelectric actuators.

An example of a micro-gripper is found in Ref. [13], where a flexible micro-
gripper is designed for the high-precision handling of very small components.
This micro-gripper uses flexure hinges, an inchworm piezoelectric actuator, and
exchangeable gripping jaws.

Finally, another example is shown in Ref. [14], where a new micro-gripper that
can realize a parallel movement of the gripping arms is developed. The piezoelectric
actuation principle is used to move the micro-gripper mechanism. The micro-gripper
was fabricated by means of a UV-lithographic process and chemical wet-etching
technology from micro-structurable photosensitive glass.

SENSORS AND ACTUATORS IN MICRO-ROBOTICS
SENSORS
In robotics, sensors play important roles as they are responsible for collecting infor-
mation about the environment. In robotics, sensors are used for a large number of
tasks, such as finding locations, measuring parameters (internal or external), avoid-
ing collisions, etc.

FIGURE 3

The Pocket Delta robot.

Courtesy of CSEM, SA Switzerland.
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On the other hand, example applications, where sensors are used, are as follows:

• Displacement measurement
• Temperature measurement
• Velocity measurement
• Obstacle avoidance
• Distance measurement
• Beacon detection
• Collision detection

When considering micro-world applications, sensors are even more important, as
they must be more precise and accurate than those for normal macro-world
applications.

Basically, a sensor makes a conversion of energy from one form to another. To
achieve this conversion, the sensor makes use of a transducer and an electronic cir-
cuit. A transducer is a device that converts a quantity of energy to a signal able to be
measured electrically. Some examples are as follows:

• Thermistor: temperature-to-resistance
• Electrochemical: chemistry-to-voltage
• Photocurrent: light intensity-to-current.

After the transducer, the electronic circuit conditions the obtained signal into an
electrical signal that can be processed further.

Combining signals from several sensors to form a world model is known as
sensor fusion.

In robotics, sensors are basically classified into two groups: internal and external.
Internal sensors (also called proprioceptive) are used to measure robot parameters
relative to the reference frame of the robot, such as a joint angle, a linkage deflection,
and a gripping force. External sensors (also called extereoceptive) are used to mea-
sure the environment and the position of the robot relative to that environment.

Sensors can be also classified as active, if they transmit energy into the environ-
ment, or passive, if they receive energy from the environment.

Finally, the sensors that are most commonly used in robotics can be summarized
as follows:

• Resistive sensors (i.e., potentiometer)
• Tactile sensors (i.e., bumpers)
• Infrared sensors (i.e., proximity sensors)
• Ultrasonic distance sensors
• Inertial sensors (i.e., accelerometers)
• Orientation sensors (i.e., compasses)
• Laser range sensors
• Vision sensors

Almost every sensor has its micro-sensor, so it is possible to find micro-sensors
for a large number of micro-robotics applications. A review of micro-sensors (strain,
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pressure, acceleration, force, and angular rate sensing) is presented in Ref. [15]. As
an example, Sippola et al [16] show a ceramic capacitive sealed-gage pressure
micro-sensor, which is able to work under high-temperature applications.

ACTUATORS
An actuator is a device (usually mechanical) responsible for generating a movement
in a mechanism or system. While sensors make conversions between different forms
of energy, actuators make a conversion from one form of energy to a mechanical
movement. From another point of view, an actuator is the provider of the motion
to the robot. Current actuators for macro-robots are electrical, pneumatic, or
hydraulic.

Obviously, micro-robots need micro-actuators to generate their movement.
There are many different micro-actuators that can be used in micro-robotics, such
as piezoelectric actuators, micro-motors, micro-pneumatic actuators, shape memory
alloy composite micro-actuators (based on materials that deform at low temperature
and regain their original shape when they are heated), electrostatic actuators, or even
ferrofluid actuators. Next, the most important are explained: piezoactuators and
micro-motors.

PIEZOELECTRIC ACTUATORS
This type of actuator generates motion in the subnanometer range. These actuators
make use of piezoelectric materials, and the movement is based on the frequencies
derived from solid-state crystalline effects. There are no moving parts in contact, so
there are no friction forces generated.

Piezoactuators usually have a very short response time (below 1 ms) and a very
long life time (i.e., require no maintenance). Figure 4 shows an example of a piezo-
electric actuator from the CEDRAT Group.

MICRO-MOTORS
There are two main types of micro-motors: electromagnetic and piezoelectric.
A good review of electromagnetic micro-motors is reported in Ref. [17], where their
main types are illustrated (variable reluctance, induction, and permanent magnet
micro-motors), the permanent magnet micro-motor being confirmed to be the best
in terms of developed power. These electromagnetic micro-motors operate the
same as the bigger ones in the macro-world, but with their parts reduced to the min-
imum possible size. Numerous companies are selling electromagnetic micro-motors,
among which the Faulhaber Group and Maxon Motor stand out.

On the other hand, piezoelectric micro-motors are based on the change in shape
of a piezoelectric material. The motion is produced from the ultrasonic vibrations of
the material when applying an electrical field. There are both linear- and rotary-
motion micro-motors (Figure 5).
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MICRO-ROBOT EXAMPLES
Next, some state-of-the-art micro-robots are presented. Their applications are count-
less, although the Hexapod M-850 Micro-robot is especially designed for micro-
manufacturing tasks. Some of them are still in the development stage, but they
show real examples of their importance in this field.

FIGURE 4

A piezoactuator.

Courtesy of CEDRAT Group.

(a)

(b)

FIGURE 5

(a) Piezoelectric rotary micro-motor and (b) linear nano-positioning stage.

Courtesy of CEDRAT Group.
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MICRO-AIR VEHICLE
The first example of a micro-robot can be found in Ref. [18], where a micro-air
vehicle (MAV) is designed and prototyped. This 10 cm, 2 g MAV is capable of
autonomous flight, target sensing, and obstacle avoidance and makes use of articu-
lated and rigid composite micro-structures, high-performance micro-actuators, and
low-power biomimetic sensors. Figure 6 shows this MAV.

The electronics and control are located on a PCB at the center of the fuselage.
The power is placed on the front part and consists of a 20-mAh lithium polymer bat-
tery. There are also two bimorph piezoelectric actuators and an optical flow sensor
for obstacle avoidance.

HEXAPOD M-850 MICRO-ROBOT
Produced by Physik Instrumente (PI) GmbH & Co. KG, the M-850 Hexapod is a
micro-positioning system for all complex positioning tasks that require high load ca-
pacity and accuracy in six independent axes (Figure 7). Its main features are as
follows:

• Six degrees of freedom
• Repeatability to �1 mm
• Actuator resolution to 0.005 mm

Current applications for this micro-robot are given below:

• Surgical robots
• Micro-machining

10cm

elevons

actuators

airtoil

10mm
battery

control/power PCB

fuselage

FIGURE 6

A micro-air vehicle. PCB, printed circuit board.

Courtesy of UC Berkeley.
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• Micro-manipulation (life sciences)
• Semiconductor handling systems

OPEN-SOURCE MICRO-ROBOTIC PROJECT
This Open-source micro-robotic project aims to develop a cheap, reliable, and
swarm-capable micro-robot. Currently, there are two developed robot versions:
“Jasmine II” and “Jasmine III” (Figure 8). The robots (hardware, software, and sim-
ulations) are available under the GNU General Public License.

WAALBOT [19]
This robot (developed at Nano-Robotics Laboratory, Carnegie Mellon University) is
a new approach to wall-climbing robots (Figure 9). Using two actuated legs with
rotary motion and two passive revolute joints at each foot, this robot can climb
and steer in any orientation. The main applications for this robot are inspection
and surveillance, and space missions.

STRIDER MICRO-ROBOT [20]
This micro-robot (also developed at Nano-Robotics Laboratory, Carnegie Mellon
University) was inspired by water strider insects (Figure 10). The robot (as with
the insects) uses surface tension force to balance its weight on water by using hydro-
phobic Teflon-coated wire legs. The maximum forward speed has been measured to
be 3 cm/s and its rotational speed is 0.5 rads/s.

FIGURE 7

The Hexapod M-850.

Courtesy of Physik Instrumente (PI) GmbH & Co. KG.
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FIGURE 8

The Jasmine III robot.

Courtesy of open-source micro-robotics project.

FIGURE 9

The waalbot robot.

Courtesy of Metin Sitti, Nano-Robotics Laboratory, Carnegie Mellon University.

FIGURE 10

The strider micro-robot.

Courtesy of Metin Sitti, Nano-Robotics Laboratory, Carnegie Mellon University.
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MICRO-MECHANICAL FLYING OBJECT PROJECT
Closely related to the strider micro-robot (inspired by insects) and the MAV (auton-
omous flying micro-robot) is the micro-mechanical flying object (MFI) developed at
the Biomimetic Millisystems Lab, at UC Berkeley (Figure 11).

The goal of the project is to develop a very small device capable of sustained
autonomous flight, based on the flight performance of flies and by means of piezo-
electric actuators and flexible thorax structures.

CONCLUSIONS
As has been seen throughout this chapter, micro-robotics is a relatively new field
with a large amount of research still to be done. Numerous laboratories and inves-
tigation centers are concentrating their efforts toward obtaining increasingly more
sophisticated and smaller robotic devices.

Future applications of micro-robots are numerous and extend from searching for
survivors during rescue missions to extremely precise surgical operations (even
autonomously by a micro-robot inside the patient’s body) all the way up to top-
secret espionage missions.

REFERENCES
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INTRODUCTION
Testing and diagnosis are terms often associated with the same topic, nevertheless
their true sense is commonly related to a different meaning. A main difference is
that testing does not deal with fault repairing but focuses only on fault detection,
while diagnosis consists of determining the nature of a detected fault, of locating it
and hopefully repairing it. There is another difference between the two topics: this
is related to the work conditions and functional states which permit the execution
of testing or diagnostic procedures. Testing is often considered as an off-line proce-
dure conducted by proper, prefixed excitation signals using suitable testing models;
however, it is ever more frequent to implement testing procedures as online conditions
thanks to automated test bench and computer-based measurement equipment.
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Diagnosis procedures can also be executed under normal working conditions, permit-
ting real-time response and fast fault identification and compensation. A common
application area for testing and diagnosis procedures is measurement, which can be
performed following both classical and modern approaches. The classical approach
generally provides a number of sensors that are equal to the number of signals to
be acquired, while the modern, or model-based, approach provides a number of sen-
sors (observations) that are less than the number of signals (variables) to be acquired.
In such a type of approach, more information is provided by the knowledge model of
the system.

Testing or diagnostic procedures applied to micro-manufacturing systems, or
miniaturized systems for processing and machining, could be assisted by the use
of measurement techniques based on the modern approach, principally due to the
minimum space available and difficulties associated with the location of the sensors.
In order to achieve a further reduction of the problem related to the allocation of the
sensors, especially with reference to micro-systems, testing and diagnostic
procedures often require noncontact sensors or special transducers in order to avoid
external influences, under normal working conditions, of the reduced size of parts
and devices to be tested. Other important aspects are the precision and accuracy
of the measurement system, which for the specific micro-manufacturing area have
to be related to the local and global concepts.

Precision is defined as the degree to which further measurements, or calculations,
show the same or comparable results, so the concept of precision is linked to that of
repeatability. The accuracy is the degree of conformity of a measured or calculated
quantity to its actual or true value (Figure 1). Often the two concepts have to be
related to the local and global meaning because local measurement space and global
measurement space could be several orders of magnitude apart. This imposes strong
requirements in terms of accuracy and stability of the measurement system which
can be overcome by proper local reference points and (auto) calibration procedures.

Typically, a measurement system consists of sensors, conditioning, acquisition,
and processing systems. Depending on the nature of the measurement, the sensor

Reference value

AccuracyProbability
density

Precision
Value

Precise

Accurate

Precise&
Accurate

FIGURE 1

Definition of precision and accuracy.
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system could be considered as a complex transducer system or could even be
reduced to a simple sensing element. For example, dimensional measurements could
require, as sensing element, a simple linear encoder or a complex charge-coupled
device (CCD) camera joined with a laser beam. If the dimensional measurement
of micro-parts is considered, performed with the aid of a microscope, a precise posi-
tioning of the sensing element (optics, lenses, camera) is required. Often this task is
accomplished by a servo actuator connected in a closed-loop configuration. Precise
positioning is also required for the focusing of the camera’s optical system, in order
to accomplish inspection of micro-parts both in static and dynamic mode (dependent
on shape and dimensions of the part).

Precise positioning devices are largely used in modern measurement systems
either as single-stage devices (1D) or multistage devices (2De3D or even more).
Characterized by a precision of a few nanometers, up to micrometers, the linear
movements are implemented either with piezodevices or electromagnetic devices
(moving coil, brushless linear motor). These devices are either coupled directly
with the end-moving part, without a mechanical joint, or, depending on the final
application, using several very precise kinematic configurations (serial-Cartesian,
or parallel-Tripod or Hexapod). Many measurement systems suitable for micro-
or nano-technology areas are based on the laser interferometer principle. A laser
interferometer together with a CCD or position sensing detector (PSD) and
galvanometer motor, are used to realize precise 1D to 6D measurements (orders
of nanometer or below) by exploiting laser tracking techniques. Very fast sampling
times are also possible (up to 100 kHz), rendering this kind of measurement suitable
for the ultraprecise real-time measurement of vibrating parts.

Within micro-manufacturing processes, both testing and diagnostic procedures
are of great importance for quality assurance (QA). The main scenario of QA
involves statistical process control (SPC) as a set of tools capable of controlling
the quality of the products by statistical analysis methodologies [1]. The SPC tech-
niques use data and measurements coming from testing and diagnostic equipment in
order to take decisions on quality levels of the production, and ensure eventual
corrections of the production process. There are several tools which permit the
control of the incoming data from a process. When the measurement data are
collected, they are analyzed by extracting means and ranges that are plotted on
charts. More complex analyses can be accomplished by calculating the indices of
capability, which become tools suitable for the evaluation of how much the process
or subprocesses meet the initial requirements. While the precision of a process is
related to the spread of the collected data around a mean value, the capability relates
the precision to the range of the permitted values fixed by the specifications (or
specification tolerance). Generally, if the precision is characterized by the standard
deviation s, the capability index relates the specification tolerance to the value
of 6s.

From a more general point of view, the testing and diagnostic decision-making
processes can be viewed as a series of transformations, or mappings, on process
measurements. Figure 7 shows the various transformations that process data go
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through during diagnosis [2]. The measurement space defines a set of measurements
incoming from sensors and transducers. These are the input to the diagnostic system.
The feature space is a space of points that are obtained as a function of the measure-
ments by utilizing a priori knowledge. Here, the measurements are analyzed and
combined with the aid of a priori process knowledge, in order to extract useful
features about the process behavior to aid diagnosis. The mapping from the feature
space to decision space is usually designated to meet some objective function (such
as minimizing of misclassification). Typically, this transformation is achieved by
using either threshold functions or template matching. In the class space, the features
are separated by suitable classifiers. The class space is thus the final interpretation of
the diagnostic system delivered to the user.

In the following sections, a deeper analysis of some aspects of the diagnosis and
testing for micro-manufacturing systems will be detailed. In the first section, the
main noncontact measurement techniques used in the micro-applications area are
recalled. The second section focuses on testing and diagnostic methods, in
particular, related to quantitative techniques such as Kalman filters (KFs). The third
section reports an application where model-based testing is used to detect the
failures and performance of a piezoelectric micro-positioning device.

PRECISION MEASUREMENT SYSTEMS
Starting from the measurement space, it results that primary importance is usually
given to how signals and data are collected in order to proceed through a testing
or diagnostic process. The main elements involved in the capturing of signal are
the sensors.

The production of meso-, micro-, and nano-devices requires a high level of
precision due the millimeter or submillimeter dimensions of the devices to be assem-
bled, handled, or tested. Within the submillimeter range of dimensions, many
phenomena are no longer negligible with respect to the macro-world (adhesion,
deformation, thermal variation), so the external influences of probes or tools for
handling purposes are to be avoided in order to achieve the required precise
measurements. For example, even some well-defined procedures, in the vibration
detection and analysis area, can no longer be applied by adopting standard sensing
elements (contact accelerometers).

Nowadays, noncontact sensors are largely used in order to avoid external influ-
ences on the measurement system, thus enabling ultrahigh precision measurements
(i.e., up to the 10�9 range of the whole dimensions of the part to be measured).
Due to the property of coherence in the emitted radiation, the laser is the main tech-
nique applied within high-precision applications, not only within the realm of dimen-
sional control, but also within a wide range of applications where the physical
characteristics of materials have to be measured in a direct or indirect manner.

Laser applications on measurement systems go from dimensional analysis to
vibration measurement. Some applications in material characterization even use

678 CHAPTER 29 Testing and Diagnosis for Micro-manufacturing Systems



the laser as a power source in order to produce mechanical waves. This is achieved
by impacting the laser beam onto targets and then measuring the ultrasound reflec-
tions (Laser Ultrasound Inspection).

The laser is also used within optical applications in order to inspect transparent or
semiopaque materials using a coherence light source (OCTdoptical coherence
tomography). However, even high-resolution image analysis is increasing its
influence within the high-precision measurement domain, especially when in-line
inspection and testing of micro-parts are required. Laser interferometers, LUS,
OCT, and image processing can easily ensure resolutions of below 1 mm with
very simple equipment and, in some cases, at a very competitive cost.

Recalling these applications, one may also recognize the wide use of pre-
cise positioning systems suitable to move the probe or the sensor, as shown in
Figures 2 and 3. Precision movements are often achieved with mechatronic
systems based on piezoactuators, submicrometric brushless motors, galvo motors,
moving coil motors, etc. Note also that high-precision mechanical devices have to
ensure optimal isolation from vibration and other external disturbances.

SENSOR CONDITIONING ACQUISITION PROCESSING 

ADJUSTING 

FIGURE 2

A typical measurement system suitable for micro/nano-applications.

FIGURE 3

Hexapod system with six degrees of freedom.
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Of particular importance, dimensional measurement sensors are especially
valuable because by dimensional measurement, it is possible to retrieve a large
amount of information about the observed system, and not only from a purely
dimensional point of view. For example, laser displacement sensors can report
information about dimensional, dynamical, thermal, and vibrational behavior.
Therefore, it may be useful to briefly detail a number of such sensors, especially
of the noncontact type, which are particularly suited for micro-testing applications.

MONO- AND MULTIDIMENSIONAL MEASUREMENT
Precise noncontact dimensional measurement systems are largely based on the laser
interferometer technique (i.e., the Michelson interferometer). Comprising just the
interferometer, i.e., being a system capable of detecting only differences on beam
paths, it is suitable for incremental, or displacement, measurements. Typically, the
time response is very fast (typ. <100 ms) and the measuring accuracy, by the use
of interpolator devices, easily reaches values below 10�8 m. The laser interferometer
system is very suitable for coordinate measuring machine applications. Very accu-
rate measurements on micro-parts are possible by placing the part on a positioning
system (one stage: X or multistage: X-Y or X-Y-Z table) provided with reflectors.

Other dimensional measurement techniques are based on different principles,
such as laser beam triangulation, which use a laser source and a detector (CCD or
PSD as represented by Figures 4e9). In this case, the system performances depend

FIGURE 4

1D laser-based displacement measurement system.
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FIGURE 5

A motorized, vision-based measurement system (X, Y, Z resolution: 50 nm).
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FIGURE 6

Capability index for a low capability (a), medium capability (b), high capability (c) system

(process). (Cp: capability index, Ll: tolerance lower limit, Ul: tolerance upper limit, s:

standard deviation).
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FIGURE 7

Transformations in a testing/diagnostic system.
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on the surface characteristics of the target material. Both the precision and the dis-
tance range are affected by material typology and surface texture.

THICKNESS MEASUREMENT
There are several techniques which are suitable for the precise and ultraprecise mea-
surement of thickness. Inductive measurement, based on differential measurement
techniques, is a methodology often adopted for low-cost applications. This method
is affected by the type of material being measured. Higher levels of stability and pre-
cision are achieved by laser techniques which consist of a laser beam shaped by the
target. A sensor, in these systems, consists of emitter and receiver elements, with the
field of measurement situated between them. The width of the “shading” (e.g.,
behind an object) or the light (e.g., through a gap) can thus be measured (Figure 10).
Alternative techniques are possible, mainly by using two displacement sensors as

Target

Incoming Beam

Y-Receiver

Interferometer

Laser Source 

FIGURE 8

One-dimensional displacement measurement by laser interferometer.

FIGURE 9

High-precision X-Y feedback system (Aerotech Inc.) using two laser interferometers

(Renishaw) with total precision up to 10 nm. The system is suitable also for testing 2D tables

and precise linear motors.
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represented in Figures 11e17. This kind of technique requires, however, highly
accurate calibrations (usually accomplished with the use of a calibrated target).

In this domain, great importance is given to the laser ultrasound system (LUS),
which is capable of reaching high levels of precision by using a hybrid technique.
The technique is based on a very narrow pulsed laser beam, which is launched to-
ward the target with the reflected ultrasound wave being received by an acoustic
sensor. The variations of the acoustic impedance of the material are analyzed subse-
quently by a processing unit in order to deliver a map of the discontinuity of the ma-
terial. The accuracy of this measurement, depending on the type of material, sound
velocity, and time resolution of the signal processing unit, can reach a few
micrometers.

2D PROFILE AND SHAPE MEASUREMENT
Profile and shape measurements are often accomplished by a combined use of laser
and image analysis techniques.

Emitter Detector

Laser beam

FIGURE 10

Thickness measurement using a laser beam.

Sensor 1

Sensor 2

FIGURE 11

Thickness measurement using two displacement sensors.
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A very thin laser beam is projected onto the part to be measured. The projection
is analyzed by a CCD linear array camera. A precise 1D linear movement may be
imposed onto the measurement system or onto the part to be measured. Depending
on the laser beam thickness, linear array CCD, optics and positioning system reso-
lution, submicrometric accuracy can easily be achieved.

Suitable calibration procedures, using master profiles, are used to calibrate the
analyzed image, thus permitting compensation for optical field deformations.

Model Micro-Epsilon ILD 2200-2
Measuring range 2 mm
Start of measuring range SMR 24 mm
Midrange MMR 25 mm
End of measuring range EMR 26 mm
Linearity 1 μm ±0.05 % FSO
Resolution(at 10 kHz without averaging) 0.03 μm
Measuring rate 10kHz
Permitted ambient light 30,000 lx
Spot diameter SMR 80μm MMR 35μm EMR 80μm
Light source semiconductor laser <1 mW, 670 nm
Temperature stability 0.01 % FSO/°C

FIGURE 12

Thickness measurement systems.

Ultrasonic receiver

Pulsed laser source

CW laser probe 

Target 

Mirror

Mirror

Beam 

FIGURE 13

LUS principle and a system by TECNAR working on the B scan and C scan mode.

FIGURE 14

A profile measurement system using laser and charge-coupled devices.
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FIGURE 15

3D laser vibrometer by Polytec. The system is capable of detecting speed components with a

resolution of 0.2 mm/s using a laser spot of 65 mm.

FIGURE 16

The Polytec MSA-400 Micro System Analyzer: by scanning laser-doppler vibrometry it is

capable of performing the precise 3D dynamic characterization of MEMS andMOEMSmicro-

structures.
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This kind of equipment is particularly suitable in continuous-control processes
when the parts to be measured are brought by a linear transportation system or by
tape. In such cases, high efficiency image analysis algorithms and high-speed
computational systems are required.

Shape and profile analyses are also accomplished by suitable image analysis
techniques (subpixeling) that adopt high-resolution CCD linear or matrix sensor ar-
rays. High resolution (below 1 mm) bidimensional and stereoscopic image analysis
can be carried out by 2D arrays of sizes greater than 20 megapixels or by linear ar-
rays of sizes greater than 300 pixels � mm. As with laser beam profilers, a contin-
uous and very accurate movement of the analyzed part, or the linear array, has to be
considered.

VIBRATION MEASUREMENT AND ANALYSIS
Vibration analysis is a very wide and complex domain which exploits several aspects
of the testing and diagnosis disciplines, from condition monitoring to defect detec-
tion. Improvements in sensor technology now permit the use of vibration analysis
methodology within the micro-/meso-world also. Noncontact high-speed (wide
bandwidth) laser sensors (typically displacement sensors) can overcome the tradi-
tional limits exhibited by accelerometers, so highly accurate and localized analyses
can be performed.

Vibration analysis methodology could be subdivided into four principal
domains:

• Time domain
• Frequency domain
• Joint domain (time/frequency domain)
• Modal analysis

Each domain provides specific information on the working conditions and fea-
tures of the vibrating part.

Typically, time-domain analysis is devoted to detecting the integral performance
of the tested part: peak, average, root-mean-square, envelope values of vibration

FIGURE 17

SEM image of a Nanonics� AFM Probe in contact with sample. 10 � 10 mm AFM image of a

10 mm deep/2 mm wide trench and a 1 � 1 mm AFM image of the bottom of the deep trench.
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amplitude. These values are compared with threshold values in order to detect
abnormal performance or latent defects.

Frequency domain is able to provide more information as the measured signal is
decomposed into a sequence of frequency components (spectrum) by a Fourier
transform calculation (or fast Fourier transformdFFT). Local analysis of the
different frequency components permits the association of a signature with the pro-
cessed signal, such that the tested part can be identified precisely by its own signa-
ture (signature analysis). Due to the time-varying property of the signal, calculating
many spectrums on the time observation window can be found to be useful. To do so,
a joint time/frequency technique (Gabor�Wigner�Wavelet) can be used very effi-
ciently. In a particular case of time/frequency analysis, the spectrums are related
to the rotational speed of the tested devices (order analysis), such that the analysis
of the single order which is represented by a frequency component varying with
the speed is rendered possible.

Modal analysis permits the study of the dynamic properties of structures under
vibration excitation. This technique uses FFT in order to carry out a transfer function
which shows one or more resonances, by means of which it is possible to estimate
the characteristic mass, damping, stiffness, and other properties of the tested part.
Using a laser interferometer, and suitable software tools, it is possible to apply
noncontact vibration analysis for the test and measurement of MEMS (micro-
electromechanical system) and MOEMS (micro-optical electromechanical system)
dynamics and topography.

MIXED QUALITATIVELQUANTITATIVE ANALYSIS SYSTEMS
Surface-texture analysis
This is a typical application of image analysis techniques whereby properties, or fea-
tures, of analyzed surfaces are compared with known properties belonging to a sam-
ple image. Due to its mainly qualitative aspect, surface-texture analysis could be
considered more properly as an inspection methodology; however, its output may
provide information on both processes and good working conditions of machines
(typically in machining or assembly areas) and may provide quantitative evaluations
through proper morphological analyses on shapes and forms.

Principally, the features extraction is performed by a joint domain (spatial-
frequency) transformation (Gabor, Wavelet) [3] and the features comparison is
performed by a suitable statistical classifier: for example, the Mahalanobis distance,
which is scale invariant with respect to the Euclidean distance (minimum distance
classifiers), or maximum likelihood classifiers of which the Mahalanobis distance
is a particular case. A more complex classifier tool is represented by the neural
network.

A neural network (typically of the back-propagation type) is able to activate
particular output ports when a set of input signals determines the satisfaction of con-
ditions for which the network was previously trained. Independently of the classifier
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used and the analysis methodology, image acquisition is the more critical aspect that
involves both the optical system and the illumination technique. In the testing of
micro-parts, the additional use of a microscope and coherent light paths is a primary
requirement. Quantitative aspects and morphological analyses are performed mainly
in the spatial domain.

SCANNING ELECTRON MICROSCOPY, ATOMIC FORCE MICROSCOPY,
AND SCANNING TUNNELING MICROSCOPY
Scanning electron microscopy (SEM), atomic force microscopy (AFM), and scan-
ning tunneling microscopy (STM) are all widely used surface analysis techniques
capable of very high accuracies (in the range from 10�9 to 10�7 m [4]).

In SEM, the primary electrons hit a surface with an energy of 0.5e30 keV, and
generate many low-energy secondary electrons. The intensity of these secondary
electrons is affected by the surface topography of the target. An image of the target
surface can then be constructed by measuring the secondary electron intensity as a
function of the position of the scanning primary electron beam.

AFM systems detect the z-displacement of a cantilever by the reflection of a laser
beam focused onto the top surface of the cantilever. The feedback from this sensor
maintains the probe at a constant force. STM systems measure the quantum
tunneling current between a wire or a metal-coated silicon tip and the object surface.
An electronic feedback system maintains a constant current by positioning the tip to
just make contact with the surface.

SEM is often used to survey surface analysis problems before proceeding to tech-
niques that are more surface sensitive and more specialized, such as AFM or STM.
High-resolution images of surface topography, with excellent depth of field, are pro-
duced using a highly focused SEM. These kinds of SEM are also able to provide
high spatial resolution, except when the target consists of very narrow and deep
wells. This is the case, for example, of a trench in a semiconductor wafer in which
an SEM cannot view the bottom or the sidewall of the trench structure. In these
cases, the combination of SEM and AFM (or STM) analysis has to be considered.

TESTING AND DIAGNOSIS METHODS
As mentioned earlier in the introduction, testing and diagnosis for micro-
manufacturing products/machines may now take advantage of new approaches in
measurement and control system methodologies. Contactless sensor systems and
model-based measurement systems are two examples of such approaches. Both
methodologies aim to minimize interaction between the measurement system and
the tested workpiece, in order to:

• save space for sensor allocation;
• retrieve more information from the observed system.
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Another advantage is that, in the model-based measurement systems, the number
of sensors is minimized. This characteristic is an important requirement because the
sensors are fault sensitive, and critically increase the production costs of the systems.

Basic foundations of testing and diagnosis rest upon fault detection and isolation
techniques and can be based on qualitative, quantitative, or history-based informa-
tion/data with the use of modeling techniques. These methods permit process adjust-
ment and tuning in order to achieve optimal performance and to ensure product QA
approaches [5]. The term “fault” is generally defined as “a departure from an accept-
able range of an observed variable or a calculated parameter associated with a pro-
cess.” This defines a fault as a process abnormality or symptom, such as a high
vibration level in a machine or a high positional error in a controlled device. The
underlying cause of this abnormality, such as a failed ball bearing, or a defective
controller, is called the basic event or the root cause.

Note that there are several main characteristics that a testing/diagnostic system
has to satisfy and that these will not usually be met by any single diagnostic method.
Therefore, it may be useful to benchmark various methods in terms of the a priori
information that needs to be provided, the reliability of the solution, and the gener-
ality and efficiency in computation. Tables 1 and 2 summarize the main require-
ments of a generalized diagnostic system.

Diagnostic systems can be classified according to the a priori knowledge used
(Figure 18). The basic a priori knowledge that is needed for fault diagnosis is the
set of failures and the relationship between the observations (symptoms) and the fail-
ures. The relationship between observations and failures could be explicit (as in a
look-up table), or it may be inferred from some source of knowledge. In particular,
such knowledge is referred to as causal or model-based knowledge. On the other
hand, it may be gleaned from past experience with the process. This knowledge is
referred to as process history-based knowledge. The model-based knowledge can
be broadly classified as qualitative or quantitative. The model is usually developed
based upon some fundamental understanding of the physics of the process. In quan-
titative models, this understanding is expressed in terms of mathematical functional
relationships between the inputs and outputs of the system. In contrast, in qualitative
model equations, these relationships are expressed in terms of qualitative functions
centered around different units in a process.

Process history-based methods differ from the model-based approaches, where a
priori knowledge about the model of the process is assumed (either quantitative or
qualitative), in that only the availability of large amounts of historical process
data is assumed.

The remainder of this chapter will focus on diagnostic methods based on a quan-
titative approach.

QUANTITATIVE MODEL-BASED TESTING
In model-based methodology, the feature space is characterized by the use of suit-
able analytical techniques which permit the achievement of features starting from
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Table 1 Performance of Measurement Systems

Measurement
Measurement
Technique

Size of
Parts (mm)

Accuracy
(mm)

Measurement Time
(ms) Online Analysis

[1,0]Dimensional
measurement

1D, 2D, 3D Laser
interferometer

>0.01 0.01 >1 Yes

1D Laser triangulation >0.1 0.1 >10 Yes

Thickness
measurement

Laser barrier >0.001 0.1 >10 Yes

Profile and shape
measurement

Laser optics >0.01 0.1 >10 Yes

Vibration measurement Laser interferometer >0.1 0.1 >10 Yes

[1,0]Surface texture
and profile
measurement

Optics/Laser >0.1 1 >100 Yes

SEM, AFM, STM >0.01 0.001 >100 No
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Table 2 Main Characteristics of a Testing/Diagnostic System

Quick detection and diagnosis The diagnostic system should respond quickly in
detecting and diagnosing process malfunctions.
These characteristics are related to the bandwidth
of the diagnostic system.

Isolability It is the ability of the diagnostic system to
distinguish between different failures.

Robustness Rejection to various noise and uncertainties.

Novelty identifiability The diagnostic system is able to decide, given
current process conditions, whether the process
is functioning normally or abnormally, and, if
abnormal, whether the cause is a known
malfunction or an unknown, novel, malfunction.

Classification error estimate An important practical requirement for a
diagnostic system is in building the user’s
confidence on its reliability. This could be greatly
facilitated if the diagnostic system could provide a
priori estimates of classification errors that can
occur.

Adaptability Processes in general change and evolve due to
changes in external inputs or structural changes
due to retrofitting and so on. Process operating
conditions can change not only due to
disturbances but also due to changing
environmental conditions. Thus the diagnostic
system should be adaptable to changes.

Explanation facility Besides the ability to identify the source of
malfunction, a diagnostic system should also
provide explanations of how the fault originated
and propagated to the current situation.

Modeling requirements Modeling is any a priori knowledge about the
system to be observed. For fast and easy
deployment of a real-time diagnostic system, the
modeling effort should be minimal.

Storage and computational
requirements

Usually, quick real-time solutions would require
algorithms and implementations which are
computationally less complex, but might entail
high storage requirements. One would prefer a
diagnostic system that is able to achieve a
reasonable balance of these two competing
requirements.

Multiple fault identifiability The ability to identify multiple faults. In a general
nonlinear system, the interactions would usually
be synergistic and, hence, a diagnostic system
may not be able to use the individual fault patterns
to model the combined effect of the faults.
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measurements (observed signals), mathematical or experimental models of the
observed system, some statistical information about model uncertainties and signal
noise. Some of the most suitable techniques are as follows:

• Adaptive observers;
• Parity relations;
• KFs; and
• Parameters estimation algorithms.

The performances of various methods are summarized in Table 3, with reference
to feature extraction capability, nonlinear systems handling, noise rejection, and the
possibility to estimate not only state, but also parameter deviations. In particular,
extended (EKF) and unscented (UKF) formulations are very efficient and can be
implemented with a low/medium level of computation complexity. These will be
described in the following paragraph as state estimators.

A state estimator permits the extraction of a greater number of features than the
observed signals, for example, by measuring the position of a slide, driven by a
linear motor, and the currents in the motor coils, it is possible to estimate velocity,
force, friction, stiffness, and other system parameters. Of course, it is necessary to
exploit a model of the system to be observed and this task can be carried out by
the use of suitable simulation software. The advantages of using state estimators
for testing application in the micro-manufacturing area are clear; in fact, in order
to enhance both the fault detection and classification sensibility, it is possible to
minimize the number of sensors by increasing the estimated features.

Figures 19e21 illustrate a typical Kalman state estimator representation.

Process 
History 
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Qualitative 
Model Based 

Quantitative 
Model Based 

KF/EKF/UK
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Observers
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Qualitative
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Models Qualitative Physics 

Fault Tree

Digraphs 

Functional

Structural 

QTA

Expert Systems 

Statistical

Neural Networks 

DIAGNOSTIC 
METHODS

FIGURE 18

Classification of diagnostic techniques.
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Table 3 Performance Comparison of the Main Quantitative Model-Based

Estimators

Features Greater
than
Measurements

Nonlinear
System

Disturbance
Rejection

Parameters
Estimation

Parity space No Yes Poor No

Observers Yes Yes Good Yes

Kalman
filters

LKF (linear) Yes No High No

EKF
(extended)

Yes Yes (critical) High Yes

UKF
(unscented)

Yes Yes High Yes

Abbreviation: LKF, linear Kalman filter; EKF, extended Kalman filter; UKF, unscented Kalman filter.
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FIGURE 19

Standard Kalman state estimator representation.
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FIGURE 20

Architectures of model-based diagnosis: (a) controlled systems; (b) diagnostic systems.

Testing and diagnosis methods 693



This approach, thanks to knowledge of the model, allows both the observed sig-
nals (as part of the output system) and input to be used to produce a prediction of the
current state of the observed system. The prediction is then used to correct the current
state in order to produce an estimation of the next system state by a recursive cycle. If
the system model, which represents the knowledge, includes both variables and pa-
rameters of interest (features), then these will be used as failure detectors when the
deviation (residual) referred to the nominal value is greater than a prefixed threshold.

The generation of residuals is a recursive and online procedure capable of con-
trolling the behaviors of the system and can even provide a forecast of possible faults
(detection) and their classification.

Differently from diagnostic procedures, those of testing can involve test pattern
generation for the inputs to the system to be tested. Therefore, achieving optimal
performance of the testing system will require both a suitable choice for the system
model (the estimation of the most suitable variables and parameters) and the best se-
lection of test pattern input for target faults.

The major advantage of using the quantitative model-based approach is that full
control over the behavior of the system will be attained. The mathematical relation-
ships give an analytical redundancy that is useful for relating the internal state vari-
ation to the measurements. As the states can be associated to the particular physical
characteristics of components inside the system, a fault can be detected rapidly by
the abnormal change of states and incorrect component identified.

Prediction Correction

State
initialization

Time update equation
Xt–1
~ Xt

–
F(Xt-1,Ut,Wt)

~~ ~

H(Xt,Wt)

Ut

Real process

~ ~

Xt
–~

Yt
–

Yt

~ – Kalman gain

+

Measurement update equation

xk

xk+1

xk  
state 

yk 
output

uk
input

[A,B,wk] Δ [C, ηk]

Process noise Measurement noise 

FIGURE 21

General “predictionecorrection” structure of the Kalman filter. Model parameters are

assumed to be known.
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The main problems associated with the model-based diagnosis methods refer to
the complexity of the system, high dimensionality, and process nonlinearity. Such
problems often result in difficulties in developing accurate mathematical models
of the system. Another problem in these approaches is the simplistic approximation
of the disturbances that include modeling errors. In most cases, the disturbance in-
cludes only additive uncertainty. However, in practice, it may be advisable to pro-
ceed as follows, where appropriate:

1. Begin with a simple model, stating the assumptions in order to focus on
particular aspects of the phenomenon.

2. Identify important variables and constants and determine how they relate to each
other.

3. Develop the equations that express the relationships between the variables and
constants.

Mathematical models typically contain three distinct types of quantities: input
variables, dynamic state output variables, and parameters. Output variables give
the model solution. When parameters depend on environment interaction, then the
choice of what to specify as input variables and what to specify as parameters is
somewhat arbitrary and, often, model dependent. Input variables may raise severe
modeling uncertainties in the form of multiplicative uncertainties. Another disad-
vantage with these methods is that, if a fault is not specifically modeled (novelty
identifiability), there is no certainty that the residuals will be able to detect it.

When a large-scale process is considered, the size of the bank of filters may seri-
ously increase the computational complexity, although, with the recent increase in
computational power and the essential linear nature of these problems, this may
no longer be a serious bottleneck.

The core of a quantitative model-based testing procedure is the state estimator.
The important issue in the estimators is the knowledge of the system model. Build-
ing a mathematical model for a system can be a difficult, yet interesting, task: it is
essential to know all the features of the process and, therefore, a thorough under-
standing of the underlying scientific concepts is necessary. Although problems
may require very different methods of solution, the following steps outline a general
approach to the mathematical modeling process [6]:

1. Identify the problem, define the terms, and draw diagrams which characterize a
single physical problem while the parameters determine the context or setting of
the physical problem. Dynamic systems are also characterized by a set of
variables called states that represent the memory of the system. A typical
representation in state variables is

dxðtÞ
dt

¼ fðt; xðtÞ; uðtÞ;qðtÞÞ (1)

yðtÞ ¼ hðt; xðtÞ;qðtÞÞ (2)
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where x are the states, u the inputs, y the outputs, and q the parameters.

2. The simplest case is when the system is time invariant and is modeled with linear
differential equations:

dxðtÞ
dt

¼ FxðtÞ þGuðtÞ
yðtÞ ¼ HxðtÞ þ LuðtÞ

(3)

3. The equations are typically continuous, but for computer processing purposes
they are expressed in discrete time:

xkþ1 ¼ Axk þ Buk

yk ¼ Cxk þ Duk
(4)

The problem of a state estimator is to measure the output y and, by knowledge of
input u and the matrices of the model A, B, C, D, to extract the state x.

During the design and analysis of technical systems that encompass several
physical domains, the use of adequate models is of great importance. Using suitable
techniques of modeling and simulation, these models are easy to create and can be
updated rapidly when this is required. Generally, an important aspect of systems is
their dynamic behavior. This is especially true for systems that exhibit fast changes
or systems that should behave accurately: in such cases, it is useful to choose the
most appropriate model that meets the achievement of performance and then simu-
late to update the best parameter values.

In micro-engineering, the characterization of materials, micro-structures and
properties is frequently carried out through simulations. This is often done to bet-
ter understand and reproduce mechanical behavior. During the development of a
new micro-device, mathematical equations governing the physics of the process
are known. Due to this feature, model-based techniques for fault diagnosis or
testing can be applied in this field. In fact, a reduced number of sensors are often
required for systems having reduced dimensions. The state estimator method can
easily reduce the number of sensors because there is an analytical redundancy
introduced by the mathematical relationship. In this manner, some sensors can
be omitted because the measurements are estimated. Some techniques, such as
the KFs, are also useful because they produce reliable estimates from noisy mea-
surements. This permits the reduction of the scale of the application without
serious problems.

Together, the state and parameter estimations are useful to follow the perfor-
mance alterations of internal components of a complex system. If the character-
istics of a component vary slowly, and the maximum allowed displacement is
known, then the time at which a substitution will be necessary may be calcu-
lated. This is the core of predictive diagnosis. With parameter estimation, the
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changes in some machine parameter (for example, the friction) may be esti-
mated, such that the coefficients of a software controller may be rapidly recon-
figured. This is an autocompensation technique which leads to autorepairing
strategies.

All these features of the model-based diagnosis methods meet the most important
requirements of a micro-application system, as evidenced in Tables 4 and 5.

THE KALMAN ESTIMATOR
The Kalman estimator, or KF, is a mathematical algorithm that provides effi-
cient computational and recursive methods to estimate the state of a process
by minimizing the variance of the estimate error. The filter is very powerful
in several aspects: it supports estimations of past, present, and even future
states, and it can do so even when the precise nature of the modeled system
is unknown [7,8].

The basic framework for the discrete KF involves the estimation of the state of
the dynamic system: this can be a discrete-time linear or a nonlinear system
represented in state variables. The dynamic system behavior is assumed as a well-
known model with Eqn (4) modified in order to take into account model inaccuracy
wk and measurement noise hk:

xkþ1 ¼ Axk þ Buk þ wk

ykþ1 ¼ Cxkþ1 þ hk

(5)

Table 4 How Model-Based Diagnosis Meets the Requirements of a Micro-

application

Sensors
Reduction

Predictive
Diagnosis

Disturbance
Rejection Autorepairing

Space saving X

High efficiency X X X X

High reliability X X X X

Low cost X X

Table 5 Number of Measurements (¼2) versus Number of Estimated Features (¼5)

[0,1–2]Estimated State
Variables

[0,3–4]Estimated
Parameters

[0,5–6]Measurement
(sensors)

Position
Velocity
Drag force

X (m)
dx/dt (m/s)
Fl (N)

Stiffness
Piezovoltage
coefficient

KR (N/m)
Kv (N/V)

Voltage
Transducer
Linear
encoder

V
Xl
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The KF estimates a process by using a feedback concept: the filter estimates the
state at a given time and then obtains feedback in the form of innovations or
residuals.

The equations for the KF fall into two groups: time update equations and mea-
surement update equations. In order to obtain the a priori estimates for the next time
step, the time update equations are responsible for projecting forward (in time) the
current state and error covariance estimates. The measurement update equations are
responsible for the feedback; i.e., for incorporating a new measurement into the a
priori estimate to obtain an improved a posteriori estimate.

The time update equations can also be thought of as predictor equations, while
the measurement update equations can be thought of as corrector equations: the
time update projects the current state estimate forward in time. The measurement
update adjusts the projected estimate by an actual measurement at that time. The
final estimation algorithm resembles that of a predictorecorrector algorithm for
solving numerical problems [9].

The KF, also called the LKF (linear KF), is only used for linear systems; unfor-
tunately, many real-world systems, especially mechanical systems, are nonlinear in
nature. Since even the measurement relationships to the process are often
nonlinear, the KF cannot be used to estimate the states. The extended Kalman filter
(EKF) was developed to account for these nonlinearities: in order to estimate the
state, even if the system is nonlinear, this evolution of the KF obtains a lineariza-
tion around the current mean and covariance. This filter is based upon the principle
of linearizing the measurements and evolution models using Taylor series expan-
sions (truncated at the first-order term, with the assumption that the error incurred
by neglecting the higher-order terms is small in comparison to the first-order
terms). The series approximations in the EKF algorithm can, however, lead to
poor representations of the nonlinear functions and probability distributions of
interest.

It is important to note that a fundamental flaw of the EKF is that the distributions
(or densities in the continuous case) of the various random variables are no longer
normal after undergoing their respective nonlinear transformations. When the
system has strong nonlinear transformations, the EFK may be an inadequate state
estimator, because the system loses its features, especially for estimation of conver-
gence time.

For heavily nonlinear systems, the UKF (unscented Kalman filter) solves the
approximation issues of the EKF. The state distribution is represented by a
Gaussian random variable (GRV), using a minimal set of carefully chosen sample
points (called sigma points). These sample points completely capture the true mean
and covariance of the GRV, and, when propagated through the true nonlinear sys-
tem, capture the posterior mean and covariance accurately to the third order
(Taylor series expansion) for any nonlinearity. The unscented Kalman filter is
based on the unscented transform and does not require linearization to handle
nonlinear equations [10].
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The UKF leads to more accurate results than the EKF and, in particular, it gen-
erates much better estimates of the covariance of the states (the EKF seems to un-
derestimate this quantity). The UKF has, however, the limitation that it does not
apply to general non-Gaussian distributions.

The SRUKF (square-root unscented Kalman filter) is a filter based on UFK and it
reduces the algorithm complexity by the adequate use of the Cholesky and QR de-
compositions (computation of eingenvalues).

APPLICATION ON MICRO-DEVICES AND MACHINES
As an example of how model-based testing can be applied to the testing of devices
particularly suited for micro-positioning application, the case of piezoelectric inch-
worm motors may be considered. These devices take advantage of piezoceramic
characteristics to produce displacements with nanometer resolution, while large
travel is assured by an inchworm technique. The inchworm technique is based on
the simple concept of the incremental sum of the relatively small displacements pro-
duced by piezoceramic elements in order to generate a large displacement.

As shown in Figure 22, a typical inchworm-type linear motor has three major
components: two clamping mechanisms (referred to as brakes B1 and B2) and an
extending mechanism (referred as mover M). During the greater part of a typical
inchworm cycle, only one clamping device is to be activated at any given time,
thus allowing the extender to extend and retract freely. The clamping mechanisms
are normally designed to create a frictional force that can withstand the static forces
produced by a constant load and dynamic forces produced by the extending
mechanism. The purpose of the extending mechanism is to generate the small
displacements which the inchworm technique sums to produce a large displacement.

The typical cycle of an inchworm technique linear motor reveals that the velocity
of the motor is directly dependent on the step size of the motor and on the rate at
which the cycle is repeated. To determine a model for a designed motor, the impor-
tant parameters to be considered all relate to the behavior of the model [11].
The chosen parameters are the stiffness and damping of the extending mechanism,
the mass of the clamping mechanisms, the forces applied to the motor, and
the forces generated by the motor. Using these parameters, a second-order
(mass�spring�damper) system is used to model the behavior of the model.

Figure 22 also shows a diagram of the chosen model, supposing that the central
point of the extender is fixed in space. The symbols are as follows:

x1: displacement of brake 1
Fr: stiffness force of the extending actuator
Fm: force generated by the extending actuator
Fd: damping force of the extending actuator
Fl: force of the applied load
V: voltage supply
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By summing the forces shown in the diagram, the equations of motion are
derived according to Newton’s second law:

M
d2x1

dt2
¼ Fm� Fr � Fd � Fl ¼ Kv � V � Kr � x1� Kd � dx1

dt
� Fl (6)

The parameters in this equation are as follows:

M: mass of brake
Kv: voltage constant of the piezoelectric effect
Kr: stiffness coefficient
Kd: damping coefficient

Assuming dx1
dt ¼ v1 and writing Eqn (6) in a state-space form, provides2
6664
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FIGURE 22

Modeling of an inchworm piezomotor and cycle.
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which represents the first of Eqn (5).
The second equation depends on the outputs chosen to observe the system. In or-

der to estimate, for example, position, velocity, load force, the stiffness, and the
voltage constant parameter, all that is needed is the voltage supply V, an input to
the system, and the measurement of mover position x1, an observation represented
by the following equation:

½yx� ¼ ½ 1 0 �
�
x1

v1

�
(8)

Figure 23 shows the applied load force (dashed line) and its estimate (solid line).
The signal is modulated by the control signal on the piezoelement. Figure 24 shows
the estimation of the piezoelectric coefficient (solid line) and its true value (dashed
line). The variation corresponds to a fault which changes the coefficient from 7 N/V
to 5.25 N/V. As shown in the figure, the convergence time to the second value is 0.3 s
because the mover is controlled by an ON/OFF signal and the estimated curve tends
to reach the right value only when the control is ON. This means that the system
needs to be in an excited state in order to enable possible fault detection.

Figure 25 shows the estimation of the stiffness coefficient. The very low conver-
gence time (below 0.1 s) shows the high dynamic capability of the Kalman
estimator.
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Force of a load applied to the inchworm.
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Stiffness estimation.
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CONCLUSIONS
Testing for micro-manufacturing processes is characterized by requirements on:

• precision;
• noninvasiveness;
• being contactless;
• minimization of the number of sensors;
• low complexity.

Noncontact measurement techniques based on laser sensors and precise move-
ment systems represent the best choice in order to achieve a complete testing system
based on direct measurement. When a great number of signals have to be acquired in
order to improve the monitoring of the normal working conditions of devices or
complex machines, model-based testing can be used to reduce the number of direct
measurements (without a reduction of the number of interested signals).

Model-based testing and diagnosis for micro-manufacturing may exploit advan-
tages from the application of estimation techniques in order to extract features from
modeled systems. The reduction of the number of sensors is possible by increasing
the information flow from the tested system. This information could be well repre-
sented by a proper systemmodel. Estimation techniques, such as the KFs, can aid the
extraction of variables and parameters which cannot be measured in a direct way,
allowing a number of available features greater than the number of signals measured.

The application of model-based testing and diagnostic procedures to the micro-/
meso-devices world represents a very efficient and powerful way to increase quality
and reliability, while at the same time reducing system complexity.
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INTRODUCTION
Optical coherence tomography (OCT) was presented in 1991 for the first time as a
powerful technique for applications in the field of medical diagnostics [1]. It was
demonstrated that with OCT high-resolution cross-sectional images of biological
tissue can be obtained in a contactless and noninvasive way. The investigation of
retinal diseases, such as glaucoma, belonged to the first applications, with a main
consequence being that commercial retinal OCT scanners are already available
and used in eye clinics and hospitals. The OCT method has been further refined
in the meantime, and a multitude of new developments and extensions for this tech-
nique have been introduced, as also summarized in several books and reviews
(e.g., [2,3]). The main applications and driving forces for these developments in
the field of OCT research can still be found in the area of biomedical diagnostics,
ranging from the investigation of the eye (e.g., also cornea), skin (e.g., melanoma),
teeth (caries), or of interior organs and vessels (e.g., by OCT endoscopy) to life
science applications providing image details down to the subcellular level.

Although the main route of OCT developments is for biomedical purposes, the
potential of OCT for contactless and nondestructive evaluation of nonbiological
materials and components has been recognized due to the fact that depth-resolved
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structural information can be obtained with high accuracy in a fast and easy way
from the interior of materials, even for those of highly scattering nature. Conse-
quently, a variety of technical applications for OCT have now emerged, as compiled
in a recent comprehensive review [4], anticipating a future increase in their number
with respect to their biomedical counterparts.

In this chapter, initially, an introduction is provided to the underlying measure-
ment principle of OCT and a short overview on different alternative and advanced
OCT measurement concepts is given. A selection of proven applications of classical
and advanced OCT techniques for the evaluation of micro-structures is then pre-
sented. It is worth noting that due to the novelty of the herein-introduced OCT tech-
niques and results, testing and evaluation of micro-structures by OCT is not yet a
routine task but is expected to fully emerge in the next few years, as OCT measure-
ment technology further develops and matures.

MEASUREMENT PRINCIPLES OF STANDARD AND SELECTED
ADVANCED OCT TECHNIQUES
The basic physical principle of OCT is low-coherence interferometry (LCI): an
interferometer, mostly built in Michelson geometry, is illuminated with spectrally
broad light, as depicted in Figure 1(a). The sample is placed in one arm of the inter-
ferometer, the reference arm itself is equipped with a movable mirror. Since low-
coherence light is used, interference is only observed if the length of the optical
path between the beamsplitter and a backscattering feature within the sample,

FIGURE 1

(a) Schematic sketch of a standard (time-domain) optical coherence tomography (OCT)

setup with a broadband light source illuminating a Michelson interferometer. A, B: path

lengths, n: refractive index of sample layer; (b) layout of a spectral-domain OCT setup.

Abbreviations: beamsplitter (BS), reference mirror (M), galvano scanner mirror for lateral

scanning (GM), diffraction grating (DG), line camera (CCD).
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such as a buried interface, equals the optical path length of the reference arm. In this
way, the absolute positions of backscattering and backreflecting features can be
determined. In the example of Figure 1(a), two interference peaks are observed
when moving the reference mirror (from surface and interface). Usually, the enve-
lope of the interference signal is taken and it represents a reflectivity depth profile
of the sample at a fixed lateral position (so-called A-scan). By measuring several
depth profiles at adjacent positions, e.g., by scanning the focused light beam over
the sample, cross-sectional images (B-scans) and 3D volume data can be acquired.

The width of the peaks in a depth profile, determining the axial resolution of the
system, is given by the coherence length of the used light source: the broader the
spectrum, the higher the axial resolution [5]. Standard OCT systems exhibit axial
resolutions in the 5e15 mm range, ultrahigh resolution OCTs [6] have been reported
showing even submicron resolution with very broadband light sources, like thermal
or super continuum sources. The light sources are spectrally situated mostly in the
near-infrared region (800e1500 nm) with an average power in the milliwatt range,
ensuring damage-free (noninvasive) investigation of living tissue. Consequently, no
special safety precautions have to be taken when handling an OCT apparatus, as it is
mandatory for, e.g., X-ray computed tomography.

For OCT, the axial resolution is decoupled from the lateral one, which is deter-
mined by the spot size of the focused light beam on the sample. Due to the decou-
pling, a high axial resolution can be maintained even for long working distances, in
contrast to confocal microscopy where high numerical aperture (NA) optics has to
be used for good depth discrimination [7]. The axial resolution in OCT should
not be mistaken for the accuracy with which the position of the envelope peaks
can be determined: on smooth surfaces and interfaces, precision in the nanometer
range is feasible. In this context, scanning white light interferometry (SWLI) and
coherence probe microscopy (CPM) shall be mentioned, since these methods share
the same principle (LCI) and a similar setup as OCT [8]: in contrast to conventional
OCT, mostly whole surface areas are illuminated at once, and area cameras are used
to register the interference signal when moving a reference mirror. Such systems
were optimized for the measurement of surface topographies with subnanometer
accuracy and are now widely employed in the semiconductor industry for the inspec-
tion of integrated circuits [9] or for the characterization of micro-electromechanical
structures [10]. Although transparent layers can also be measured with these systems
(e.g., thickness), only OCT is also capable of determining the internal structure of
scattering and turbid media with reasonable penetration depth (in the millimeter
range). However, the border between the different techniques start to blur, as a com-
bination of the CPM technique and OCT leads, e.g., to full-field OCT (FF-OCT) and
FF optical coherence microscopy (FF-OCM) by using high NA optics, area illumi-
nation, and area cameras [11].

The concept of obtaining depth information by moving the reference mirror
(Figure 1(a)) is referred to as time-domain (TD) OCT configuration. A new trend
is to build OCT devices preferably in the Fourier-domain (FD) configuration.
In FD-OCT, the reference mirror is fixed and the wavelength of a narrowband
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light source is rapidly tuned (swept-source OCT (SS-OCT)) or the spectrum of
a broadband light source is acquired by a spectrum analyzer as depicted
in Figure 1(b) (spectral-domain OCT (SD-OCT)). The obtained spectral data
are Fourier transformed to obtain at once the desired depth information in form
of a whole A-scan. The main advantages of FD-OCT over TD-OCT can be
found in the fact that no movable parts are needed for depth scanning, in the
increased system sensitivity and in the high measurement speed with A-scan rates
of several hundreds of kHz for SD-OCT [12] reaching up to the megahertz range
for SS-OCT [13].

Besides measuring the intensity of the back reflected light to gain structural
information, further sample properties and enhanced contrast can be obtained by
taking additional physical phenomena into account with advanced OCT extensions:
a determination of the frequency shift of the reflected light from moving particles
leads to optical Doppler tomography (ODT) for the depth-resolved measurement
of flow velocities [14]. Finally, polarization-sensitive OCT (PS-OCT) shall be
mentioned: the evaluation of the polarization state of the light gives insight into
the birefringence properties of the sample [15].

APPLICATION OF OCT FOR THE EVALUATION OF STRUCTURES
ON THE MICRON SCALE
In the following, a short selection of instructive examples for OCT applied by the
author to measurement tasks in micro- and miniature manufacturing are given,
especially with the intention to familiarize the reader with the potential of the
novel OCT techniques for these kinds of applications and to promote OCT for
future routine tasks in the characterization and testing of micro- and miniature
structures.

At first, an OCT study on photoresist molds for the production of miniature
gear wheels with the LIGA molding technology (LIGA, German acronym for
lithography-electroplating-molding) is presented, with the results depicted in
Figure 2. High aspect ratio trenches exhibiting widths down to 30 mm were etched
in thick photoresist layers deposited on gold-coated silicon wafers. Residual par-
ticles in the trenches as well as the defects of the resist/wafer interface are of
primary concern since they affect the quality of the molds, crucial for the subse-
quent electroplating step. As can be seen from the OCT cross-sectional image in
Figure 2(a), the thickness of the photoresist layer can easily be determined.
However, since the optical path length within the material is different to the
path length in the (air-filled) trenches, a virtual step is observed at the wafer
surface. From the height of this virtual step, the refractive index of the material
can be determined and therefore also the geometrical (and not only the optical)
thickness of the resist layer can be obtained. Furthermore, it should be noted
that the rather low NA optics of OCT is of significant advantage in order to access
the bottom of the high aspect ratio trenches.
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By using so-called en face scanning OCT [16], single planes parallel to the sample
surface can be at once imaged at defined depth locations, as shown in Figure 2(b)e(d).
In addition to the geometrical form of the wheel, surface corrugations with a
maximum height of less than 100 nm (Figure 2(b)), residual particles in the trenches
(white spots in the black wheel structure, Figure 2(c)) and a network of ridges (most
probably caused by underetching, Figure 2(d)), could be observed and evaluated.

FIGURE 2

(a) Cross-sectional scan and schematic drawing of a mold for a miniature wheel in a 1.3-mm

thick photoresist layer on a gold-coated wafer; (b)e(d) 3 � 3 mm2 en face scans of the

structure. In (a), only the surfaces of the bare resist and the wafer, and the resist/wafer

interface can be distinguished. In (b)e(d), the full geometric information of the structure at

these levels is obtained. In (b), the resist surface is imaged, (c) and (d) were recorded at

depth positions of the optical path length corresponding to the bare wafer surface and the

resist/wafer interface (as shown in (a)), respectively.

From Ref. [16], © Optical Society of America, 2005.
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A second example is presented in Figure 3, where a drug-eluting medical stent
has been investigated. The stent structure is essentially a thin metallic network in
the shape of a tube (see also schematic sketch in the inset of Figure 3(a)) which
is inserted, e.g., in blood vessels and expanded to counteract a disease-induced
decrease of vessel and duct diameter and helps in this way to maintain the blood
flow. Of interest is the topography and roughness of the individual metallic meanders
(Figure 3(a)). The stent structure is also coated with a thin (w5e20 mm) drug-
containing polymer layer. Its homogeneity and thickness is crucial for a determined
delivery of a drugdenclosed in the polymer layerdto the surrounding tissue in
order to hinder the formation of thick tissue at the interior of the expanded vessel,
which could again obstruct the blood flow. As can be seen in the cross section of
Figure 3(b), taken along one of the linear segments of the meander structure, the
polymer layer can easily be resolved with OCT on the rough metal surface and
exhibits in this case inhomogeneous regions with thickness variations of more
than 100%.

The extension of OCT toward PS-OCT leads to additional contrast and infor-
mation, exemplified in Figure 4. En face PS-OCT has been performed on resist
molds, similar to those depicted in Figure 2: PS-OCT is capable to detect the
birefringence caused by residual stress in the photoresist layer allowing in this
way high-resolution strain/stress mapping within the wheel mold structures.

FIGURE 3

Optical coherence tomography inspection of a coated (drug-eluting) medical stent: (a)

topography of one stent segment with schematic structure of the whole stent in the inset; (b)

cross section of the polymer coating on the metal surface of the stent (scan taken along the

straight part of the segment as indicated in (a)); measurements performed in cooperation

with K. Wiesauer, UAR GmbH, Linz/Austria.
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In addition to the standard intensity image, a retardation image (middle image in
Figure 4) is obtained. This image is grayscale coded and gives the phase lag of
the reflected light of one polarization direction with respect to the other, orthogonal
one. Highly strained areas show strong birefringence leading to higher optical
retardation and are depicted in light gray and white in the image. By calibration
procedures, i.e., determining the stress-optical coefficient of the material under
investigation, even a quantitative evaluation of the strain distribution is possible
[17,18]. Furthermore, the orientation of the optical axis, which is related to the
orientation of the internal stress within the sample, can also be measured, as shown
in the right image of Figure 4. With the help of PS-OCT, valuable insight for the
optimization of the production process with its individual photolithographic steps
can consequently be gained, especially focusing on the minimization of internal
stress, which can cause distortions of the wheel geometries and may lead to detri-
mental cracks at the wafer/resist interface and between trenches.

This section on selected measurement applications for micro-structures is
concluded by recalling the evaluation of micro-fluidic devices with OCT. As an
example, in Figure 5 the 3D reconstruction of internal channel structures of
such a device measured with a customized high-speed FF-OCM system [20] as
dimensional metrology tool is depicted. In addition, also the knowledge of the
flow characteristics in micro-fluidic networks and devices, such as micro-mixers
and lab-on-a-chip systems, helps to assess the predicted performance and verify
the functionality of novel fluidic chip designs. In this view, the flow behavior
of micro-mixers was studied by conventional OCT imaging: two liquids with a
different concentration of scatterers were used to visualize flow patterns in the

FIGURE 4

En face images of photoresist molds for miniature gear wheels. Left: optical coherence

tomography intensity image; middle: optical retardation image (phase lag grayscale coded

from 0� to 90�); right: orientation of optical axis indicating the direction of the internal stress

within the image plane (orientation grayscale coded from 0� to 180�).
From Ref. [19], © Oldenbourg Verlag 2007.
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OCT images, giving in this way information on the status of intermixing and the
spatial distribution of vortices in the fluidic structure [21]. Besides the retrieval
of geometrical information of the flow structure, ODT can now be applied to mea-
sure even the flow velocity profiles in the micro-channels in a spatially resolved
way, as reported in, e.g., Ref. [22].

CONCLUSIONS AND OUTLOOK
Classical OCT and advanced OCT techniques, providing high resolution and
taking advantage of different contrast mechanisms such as birefringence or
flow velocity, have been introduced for the evaluation of micro-structures and
micro-parts. The fact that depth-resolved information can be obtaineddeven
from the interior of scattering materialsdin a contactless way by OCT using
harmless infrared light renders this method especially promising for future
routine applications in metrology of micro-structures. From the technological
point of view, the advantage of FD-OCT with respect to robustness, speed, and
achievable sensitivity will further promote its breakthrough. The same is true
for the ultrahigh lateral and axial resolution provided by, e.g., high-speed
FF-OCM. Currently, the overall potential of OCT is recognized by companies
which offered up to now only commercial biomedical OCT systems but are

FIGURE 5

3D reconstruction of micro-fluidic channel structures acquired by full-field optical coherence

microscopy for dimensional metrology.

Image by S. Schausberger and B. Heise (CDL-MS-MACH/ZONA, Johannes Kepler University Linz/Austria), micro-

fluidic sample provided by Fraunhofer IPHT Jena/Germany.
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preparing their products also for the industrial metrology market, such as, e.g.,
automated inspection solutions for thin multilayer materials. Routine applications
for advanced OCT techniques such as PS-OCT or for phase-resolved OCT micro-
scopy providing subnanometer accuracy [23] are yet to come. Finally, it shall be
considered that hybrid techniques based on SWLI, CPM, and OCT will allow
tailoring the characteristics of measurement systems to the exact requirements
imposed by the specific micro-structure evaluation tasks.
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INTRODUCTION
The mechanical properties of small structures, typically with dimensions within the
range of a few hundred microns down to several microns or below, cannot simply be
extrapolated from the properties of bulk samples. This is due to two effects. First,
samples used for bulk mechanical testing usually have dimensions which are
much larger than the micro-structural features, such as grains or particles. Second,
mechanical behavior is controlled by certain fundamental length scales. For
example, plasticity in metals is controlled by dislocation motion and when obstacles
are more closely spaced than about 100 nm can hinder dislocation propagation, lead-
ing to decreased plasticity and increased strength. Additionally, fracture in brittle
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materials is initiated at flaws with a critical size of several tens of micrometers [1].
The mechanical properties of a material will necessarily change as the sample
dimensions become smaller than these fundamental length scales. It is therefore
necessary to measure the mechanical properties at a length scale comparable to
the feature sizes used in miniature or micro-electromechanical devices. The flow
stress dependence on pillar size in micro-compression experiments was shown by
Uchic et al. [2], who performed compression tests on Ni pillars having different
diameters ranging from 40 mm down to 5 mm and found that for the smallest samples
the flow stress is almost three times greater than for bulk Ni.

Accurate prediction of a material’s response also requires an understanding of
the fundamental mechanisms of material deformation and fracture in the micro-
and nano-scale. It is therefore essential that small specimens, for instance, for tensile
or compression testing, can be manufactured for which appropriate handling and
manipulation techniques and equipment with appropriate load and displacement res-
olution are available. Also, it has to be possible to observe the material under load in
situ to study plastic deformation and crack propagation mechanisms. The scanning
electron microscope (SEM) is an ideal platform for in situ mechanical testing, as it
covers a magnification range from 10 to 106 times, exhibits a relatively large spec-
imen chamber that can accommodate mechanical testing equipment, and has analyt-
ical capabilities for determining local chemical composition and crystal structure.

In this chapter, the reader will be introduced to the peculiarities of integrating
materials testing within an SEM. The most popular techniques will be explored,
i.e., miniaturized tensile tests, compression tests, and nano-indentation tests. Then
the subject of image analysis will be touched upon and finally a case study
combining the use of compressive and tensile testing methods will be presented.

INTEGRATING A MECHANICAL TESTING SETUP IN AN SEM
Integrating a mechanical testing setup within an SEM raises some difficulties. In the
following, some important details about this process will be described.

It is of course necessary to use actuators and load sensors that can deliver the
required displacements and measure the low loads encountered at these scales.
Due to the limited space available in an SEM chamber. The actuators and sensors
must have small dimensions. In particular, to achieve an optimal performance of
the SEM, the distance between the objective lens of the SEM and the sample has
to be kept to a minimum. Typically, the optimal working distance is between 2
and 5 mm.

The vacuum in the chamber also has to be taken into account when designing a
mechanical testing device. All elements of the device have to be vacuum compatible,
meaning that they do not emit gas in vacuum. Special care should be taken to avoid,
for example, plastics and oil.

Note that some materials which normally do not emit gas in vacuum can do so
when exposed to an electron beam. Teflon, for example, releases fluorine when
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exposed to high-energy electrons. To facilitate the evacuation of the chamber, parts
that contain threads should have extra channels to allow air to exit the components.

Magnetic materials should be avoided, since their magnetic fields can affect the
electron beam of the SEM, resulting in a distorted image with bad resolution. Simi-
larly, electrical components must have sufficient electrical shielding. All parts close
to the electron beam should also be conductive and grounded in order to avoid elec-
trical charging. In particular, this applies to the tip used in compression and inden-
tation tests. Usually, these tips are made of diamond because of the high hardness
requirements. Pure diamond, however, is a very poor electrical conductor. Therefore,
boron-doped diamond is a preferred choice. Even if these rules are followed, the
maximum resolution of the SEM will generally not be achieved.

Note that not all experiments have to be performed in situ: cost and time have to
be weighted against gain of information. In addition, not all materials can be tested
in situ. The electron beam might affect the sample by, for example, breaking chem-
ical bonds or the sample might become too highly charged to be imaged. Charging
problems can often be solved by depositing a thin metal layer on the samples before
the testing. However, this can potentially change the mechanical properties of the
material.

TENSILE TESTS
Tensile testing is probably the most commonly used standardized [3] method to
determine the mechanical properties of materials [4]. In a typical tensile test, a spec-
imen having a small, uniform cross section is strained until failure. The deformation
(increase in length) and applied load are continuously measured during the whole
experiment. The applied engineering stress s is defined by the load F divided by
the initial cross-sectional area A0 of the sample. The engineering strain ε is defined
by the measured length change Dl divided by the initial length l0:

s ¼ F

A0
(1)

ε ¼ Dl

l0
(2)

A schematic representation of an engineering stress/strain curve obtained this
way is shown in Figure 1.

From such a curve, the following properties can be inferred. The linear increase
at low strain is an elastic deformation that is described by Young’s modulus E (the
slope of the stress/strain curve). The transition between elastic and plastic deforma-
tion is defined by the 0.2% offset yield stress Rp0.2 commonly used in materials tech-
nology. In Figure 1, a straight line shifted by a strain of 0.002 is drawn parallel to the
linear elastic portion. The intersection of this line with the stress/strain curve is taken
as the yield stress.
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The tensile strength Rm indicates the deformation where necking of the sample
starts. Finally, the elongation at rupture, A, indicates the strain at failure of the sam-
ple. The uniaxial deformation is usually applied using a constant strain rate, i.e.,
using a displacement control, in contrast to a load control. This is because as a sample
yields there can be a decrease in the load. If that occurs with load control, the feed-
back system will try to reestablish the load by increasing the strain. This causes the
sample to be rapidly deformed until failure in an uncontrolled manner.

It is also worthwhile mentioning the difference between engineering and true
stress and strain values. Engineering stress and strain are defined by Eqns (1) and
(2) as shown above. Both quantities refer to the initial cross section and initial
length. True stress strue and true strain εtrue values take small changes of the defor-
mation into account starting from an instantaneous elastic or plastic deformation.
strue and εtrue can be calculated as follows:

strue ¼ sð1þ εÞ (3)

εtrue ¼ lnð1þ εÞ (4)

For samples in the millimeter range, tensile tests can be performed under an
optical microscope. If the samples are smaller, the higher resolution of an SEM is
required imaging. This is especially important if the images are used to extract
the strain.

From the image sequence, it is sometimes interesting to observe the propagation
of cracks induced by the tensile strain and to correlate the crack path or the crack
type with other material properties that can be inferred from SEM images. Instead
of imaging the sample using secondary electrons, chemical mapping can be done
using energy-dispersiveX-ray spectroscopy and the orientation of grains of the sample
can be recorded using electron backscatter diffraction.
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FIGURE 1

Engineering stress/strain curve for an NiCo sample indicating the relevant quantities that can

be extracted from the curve (see text for the details).
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Due to the limited overall size of the test stage, the sample dimensions also have
to be small (typically only several millimeters in length and a few 100 mm thick).
This means that surface properties gain importance and rough surface regions or a
slightly different composition in the surface region may influence the measured
stress/strain curves. The most critical issue, however, is the correct fixing of the ten-
sile test specimen. Mechanical clamping may be unsuitable because a deformation
could already have been induced prior to the actual test. A suitable solution is to use
sample holders having the “negative” shape of the specimen and to fit the specimen
inside these holding forms: an example of this is shown in Figure 2.

Due to the small dimensions of the tensile test specimens, extensometers or con-
ventional strain gauges cannot be clamped onto the samples. However, the SEM im-
ages can be used to calculate strain values. The quantitative evaluation of the strain
values from SEM images recorded during the tensile tests, however, is difficult. The
total elongation until fracture in the images is often only a few pixels and special-
ized image analysis routines allowing subpixel resolution have to be used to obtain
reliable strain data: this will be further discussed below. In contrast to the displace-
ment measurements, the load measurements can be performed using conventional
load cells.

COMPRESSION TESTS
As an alternative and complement to tensile testing, materials can be tested by
compression tests. This method has been extensively used for decades and has the
advantage that the specimen does not have to be attached at the ends of the testing
setup. Compression tests are analogous to tensile tests: a cylindrical sample with
uniform diameter is compressed by applying an increasing force on the ends until
it fractures; typically starting with a purely elastic region followed by plastic

10 mm

FIGURE 2

A specimen for tensile testing positioned in the sample holder of a tensile testing setup.
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deformation with strain hardening and finally fracture. Throughout the compression
the load on the sample and the deformation are recorded. Typically, these numbers
are then converted to engineering stress and strain and these are plotted against each
other, providing characterization of the material as described above for tensile tests.

As for tensile tests, it is beneficial if the actuators can be run with displacement
control. Although there is no necking phenomenon as for tensile tests, crystalline
samples can exhibit a load drop at the onset of plasticity which can cause an uncon-
trolled compression if load control is used. In addition, the mechanical behavior of a
material is often dependent on the rate of compression, making constant displace-
ment more logical than load control.

New load cells and piezoactuators have made it possible to perform compression
tests in the submicrometer scale [5]. Also vital for this type of testing is the possi-
bility to manufacture rods or pillars using, for example, lithography or focused
ion beams (for an excellent example of compression tests on FIB (focused ion
beam)-machined metal pillars, cf. [2]).

Figure 3 shows an image series from a compression test on a gallium arsenide
pillar of 4.2 mm diameter. This pillar was manufactured by photolithography and
reactive-ion etching. The crystallographic direction of the surface is (001). (a) and
(d) show the pillar before and after compression, respectively. (c) shows plastic
deformation along three different (111) slip planes and (d) reveals cracking along
110 planes.

The stress/strain curve recorded during this experiment is shown in Figure 4. The
letters aed correspond to the images in Figure 3. It is impossible to determine strictly
from this curve whether the first load drop is due to cracking or slip. However, since
the experiment was performed in an SEM it is easily shown that the slip planes

(a) (b) (c) (d)

FIGURE 3

Image sequence from the video captured during the compression of a gallium arsenide pillar.

The total time of the compression experiment was about 90 s and the frame rate of the video

0.58 frames/s. In (b), plastic deformation along three different slip planes can be seen. (c)

reveals some cracking of the pillar. (d) shows the pillar after compression. The stress/strain

curve for this particular experiment is shown in Figure 4.
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develop first followed by cracking of the pillar (Figure 3 (b) and (c)), demonstrating
the power of in situ testing. In this particular study, the transition from brittle to ductile
behavior of gallium arsenide as a function of the dimensions was investigated [7].

Micrometer-sized compression experiments do not necessarily have to be per-
formed within an SEM, but doing so offers some advantages. First, being able to
see the sample and tip (compression punch) facilitates the positioning of the sample
under the tip. Additionally there will not be any doubt as to whether the tip only
partially contacts the sample, which could be possible in an experiment that does
not use direct observation. Also, contaminants on the sample, which potentially
can affect the experiment, can be detected immediately.

If the pillar and tip are poorly aligned, the pillar might buckle or bend, thus pro-
ducing an entirely different load/displacement curve. Such effects are easily
detected in an in situ experiment so that experiments showing these effects can be
discarded. By analyzing the video with image analysis software (see below), it is
possible to extract more information than just load and displacement. For example,
the lateral expansion can be measured from which the value of Poisson’s ratio can be
calculated. Also, during a typical compression experiment the pillar sinks into the
substrate. This effect, called sink-in, can easily be measured. In fact, because it is
possible to measure the top and bottom of the pillar, the strain extracted from a video
will be entirely free of instrumental compliance.

In principle, the image from an SEM only gives two-dimensional information.
This complicates the approach of the tip to the sample. In order to make the align-
ment of the tip over the pillar possible, it is necessary that the setup be tilted to the
electron beam so that the sample substrate can be seen (as seen in Figure 3). The
focus of the SEM can be used to give an estimation of the height difference between
the sample and the tip. When the tip is very close to the substrate a “shadow” of the
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Stressestrain curve for a compression experiment of a gallium arsenide pillar. The letters

refer to the images in Figure 3. Note that after the initial elastic part of the curve there is a

drop in the measured force. This is common for crystalline samples and is caused by the

introduction and subsequent multiplication of dislocations within the material [6].
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tip can be seen. This shadow arises from the constrained geometry, preventing a frac-
tion of the secondary electrons from reaching the detector of the SEM. Most config-
urations allow for physically touching the substrate with the tip at a position close to
the pillar before the experiment. After this, the distance between the sample and the
tip is known and positioning becomes easier.

INSTRUMENTED INDENTATION/NANO-INDENTATION
Instrumented indentation or nano-indentation is an excellent tool for the determina-
tion of the hardness and Young’s modulus of thin coatings or small objects. In a
typical experiment, a diamond indentation body is pressed into the specimen. The
term nano-indentation is commonly used for indentation depths ranging from a
few nanometers to 100 nm. The load P and the displacement into the surface h
are continuously measured during loading and unloading: for an overview, cf. [8].
An example of such a loadedisplacement curve is shown in Figure 5. Young’s
modulus, EIndent, can be calculated from the initial portion of the unloading curve,
since unloading is a purely elastic recovery process. However, the analysis is not
as straightforward as for tensile and compression tests; therefore, a method to deter-
mine EIndent in more detail is described. The full procedure is presented by Oliver
and Pharr in [9].

The first step of the OliverePharr data analysis procedure consists of fitting the
unloading part of the loadedisplacement data to a power law relation derived from
contact mechanics theory:

P ¼ Bðh� hfÞm (5)

where P denotes the applied load, h, the penetration into the surface, hf, the final
displacement after complete unloading (cf. Figure 5), and B and m are empirically
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FIGURE 5

A typical loadedisplacement curve from an indentation experiment.
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determined fitting parameters. From this equation, the unloading stiffness S ¼
dP/dh can be calculated by differentiating the equation and evaluating it for
h ¼ hmax:

S ¼ Bmðhmax � hfÞm�1 (6)

Using S, the so-called contact depth, hc, can be calculated according to:

hc ¼ h� εP=S (7)

where ε is a constant depending on the indenter geometry. For three-sided pyramidal
indenters (Berkovich tips), ε ¼ 0.75. Note that the correction for hc has to be used
with some caution because it is not valid in the case of material pile-up around an
indentation. Using hc, the projected contact area as a function of the penetration,
A(hc) can be calculated. With S and A, the so-called reduced Young’s modulus,
Er, can be determined:

Er ¼
� ffiffiffiffiffiffiffiffi

p$S
p �
2b$A

(8)

b depends on the indenter geometry and is equal to 1.034 for Berkovich pyra-
mids. However, the reduced Young’s modulus does not take the finite stiffness of
the tip into account. The Young’s modulus of the sample, EIndent, can be extracted
from the relation:

1

Er
¼

�
1� n2

�
EIndent

þ
�
1� n2i

�
Ei

(9)

Here, n is the Poisson’s ratio of the sample and Ei (1141 GPa) and ni (0.07) are
the Young’s modulus and Poisson’s ratio, respectively, of the diamond indenter. It
may seem counterintuitive that the Poisson’s ratio of the investigated material has to
be known. However, n is about 0.3 for most metals and even an uncertainty of �0.1
produces an error for EIndent of only about �5%. The scattering of EIndent values
from measurements on the same material with fixed measurement parameters is
within �10%.

The hardness of the material is defined by:

H ¼ P

AðhcÞ (10)

The largest error source for the calculation of hardness and Young’s modulus is
the expression used to calculate the area as a function of the displacement. Only for
an ideal (i.e., infinitely sharp) Berkovich indenter is the relation A ¼ 24:5$h2c valid.
In reality, each tip will be blunted and may have other defects. This can be corrected
to some extent by using an area function of the form:

AðhcÞ ¼ a0$h
2
c þ

Xn
i¼1

ai$h
1
=2i
c : (11)
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The parameters ai can be obtained by performing nano-indentation experiments
on materials with a known value of Young’s modulus.

INDENTATION INSIDE THE SEM
As was mentioned previously, nano-indentation enables the measurement of hard-
ness and Young’s modulus of small samples or thin coatings. However, it is not
possible to have an insight of the deformed zone of the sample during the indentation
process. As a consequence, no information about possible crack formation or pile-up
(cf. Figure 6) can be obtained. In Figure 6, an SiO2 surface was indented by a cube
corner tip. The information about cracking can be used to evaluate the fracture
toughness of the material. Likewise, information about pile-up and sink-in can be
used to evaluate plasticity models, providing more accurate data about the material.
Another advantage of in situ indentations is the possibility to precisely position the
tip with respect to the sample surface. This makes indentation experiments on small
structures or at specific locations possible. Finally, there is no need to locate the
indent after a test for measuring the area of the residual imprint. For ex situ inden-
tations, this can be a very time-consuming task since the size of the imprints is on
the order of nanometers and is thereby very difficult to locate and measure post-
indentation. In the next paragraph, issues that have to be addressed for in situ SEM
devices will be briefly described.

As for all in situ mechanical tests, the SEM environment induces several
“design boundaries” that do not have to be considered in a standard indentation

FIGURE 6

In situ indentation showing cracking and pile-up.
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device working in air. Firstly, the setup must allow for an unobstructed view of the
indentation region. Therefore, indentation tip axis normal to the sample surface has
to be inclined with respect to the beam axis of the SEM. In addition, the indenter tip
geometries which are normally used in indentation experiments (the four-sided
Vickers pyramid or the three-sided Berkovich pyramid [10]) cannot be used
because they have too large an opening angle (140.6�), which would obstruct
the view of the indent. For measurements inside the SEM, sharper indenters
such as the cube corner (opening angle 84.6�) have to be used.

Figure 7 shows a custom-made instrumented indentation device working inside
the SEM [11]. The indentation head (4) is composed of a parallel mechanism
(flexure hinges) that holds the diamond tip. The head is driven by a stack piezo
(5) with 20 mm range and a built-in displacement sensor (strain gauge). The inden-
tation head and its actuator are assembled on a coarse positioning stage (6) (also a
flexure mechanism) and driven by a fine-pitch precision screw, remotely controlled
with a cable connected to a knob installed on the SEM chamber’s door. The stage is
fixed on the main body by a dovetail sliding bearing. An XY slip-stick piezo stage
(2) holds the load cell (1) and the sample (3).

As a demonstration of the benefits of in situ nano-indentation, Figure 8 shows the
result of an indentation experiment of a thin nano-composite coating. Where the
loadedisplacement curve does not show any irregularities, while the SEM images
recorded simultaneously show the formation of pile-up and the formation of a crack
upon unloading. Interestingly, the crack almost closes completely after full unload-
ing and would therefore be very difficult to detect by inspection of the residual
impression only. This demonstrates the added value that can be gained by in situ
SEM indentation experiments.

FIGURE 7

The SEM-micro-indenter: 1, load cell; 2, XY-positioning table; 3, sample holder; 4, tip holder

and adapter; 5, piezoactuator, displacement sensor; 6, sample coarse positioning.
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IMAGE ANALYSIS
Most modern SEMs allow the recording of a video, which can be later used to extract
the displacement of different features of the sample. Rough measurements can be
done simply by directly measuring distances with some imaging software. However,
image analysis tools can do this with a far greater resolution. Also, through image
analysis algorithms, it is possible to track features throughout a whole video auto-
matically in order to construct, for example, a time versus strain relationship.

There are several algorithms available for tracking motion in an image sequence.
Here, it will be assumed that an algorithm called cross-correlation is employed. For a
description of this algorithm, cf. [12]. This algorithm takes a small image and a large
image as inputs. The output will be a map showing how similar the small image is to
each position in the larger one. By taking the peak value, the position of the smaller
image in the larger image is found. This algorithm works even if there is no exact
copy of the small image within the larger. By selecting a small feature in the first
frame of the video and trying to find this part in the following frames gives the
displacement of this particular feature. For the case of compressive or tensile tests,
if two features that are close to the ends of the sample are tracked, the strain can be
calculated. This strain will be entirely independent of instrument compliance. As
mentioned above, strain is not the only property that can be measured from the
images. For example, by tracking several parts on the samples, buckling and lateral
expansion of the samples can be measured.
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In situ SEM indentation of a thin nano-composite coating.
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The cross-correlation algorithm can be improved, making it possible to track
changes with a subpixel resolution, provided that the image is well focused and
that the level of noise is low. This is important because the total size of an image
is often about 500 pixels in width. In this case, one single pixel corresponds to
0.2% strain assuming that the sample covers the whole image. This low resolution
would normally be considered insufficient.

When working close to the resolution limit of an SEM, the signal is usually very
weak, requiring a very long integration time for each image. In this case, the acqui-
sition time for a single frame can be several seconds. It must therefore be taken into
account also that different parts of the image are scanned at different times, usually
starting from the top and ending at the bottom.

CASE STUDY: A COMPARISON OF IN SITU MICRO-TENSION
AND MICRO-COMPRESSION FOR STUDYING THE PLASTIC
PROPERTIES OF NANO-CRYSTALLINE ELECTRODEPOSITED
NICKEL AT DIFFERENT LENGTH SCALES
In order to evaluate the effects of grain size or geometrical constraints on measured
mechanical properties, there is a need to understand the influence of the measurement
technique, load distribution, strain rate, etc., on the measurement values and to corre-
late the measurements with deformation mechanisms. Uniaxial in situ methods are
interesting tools for this purpose. In the following case study, a comparison of in
situ and ex situ micro-compression with in situ micro-tensile tests is shown for
electrodeposited nano-crystalline (nc) nickel. Since the material is nano-crystalline,
it would be expected that the size of the probed volume does not influence the
mechanical properties as long as it is at least of the order of a cubic micrometer.
Micro-tensile tests that probe a volume of more than 2 � 106 mm3 show reasonable
agreement with results from micro-compression tests that probe much smaller vol-
umes of a few mm3. In situ uniaxial solicitation in compression mode reveals several
advantages for studying stressestrain properties.

In the same way as for tensile measurements, a quantitative evaluation of the
deformation during compression using individual video frames [13] is possible.
The material investigated was electrodeposited nc nickel. Figure 9 shows a high-
resolution SEM picture of the nc Ni surface. The sizes of the grains vary between
30 and 200 nm with an average of 50 nm. The inset in Figure 9 displays a transmis-
sion electron microscope (TEM) cross section of the film indicating the grains have a
predominantly columnar structure parallel to the deposition direction.

These samples for tensile testing were manufactured by a LIGA (German
acronym for lithography-electroplating-molding) process, as well as the 10 mm pil-
lars for in situ compression, whereas the 2 mm pillars for ex situ compression were
produced by FIB machining.
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The in situ tensile tests were carried out at a constant strain rate of
0.2 � 10�3 s�1. Figure 10 shows the average true stressestrain (s-ε) curve (i.e.,
measurements made prior to necking) obtained from micro-tensile measurements.
The curve indicates weak strain hardening leading to an increase of the required
stress for further deformation of the tested specimen. Figure 10(a) shows an SEM
image of the dog-bone central section extracted from the video frames recorded at
the beginning of a measurement and Figure 10(b) represents SEM video frame of
the micro-tensile bars just before fracture, revealing necking in the central part.
An inset on the left part of the graph shows an optical picture of the typical dog
bone specimen used.

The in situ compressive tests were carried out using a flat diamond punch of
15 mm diameter. The strain rate was 0.2 � 10�3 s�1. Figure 11 displays true s-ε
curves obtained on 10-mm-diameter pillars (aspect ratio 3:1) with in situ compres-
sive tests. Figure 11(a) and (b) for the 10-mm-diameter pillar tested represent the
video frames extracted at the beginning and end of a typical in situ compressive
test, respectively. Buckling or crack formation was found only rarely in the video
recording and were not included in the analysis. Finally, for comparison, ex situ
compressive tests were performed in a commercial MTS NanoXP nano-indentation
system with a truncated diamond tip of 8 mm diameter.

Table 1 lists the respective material properties inferred from s-ε curves obtained
with the different testing methods. The yield stress values listed are equal to the

2 µm 

100 nm

Growth
Direction

FIGURE 9

High-resolution scanning electron microscope image of the nc Ni surface; roughness and

grain size are easily identified on this picture. The inset of the right of the picture shows a

transmission electron microscope bright-field image of the specimen indicating the growth

direction of the electrodeposition.
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0.2% offset yield stress as described by Figure 1. The complete stressestrain curves
determined in four different ways reveal that there is reasonable agreement between
the two compressive tests and the single tensile test despite the fact that the probed
volume differs by 5 orders of magnitude.
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the graph shows an optical picture of the typical dog-bone specimen tested.
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Measurement errors that are intrinsic to each technique are prone to give differ-
ences in s-ε curves. For tensile tests, the major source of uncertainty in the stress
calculation is the measurement of the specimen cross section. As all tensile bars
tested were fabricated from the same plating batch, it is assumed that an average
value of their cross sections gives sufficient accuracy. For compression measure-
ments, the cross section was measured at 10 different positions over the entire length
of the pillar. For 2-mm pillars, 10 measurements of the cross section were made
directly on the pillar SEM image over its entire length, for obtaining an average
value of the pillar volume, i.e., the pillar shape is a source of error as the diameter
is not constant over its length. In both cases, for micro-compressive and micro-
tensile tests, the pillar sizes (length, L, and surface area, A) and the tensile bar sizes
(length, L, and cross section, A) can be measured to within an error of 5% for L and
L0 (displacement), and to within an error of 15% for A. These induce statistical
errors, with a scatter of 25% in the Young’s modulus estimation and 15% for sy.
Such experimental errors in the measurements might explain the discrepancies
found between tensile and compressive tests.

A comparison between ex situ and in situ micro-compressive tests reveals the
advantage of the in situ method. First, for the ex situ compressive tests, the measured
displacement values had to be corrected by accounting for the sink-in of the pillar
into the substrate, whereas this correction is not necessary when strain values are
determined from SEM images recorded during compression. Also, this correction
has to take into account the complex geometry of the postbase connection to ensure
the avoidance of an overestimation of Young’s modulus with a simple elastic contact
model [14]. Finally, without continuous video control, a misalignment of the tip to
the pillar can lead to a decrease of the measured elastic modulus or, in excessive
cases, to the buckling of the pillars.

In nc Ni, the difference of probed volume in the different tests, i.e., external size
effects, should not have a significant influence on the s-ε curves. The Young’s
moduli and the yield stresses are somewhat lower than already reported for fully
densified nc electrodeposited nickel [15], suggesting that the influence of textures,

Table 1 Young’s Modulus, E, and Yield Stress, sy for Nano-Crystalline Ni as

Determined from Micro-Tensile and Micro-Compression Testing. Also Shown is a

Comparison of the Strain Rate Values Used for Each Method

Method E (GPa) sy (GPa) Strain Rates (sL1)

Tensile 63 � 16 1.2 � 0.1 0.2 � 10�3

Compression
(2 mm pillar)

51 � 13 1.3 � 0.2 0.9 � 10�3

Compression
(10 mm pillar)

54 � 14 1.4 � 0.2 1.5 � 10�3
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pre-existing voids, columnar grain structure, and hydrogen on the mechanical
response cannot be neglected [16,17]. In this case, it is expected that pores and flaws
within the matrix tested are prone to play a bigger role on the mechanical response in
the tensile mode.

Cheng et al. proposed a deformation mechanism map for face-centered cubic
(FCC) metals [18]. The model predicts not only the strength as a function of grain
size, but also the observed tensile/micro-compressive asymmetry of the yield
strength. It is predicted that a greater yield stress will be found in compression
than in tension for FCC metals with grain sizes ranging from 2 nm up to 100 nm.
The tension/compression asymmetry which is explained by a pressure dependence
of the dislocation self-energy during bow-out may be responsible for the difference
in the yield/stress values plotted in Table 1 for the tested FCC nc nickel.

To summarize, the potential of in situ micro-compression and micro-tensile
methods to characterize nc nickel has been assessed and potential measurement
errors have been discussed. Due to the small size of the micro-structure, size ef-
fects could be neglected, which allowed the revelation on the one hand of the
importance of the load cases particular to each method, and on the other hand
the influence of the probed volume and of the micro-structure. Whether surface
effects, stress state or strain rate is the most important could not be distinguished.
It was found that in situ uniaxial tensile and compression testing is able to provide
accurate data and similar mechanical insights of the tested materials ranging over
5 orders of magnitude of probed volume. Comparing the aforementioned advan-
tages and drawbacks of the different approaches, it may be concluded that uniaxial
in situ methods are appropriate to study the mechanical properties of isotropic nc
metals.

CONCLUSION AND OUTLOOK
Discussed above are instrumented micro-indentation, micro-compression, and
micro-tensile testing methods for use inside an SEM and the application potential
of the techniques is presented in a case study on UV-LIGA materials. Coupled
with advanced image analysis techniques, these in situ SEM micro-mechanical
testing methods are used to study scale-dependent material properties and to
observe deformation and fracture mechanisms in situ. Also, the SEM enables
for accurate sample positioning and visual control of the experiment. Current
leading edge research in instrumentation is focused on micro-electromechanical
systems for the tensile testing of nano-wires and carbon nano-tubes, and on
nano-bending experiments on nano-wires using (1) atomic force microscopy tech-
niques and (2) vibrational analysis of different types of nano-structures inside the
SEM. Both of these techniques require, however, high-resolution SEMs or alter-
natively TEMs.
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INTRODUCTION
In recent decades, the development toward miniaturization of products and devices
in industries such as electronics, optics, communications, etc., has increased the de-
mand for metallic parts manufactured at micro-scale. Such parts encompass a wide
variety of geometries, materials, functionalities, and production processes. Exam-
ples of micro-parts include screws, fasteners, connector pins, springs, micro-
gears, and micro-shafts. These are manufactured by employing a variety of
manufacturing processes such as machining, folding, bending, stamping, drawing,
molding, lithography, and forward/backward extrusion [1]. Some examples of
extruded micro-parts are shown in Figure 1 [2]. Forming is a particularly appropriate
manufacturing technique for these parts, as often they have a complicated shape and
machining would be time-consuming and produce low yield. Process modeling
plays an ever-increasing role in these areas, for product design and for reducing
lead time and manufacturing costs.
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To enable process design to be undertaken on a scientific basis, knowledge of the
underlying theory of micro-mechanics is essential. Plastic deformation can be
observed at various length scales, which can be from the atomic scale where the
atomic arrangement and individual defect properties of a material are of crucial
importance, up to the macroscopic scale where the actual material micro-structure
is not resolved and plasticity is described on phenomenological grounds.
A schematic diagram of the length scales at which plasticity may be addressed:
the nanometer scale (atomistic), the mesoscopic scale (tens of microns), and the
macroscopic scale; is given in Figure 2.

FIGURE 1

Examples of micro-pins (Shinko, NME) [2].

Polycrystal continuum
(macroscopic scale)

(nanometer scale)
Crystallites (grains) and precipitates

(mesoscopic scale)

Car-body structure       A beam

Atomic periodicity  

FIGURE 2

Plasticity in metals at various length scales.
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In conventional metal forming processes, the size of the workpiece is usually
large compared with the grain size of the metal from which it is constituted. Stan-
dard continuum plasticity models are local in the sense that the stress at a mate-
rial point is assumed to be a function of a strain at that point only. Local theories
do not make reference to the characteristic length scale for dislocations and,
therefore, are not able to resolve dislocation structures. As a consequence, such
models also exhibit no size dependence. The crystals and their inherent directions
of preferred slip (slip plane) are usually oriented randomly. Thus, although a
workpiece may be deformed by an external force (or stress) in a clearly de-
fined direction, internally the crystal deformations are multidirectional. It is the
resolution of the multidirections along a common axis that gives rise to the
macro-deformation, resulting in the change in shape of the workpiece. Because
of the large number of crystals and the randomness of crystal orientation, at
the macro-scale a material appears homogeneous and different samples of the
same material in the same thermomechanically treated condition exhibit the
same properties.

At the micro-level, the grain size can be similar to that of the part being
formed. Thus a cross section of a workpiece may contain a single digit number
of grains, compared with the tens or hundreds at the macro-level. Thus the metal
is not homogeneous and the deformation characteristics are likely to be different,
as the resolved crystal deformation exhibited as the workpiece shape will be the
result of slip on relatively few slip planes and a common outcome between
different workpieces is unlikely. Due to this influence of the micro-structure on
the forming process, the workpiece for a micro-part can no longer be regarded
as a homogeneous continuum for process simulation purposes. Thus in the process
simulation of forming micro-parts, it is important to choose appropriate finite
element (FE) simulation theories, so that the length scale of material deformation
can be considered. In most of the cases in the forming of micro-parts, continuum
mechanics theories break down and crystal plasticity finite element (CPFE)
methods have to be used. Thus, in this chapter, numerical procedures for CPFE
are introduced.

CPFE THEORY
PHYSICAL BASIS FOR SINGLE-CRYSTAL DEFORMATION
Crystal plasticity is a physically based plasticity theory that represents the deforma-
tion of a metal at the micro-scale. The flow of dislocations in a metallic crystal along
slip systems is represented in a continuum framework. Plastic strain is assumed to be
due solely to crystallographic dislocation slip. Slip is the dominant mechanism for
deformation, which occurs due to dislocation motion. A crystalline material is
constructed of a periodic packing of atoms. A crystal structure refers to a group
of atoms that is situated in repeating or periodic arrays or a unit cell. For metals,
there are three simple crystal structures, namely FCC (face-centered cubic), BCC
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(body-centered cubic), and HCP (hexagonal close packed) structures. Figure 3(a)
shows the pure crystal structures for FCC metals.

Observation of single crystals shows that slip tends to take place most readily in
specific directions (i.e., slip directions) on certain crystallographic planes (i.e., slip
planes). A slip plane refers to the plane of greatest atomic density and the slip direc-
tion is the closest packed direction within the slip plane. A combination of preferred
slip planes and slip directions is called a slip system. For FCC crystals, the most
densely packed planes are the diagonal planes of the unit cell, see Figure 3(b).
The full family of slip systems in an FCC crystal may be written as h110if111g.
There are 12 such systems in an FCC crystal (four planes each with three directions).

Considered a single crystal of zinc, this is a few millimeters in width and has
been loaded beyond its yield in tension. The planes that can be seen are those on
which slip has occurred resulting from many hundreds of dislocations running
through the crystal and emerging at the edge. Each dislocation contributes just
one Burger’s vector of relative displacement, but with many such dislocations, the
displacements become large (Figure 3(c)).

CRYSTAL KINEMATICS
The general kinematics of the elastic�plastic deformation of a crystal at finite
strains were given by Taylor [3], Hill [4], Rice [5], Hill and Rice [6], Asaro and
Rice [7], and Asaro [8]. The total deformation gradient of finite strain from the refer-
ence frame to the current frame, Fij, is defined by:

Fij ¼ vxi
vXj

(1)

A

B

C

D

E

F

[110]

(111)

A unit cell

(a) (b) (c)

FIGURE 3

(a) Face-centered cubic (FCC) structures in a crystalline material; (b) a particular slip system

ð111Þ½110� in an FCC lattice; and (c) a schematic diagram representing single slip.
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where Xj and xi denote the reference and current particle positions, respectively.
Here, tensor conventions for subscripts are adopted. All indices i, j, k, and l are
running from 1 to 3 throughout this chapter.

In crystal plasticity theory, a crystalline material is embedded on its lattice,
which undergoes elastic deformation and rotation. The inelastic deformation of a
single crystal is assumed here to arise solely from crystalline slip. The material flows
through the crystal lattice via dislocation motion. The total deformation gradient Fij
is given by:

Fij ¼ F�
ikF

P
kj (2)

where FP
kj denotes plastic shear of the material to an intermediate reference

configuration in which the lattice orientation and spacing are the same as in the orig-
inal reference configuration, and where F�

ik denotes stretching and rotation of the lat-
tice. These are shown in Figure 4. The rate of change of FP

ij is related to the slipping
rate _ga of the a-th slip system by:

_F
P
ikF

P�1
kj ¼

X
a

_gasai m
a
j (3)

where the sum ranges over all activated slip systems and unit vectors sai and ma
j are

the slip direction and the normal to the slip plane in the reference configuration,
respectively. The number of slip systems and their orientations depend on the crystal
lattice, e.g., an FCC crystal contains four slip planes and each slip plane has three
slip directions, which results in a ¼ 1,2,.,12.

mα

sα

Reference configuration

mα

sα

Intermediate configuration

γα
Deformed configuration 

mα F*-

F*sα

FP

F*F=F*FP

FIGURE 4

Schematic diagram of single-crystal kinematics.
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It is convenient to define the vector s�ai , lying along the slip direction of the
system a in the deformed configuration, by:

s�ai ¼ F�
iks

a
k (4)

A normal to the slip plane which is the reciprocal base vector to all such vector in
the slip plane is:

m�a
i ¼ ma

k F
��1
ki (5)

The velocity gradient in the current state is:

Lij ¼ _FikF
�1
kj ¼ Dij þ Uij (6)

where the symmetric rate of stretching Dij and the antisymmetric spin tensor Uijmay
be decomposed into lattice parts (superscript *) and plastic parts (superscript p) as
follows:

Dij ¼ D�
ij þ DP

ij ; Uij ¼ U�
ij þ UP

ij (7)

Satisfying:

D�
ij þ U�

ij ¼ _F
�
ikF

��1
kj ; DP

ij þ UP
ij ¼

X
a

_gasai m
a
j (8)

Finally, it is noted that the plastic parts of the rate of stretching and the rate of
spin are given by the symmetric and skew part of Eqn (8). If it is defined that:

Pa
ij ¼

1

2

�
s�ai m�a

j þ s�aj m�a
i

�
; Wa

ij ¼
1

2

�
s�ai m�a

j � s�aj m�a
i

�
(9)

then:

DP
ij ¼

X
a

Pa
ij _g

a; UP
ij ¼

X
a

Wa
ij _g

a; (10)

It is worth noting that the plastic part of the rate of stretching, DP
ij , is that part

of the rate of stretching arising from slip in the current lattice direction s�ai , in a
plane where the current normal is m�a

i , while the plastic part of the rate of spin,
UP
ij , is that part of the rate of plastic spin resulting from the summation of rotation

on each slip system.

CRYSTAL PLASTICITY CONSTITUTIVE EQUATIONS
The main feature of the crystal plasticity constitutive theory will be briefly intro-
duced here. For each grain, linear elasticity constitutive relations are given by the
generalized Hooke’s law:

sV�ij ¼ LijklD
�
kl (11)
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where Lijkl the fourth order stiffness tensor and D�
ij the second order symmetric rate

of stretching of the lattice. sV�ij represents the Jaumann rates of Kirchhoff stress
formed on axes that spin with the lattice:

sV�ij ¼ _sij � U�
ikskj þ sikU

�
kj (12)

where _sij is the material rate of Kirchhoff stress. The Kirchhoff stress sij is defined as
(r0/r)sij, where sij is the Cauchy stress and r0 and r are the material density in the
reference and current states. On the other hand, sVij is the Jaumann rate of Kirchhoff
stress formed on axes that rotate with the material:

sVij ¼ _sij � Uikskj þ sikUkj (13)

The difference between these two rates is:

sV�ij � sVij ¼
X
a

�
Wa

ikskj � sikW
a
kj

�
_ga (14)

When Eqns (9)e(11) and Eqn (14) are combined, the resulting constitutive law
becomes:

sVij ¼ LijklDkl �
X
a

�
LijklP

a
kl þWa

ikskj � sikW
a
kj

�
_ga (15)

In crystal plasticity, plastic deformation is assumed to be caused solely by crys-
talline slip and crystalline slip to be driven by Schmid stress (or resolved shear
stress), sa [3], which is defined by:

sa ¼ m�a
i sijs

�a
j (16)

where m�a
i and s�aj are slip plane normals and directions for the a-th slip system,

respectively. The rate changes of this Schmid stress is given by [9]:

_sa ¼ m�a
i

�
sV�ij � D�

ikskj þ sikD
�
kj

�
s�aj (17)

The slipping strain rate _ga is assumed to be governed by the resolved shear stress
sa given by a constitutive equation shown below:

_ga ¼ _a

�
sa

ga

������s
a

ga

����
�n�1

(18)

where _a is the reference strain rate, n is the stress sensitivity parameter, and ga is the
current strain hardened state of the crystal. In the limit as n approaches infinity, this
power law approaches that of a rate-independent material. The current hardened
state ga is defined by:

_ga ¼
X
b

hab _g
b; b ¼ 1; 2;.; 12 for FCC crystals (19)
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where hab is the slip hardening moduli. Self- (haa) and latent- (hab) hardening
moduli are defined as:

hab ¼

8><
>:

h0 sech
2

���� h0g

ss � s0

���� a ¼ b

qhðgÞ asb

(20)

g ¼
X12
a¼1

jgaj (21)

where h0 is the initial hardening modulus, s0 is the initial shear strength of the
material; at t ¼ 0, all ga are equal to s0; ss is the breakthrough stress when plastic
flow initiates; g is the cumulative slip strain and q is a hardening factor. The material
constants within the crystal plasticity constitutive equations are determined from
experimental data. As an example, a set of the constants is listed in Table 1 for a
single-crystal copper [9]. The high value of n is used here to reduce the viscoplastic
behavior of the material, as it is used in room temperature forming processes.

INTEGRATED CPFE ANALYSIS FOR THE FORMING
OF MICRO-PARTS
CPFE IMPLEMENTATION
CPFE calculations can be carried out using commercial FE software. While detailed
implementations can be found either in the form of implicit [10] or explicit [11]
format, a brief introduction of the explicit implementation will be given in this sec-
tion and a sample simulation on the forming of micro-pins with an integrated micro-
mechanics analysis system will be given in the following section.

In crystal plasticity, the constitutive equations are expressed in an intermediate
configuration, shown in Figure 4, obtained by unloading the deformed crystal
from the current configuration. Because the total deformation applied to the crystal
is provided by the FE solution, only single-crystal response is needed. A set of crys-
tal constitutive equations can be implemented into ABAQUS/Explicit via a user-
defined subroutine VUMAT. In explicit FE calculation procedures, the task can be
split up easily and solved by a number of processors. Hence, VUMAT can be
constructed with a vectorized interface. This means that when a simulation is carried
out using multiple processors, the analysis data can be split up into blocks and solved

Table 1 Material Parameters for the Crystal Plasticity Model

n _a ðsL1Þ h0 (MPa) ss (MPa) s0 (MPa)

10.0 0.001 541.5 109.5 60.8
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independently. Thus, vectorization can be preserved in the writing of the subroutine
in order that optimal processor parallelization can be achieved.

The time integration of the set of constitutive equations can be carried out by dis-
cretizing the deformation history in time and integrating the equations numerically
over each time increment. For this purpose, the configuration of the body is consid-
ered at tn and tnþ1, with tnþ1 ¼ tnþDt. The integration scheme developed assumes
that: (1) a given crystal deformation represented by Fij (or Lij) is given at each
time increment, Dt; (2) the variables (sa, ga, ga) in each crystal are known at
time tn; and; (3) the slip systems (m*a, s*a) are known. The purpose of the integra-
tion scheme is to determine the updated values (sa, ga, ga), which are then used to
calculate the stressestrain response of the crystal at time tnþ1.

An explicit integration method is employed in ABAQUS/Explicit. In this
approach, the accelerations and velocities at a particular point in time are assumed
to be constant during a time increment and are used to solve for the next point in
time. To reduce the dynamic effects, a value of the ratio of the duration of the
load and the fundamental natural period of the model of greater than five is recom-
mended [12]. It has been found that by keeping the ratio of kinetic energy to the total
internal strain energy at <5%, dynamic effects in the model are negligible [13,14].

The overall numerical calculation procedure for the CPFE implementation into
the commercial FE code ABAQUS via the user-defined subroutine VUMAT is sum-
marized in Figure 5.

DEVELOPMENT OF THE CPFE MODEL
In crystal plasticity modeling, a workpiece contains a number of grains which are in
random shapes that also possess random grain orientation [15e18]. The FE mesh,
which takes account of different orientations of grains, requires that different
mechanical properties be assigned to individual grains.

The grain structures and grain boundaries are described in terms of vector
graphics by means of differentiation between points of different colors in the micro-
graph. The scale of the specimen is defined and the axes of a coordinate are assigned.
The grain objects must be assigned with mechanical properties according to the data
from an EBSD (electron backscatter diffraction) micrograph. An EBSD micrograph
of a low-carbon steel has been used for preparation of a sample mesh according to
the above principle. The original micrograph is shown in Figure 6(a). The extracted
grains with orientations have been created (see Figure 6(b)) from the EBSD micro-
graph. The selected grains can be further discretized and the final mesh for CPFE
analysis is shown in Figure 6(c).

The above process for creating an FE mesh is complicated and time-consuming.
Thus Voronoi tessellation, like the stochastic method, was introduced recently
to generate grain structures based on probability theories [19e23]. The concept
of the Voronoi polygon has been used extensively in material science, especially
for modeling random micro-structures such as aggregates of grains in polycrystals.
If the micro-structure information of a material is known, such as average,
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minimum, and maximum grain sizes, then the one parameter gamma distribution,
which proved valid can be used for representing the distribution probability of grain
structures [24e26].

Significant progress had been made to control the virtually generated CPFE
model to be more representative to real material micro-structures and their failure

ββ
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δτ

γ γ θ ε−Δ = Δ + Δ Δ

g hα β
αβ

β
γΔ = Δ∑

ij ij ijA P βα

β
τ ε γΔ = Δ − Δ∑
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α
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-Boundary conditions
-Loading conditions 
-Contact conditions 
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FIGURE 5

The implementation procedure for CPFE analysis using ABAQUS.

After Ref. [11].
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modes [27e31]. In this progress, controlled Poisson Voronoi tessellation (CPVT)
model had been proposed [27e29], which can produce two-dimensional (2D) virtual
grain structures that are statistically equivalent to metallographic observations of
polycrystalline materials in terms of the tessellation’s regularity and grain size
distribution.

To address the intergranular crack initiation and propagation of material failure
at micrometer level, a finite thickness cohesive zone interfaces, which represent-
ing the grain boundaries and multiple junctions, had been incorporated into the
virtual grain structures of CPFE model with an efficient grain boundary offsetting
algorithm [30].

The concept of CPVT has also been further implemented to generate 3D poly-
crystalline grain structures for micro-mechanics simulations [31]. In particular, re-
lations between the regularity and distribution parameter, for a range of regularity
values, had been determined by a comprehensive set of statistical experiments, in
which data fitting for the grain size distribution model had been obtained by an
evolutionary optimization algorithm.

In summary, virtual grain generations technology had made dramatic progress
to truly characterize real material micro-structures. With the advancement of new
parallel computing technologies and powerful computers, large-scale CPFE analysis
could be used widely in the design and manufacturing of micro-products.

THE INTEGRATED NUMERICAL PROCESS
In this process, a virtual grain structure is generated according to the physical param-
eters of a material, such as the dimensions of the workpiece and the grain size

EBSD map of the workpiece Grain with orientations 

CPFE model with mesh

(a) (b)

(c)

FIGURE 6

An approach to create a finite element mesh from the physical micro-structure of a material.

EBSD, electron backscatter diffraction; CPFE, crystal plasticity finite element.
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information [32]. The orientation of grains is assigned according to a probability dis-
tribution, either in the random form or with a designed distribution. The generated
grain structure, together with its orientation, can be transferred to commercially
available FE codes, where further preprocessing, such as meshing, boundary condi-
tions, and loading assignment, can be carried out. In this research, the generated vir-
tual grains with their orientation information are transferred into ABAQUS/CAE for
further preprocessing.

Figure 7 shows the overall scheme of the integrated numerical procedure for
CPFE modeling using ABAQUS. In the preprocessing, virtual grain structures
with their orientation information are generated and input into ABAQUS/CAE,
which is employed for further preprocessing. A complete CPFE model with mesh-
ing, contact interaction, boundary and loading conditions are created using
ABAQUS/CAE. The crystal plasticity material model is implemented into ABAQUS
via the user-defined subroutine VUMAT. This enables explicit micro-mechanics
analyses to be carried out.

PROCESS SIMULATION FOR THE FORMING OF MICRO-PINS
Extruded micro-pins are now used widely in electronics devices. It is estimated that
24 billion micro-pins are used annually for IC carriers [33]; they have diameters of
the order of 100 mme2 mm. The quality of the formed micro-pins is affected by the
grains size, grain orientation, and grain distributions of the material and the geomet-
rical defects cannot be captured using conventional continuum-based FE forming
simulation techniques.

Figure 8(a) shows micro-pins of 0.57 mm diameter extruded using the same ma-
terial, but which was heat treated to produce different grain sizes [34]. It was re-
ported that for material with a grain size of 32 mm, or about 16e18 grains across
the extruded diameter, and the deformation ratio is about 1.3, fairly straight
micro-pins can be extruded and continuum FE analysis can be used for this predic-
tion. However, for material with a grain size of 211 mm, i.e., about 2e3 grains
across the diameter of the extruded micro-pins, uncontrollable bending and

Pre-processing

Virtual 
Microstructure  

Generation

ABAQUS/CAE

FE Analysis 

Material 
Modeling 
VUMAT

ABAQUS solver 

Post-processing

ABAQUS/CAE 

FIGURE 7

An integrated numerical procedure for micro-mechanics modeling. FE, finite element.
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curvature of the extruded micro-pins usually can be observed experimentally for the
same extrusion ratio [34].

Numerical investigations have been carried out using the developed integrated
CPFE simulation system. Randomly distributed grains with an average grain size
of 211 mm were generated using the Voronoi tessellation method (Figure 8(b)).
The dimensions of the workpiece and the die are also shown in Figure 8(b) and
the FE mesh was created using ABAQUS/CAE with quad-dominated elements
(CPE4R). The subroutine VUMATwas used for the crystal plastic model simulation.
A displacement of 2280 mm is applied on the extrusion punch. The friction coeffi-
cients are 0 at the interfaces between the punch and the workpiece and 0.1 between
the die and the workpiece: the latter value is commonly used for cold extrusion
processes. In Figure 8(b), the grain orientation is assigned randomly. It should be
noted that the CPFE model described above is based on a plane strain description,

Grain size 32 μm 

Grain size 211 μm 

2280

760

30º30o

22
80

57

76

(a) Extruded micropins

(b) CPFE (c) Shear strain 

FIGURE 8

Extrusion of micro-pins. CPFE, crystal plasticity finite element.
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which is a simplified model and different from that for the extrusion of circular
micro-pins. However, similar features of the geometric variations between the
extruded and simulated micro-pins can be observed.

Figure 8(c) shows the virtually “formed” micro-pins and the contours of cumu-
lative shear strain distribution for the results of two CPFE analyses. Both use the
same FE model and grain structure and the only difference is that the grain orienta-
tions are assigned to the grains using the same probability theories twice: thus the
grain orientations are different from the two CPFE models. It can be seen clearly
that the geometric errors for the extruded micro-pins are different. This could
confirm the results obtained experimentally, that if the ratio of the diameter of the
micro-pins and the grain size of the material is small, uncontrollable bending and
curvature of the extruded micro-pins are the major geometrical defects. This
CPFE analysis result demonstrates the validity of the developed CPFE tools in
capturing the grain size effects in the process of the forming of micro-pins. It can
be observed also from the figure that the maximum cumulative shear strains occur
locally along grain boundaries, the effect of which is induced by strong mismatches
of the orientations among the grains. The uncontrollable curvature feature
(Figure 8(a) and (c)) cannot be modeled, if continuum FE analysis is used. This
shows clearly the grain size effect during the micro-forming process and that
CPFE needs to be employed to predict such features.

CONCLUSIONS
In traditional metal forming processes, continuum mechanics-based FE techniques
can be used for process simulation. However, in micro-forming processes, if the ratio
of the minimum dimension of a micro-part and the grain size of the material is small,
CPFE analysis has to be used, otherwise, the important features of the forming of
micro-parts cannot be captured. CPFE analysis can be carried out using existing
commercial FE codes, such as ABAQUS: there is no need to generate special FE
codes for this purpose. The main progress in the simulation of micro-forming pro-
cesses using CPFE are: (1) the creation of the CPFE with controlled Voronoi tessel-
lation, which includes the generation of the micro-structures of materials, material
orientations, grain boundaries, and the creation of an FE mesh within grains and;
(2) crystal plasticity material models, which include the development and
determination of micro-mechanics material models and the implementation of the
models into commercial FE codes.

To demonstrate the validity of the proposed integrated micro-mechanics forming
simulation system, CPFE analysis had been carried out to simulate the typical form-
ing process of a micro-pin. The failure pattern of large-scale crack initiation and
mixed mode propagation had been demonstrated through the example of micro-
film under tension and three-point bending [27,30]. The effects of regularity and
grain size upon local deformation had been demonstrated by a three-dimensional
micro-pillar compression simulation [31].
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INTRODUCTION
Looking at manufacturing from a bird’s-eye perspective reveals two important
generic processes that characterize these enterprisesdthe product life cycle process
on the one hand and the customer order process on the other. Figure 1 shows a sketch
of these processes and their interrelation. The product life cycle process that is
shown on the x-axis describes the activities that are executed to develop new prod-
ucts, i.e., to generate innovations and to bring them to the market. The customer
order process on the y-axis shows the activities performed to produce these products
based on market needs and to deliver them to customers. Over the last few years, the
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integration of activities within both of these processes has been recognized as a ma-
jor capability for optimization. Furthermore, the time required for the execution of
these processes on the one hand and the efficiency and effectiveness of the execution
of activities within these processes on the other are considered as generic optimiza-
tion goals. Adjusting these potentials requires a significant amount of information
technology (IT) support, as complex control loops have to be built updsome of
them even bridging multiple process activities, with large amounts of data needing
to be collected and to be processed in order to change the process variables in the
right way. The production activity is the linchpin where both processes overlap
and is therefore definitely an activity to be considered when designing the overall
IT architecture of an enterprise.

While the foregoing remark is already true for today’s state-of-the-art factories,
there are a number of reasons that even argue for an increasing need of IT support for
the manufacturing of micro-products in future, such as:

1. Operating new manufacturing processes at the edge of technical feasibility in
series production often requires sophisticated IT support for monitoring and
controlling these processes.

2. There is increasing pressure in terms of quality control, which arises from the
automotive industry, for example. While extremely high quality requirements
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Product life cycle and customer order process.
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have been known for a long time in aerospace, in defense, and in the medical
industry, the quality requirements original equipment manufacturers (OEMs)
request from their suppliers in the automotive industry have significantly risen
over the last few years. The goal of the OEMs is to reduce the number of quality
issues as experienced with several car series in recent yearsdwhich were often
caused by defective electronic components. The IT environment is one building
block for implementing zero-defect strategies as requested by the OEMs.

3. Increasing low-cost production capacities in several parts of the world put
additional cost pressure on numerous industries. Adjusting optimization
potentials throughout the process chains is another goal to be supported by IT
systems.

Further discussions within this chapter are focused on the “production” activity
and the IT environment supporting it. This chapter aims to deliver insights into con-
cepts, standards, and technologies used to implement the production-related IT envi-
ronment for micro-/nano-manufacturing. The first section provides a general
overview of the production IT landscape. It explains important terms, architecture
layers, and corresponding systems and their scope. In the second section, the scope
is narrowed to the manufacturing execution systems, which are investigated in more
detail. The third section briefly reviews approaches to implement the concepts
discussed earlier. The last section closes the chapter with some considerations on
relevant standardization work.

PRODUCTION IT OVERVIEW
For the following considerations, the scope is narrowed to discrete manufacturing.
Investigating a micro-manufacturing enterprise from a production IT point of
view requires some initial discussion of the organizational structure of the physical
assets of such an enterprise. The hierarchical structure shown in Figure 2, which is
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FIGURE 2

Hierarchical model of physical assetsdconceptual model (left) and example (right).
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based on reference [1], is commonly used for this purpose. As the root of the hier-
archy, the enterprise defines the products to be manufactured and how and where
these products are to be manufactured. Each enterprise comprises one or multiple
sites. A site is mainly characterized by its physical or geographical location and
its major manufacturing capabilities and serves as a grouping element for the enter-
prise. Each site contains one or multiple areas. Similar to a site, an area is usually
characterized by its physical or geographical location within the site and its major
manufacturing capabilities. The actual production capabilities are provided by
lower-level entities that are grouped within the area, such as production lines
and work cells. Both production lines and work cells are again characterized by
their physical location within the area. Additionally, they have well-defined
manufacturing capabilities and capacities. A modular precision assembly line for
hard disks would be an example for a production line that is made up of several mod-
ules (work cells), each providing specific capabilities required to execute the overall
assembly process. For some of the concepts described later, the detailed distinction
between production lines and work cells is no longer required. In this case, the
generic term equipment is used to represent both levels in the hierarchy.

Besides physical enterprises, the concept of virtual enterprises (VEs) is
becoming increasingly more populardboth in research and industry. VEs are tem-
porary organizations bridging the classical system boundaries described above.
Therefore, their structure will look different compared to that discussed earlier.
Although the specific requirements of VEs in terms of production IT are not consid-
ered here, many of the generic concepts discussed in the following can be adjusted to
support VEs. However, additional concepts need to be established from an IT point
of view to implement VE organizations.

Figure 3 shows a simplified operational scenario within such an enterprise. Based
on demand information a site receives from the enterprise level, the site generates
and schedules work orders for a given quantity of products or components to be
manufactured at the site using the capabilities available within one or multiple areas
of the site. The goal of the schedule is to deliver the requested product or component
at the right point in time while optimizing the utilization of any resources required.
Resources in this context comprise employees, equipment, durables, consumables,
and material. Durables are auxiliary materials required in addition to equipment in
order to process material, such as tools, tensioning media, carriers, cassettes, etc. In
contrast to durables that can be reused many times, consumables are a class of auxil-
iary materials that are consumed while being used, such as coolant, for example. The
work orders are executed according to corresponding routes, which define the
sequence of steps required to manufacture a product or component of the requested
type starting from raw material. Each step in the route contains information on the
resources required to perform the step. The route is complemented by a correspond-
ing bill of material that describes in a structured way the parts and components
required to manufacture the product or component. In order to monitor the progress
of work orders over time, sufficient feedback needs to be provided from the equip-
ment level to higher levels while the route is being executed. Besides the information
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on progress and process results in terms of quantities, feedback on quality needs to
be collected to detect possible issues early and to ensure the required level of quality
upon completion of the job.

The term “production IT” refers to the IT landscape that is dedicated to support
the specific subprocess and activities within the “production” activity shown in
Figure 1, i.e., it provides tools to efficiently and effectively operate production.
Furthermore, the production IT landscape serves as a building block for process inte-
gration within both of the generic processes described earlierdthe product life cycle
process and the customer order process. The production IT landscape:

1. supplies both processes with accurate information from production in a timely
manner, such as information on the processing status of customer orders,
available capacitiesdboth are essential for the customer order processdand
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process and quality data from production, which complement product life cycle-
related data that have been generated in other phases. Access to data from
production is required as a first prerequisite to control and optimize the overall
processes.

2. provides other activities of the generic processes with suitable interfaces to in-
fluence production, which is the second prerequisite to establish overall control
loops, including production.

Although the specific requirements to be fulfilled by the production IT environ-
ment differ from industry to industry on the one hand and from company to company
on the other, there exists a set of generic concepts that many industries have in com-
mon: these concepts will be discussed in the following. The common approach to
define both the scope and responsibility of the production IT landscape is derived
from the scheduling and control hierarchy, which is based on the organizational
structure of the enterprise, as described earlier. Each level within the hierarchy has
corresponding spheres of responsibility and planning horizons and is mapped to cor-
responding levels or layers of the IT architecture shown in Figure 4 (tasks based on
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Ref. [2]). On the top-most level, the enterprise management level, the whole enter-
prise needs to be considered. Thus, planning and control activities on this level cover
all sites, have a response time of the order of magnitude of days, span multiple weeks,
or months, and incorporate the complete list of available orders (strategic level). The
sphere of responsibility of the manufacturing operations and control level is limited
to single sites. Therefore, the scope of planning and control activities is limited to this
site, spanning only one or several shifts while providing a response time in the order
of magnitude of a few seconds to a single shift. At the same time, the number of or-
ders to be considered is rather limited (tactical level). The bottom-most level, which
reflects the actual manufacturing processes, is finally concerned with the execution of
single process steps. Thus, the planning horizon is further limited to the order of
magnitude of seconds or minutes. At the same time, a response time of the order
of magnitude of milliseconds to seconds has to be provided. In addition to its specific
tasks, each level has to present a sufficient amount of transparency, i.e., to supply the
upper layer with accurate and meaningful information with a defined maximum
delay and with suitable interfaces to propagate information.

Although the specific shape and the boundaries of these levels differ slightly
from industry to industry and from solution to solution, the basic conceptd
including the levels discussed abovedis widely spread throughout many industries.

EXPLORING THE MANUFACTURING OPERATIONS AND
CONTROL LEVEL
Based on the overall picture of the production IT landscape described above, the
following sections will discuss the role of the manufacturing operations and control
layer in more detaildespecially the class of manufacturing execution systems
(MES), which plays a major role in this context. MES bridge the gap between
manufacturing processesdincluding their control systemsdand the enterprise
management systems as shown above. They control and monitor operations in pro-
duction, are targeted to adjust optimization potentials within production, and facil-
itate the level of transparency between enterprise management and production that
is required to implement complex process integration scenarios, as described
above. The task-oriented view defined in Ref. [2] has been selected as the basic
structure for this discussion, as it gives good insight into the MES world from a
user’s perspective. The description of the MES tasks is complemented by a discus-
sion of major concepts and terms to be considered in the MES environment.

OPERATIONS/DETAILED SCHEDULING
Operations/detailed scheduling optimizes the execution of available work ordersd
which have usually been generated by higher level systemsdbased on a set of
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predefined optimization goals, while considering the constraints of the production
under consideration. Generic optimization goals are:

1. The generation of a schedule that is actually executable while considering the
availability of resources and material.

2. The reduction of setup times, cycle time, and work in progress (WiP).
3. An increase of throughput, resource utilization, and on-time delivery.

A major characteristic of this task at the MES level is its real-time behavior, i.e.,
the schedule is continuously adjusted based on events and disturbances that occur on
the shop floor. These changes are immediately enforced in production. Thus, the
MES is able to handle unforeseen events, such as resource breakdowns, missing ma-
terial, issues with production processes, and quality issues. Generally, there are two
approaches to be distinguished, based on the planning horizon: the scheduling
approach and the dispatching approach. The scheduling approach attempts to
generate a plan for assigning a set of jobs (task in the context of the architecture level
considered) to a set of resources based on given constraints and optimization criteria
within the range of a scheduling horizon. The dispatching approach is aimed at the
optimization of resources in real time by evaluating context information based on a
given set of rules. Two typical questions answered by the dispatching subsystem in
the case of job shop production are:

1. What is next for a given resource?di.e., which of the jobs within the job queue
of this resource should be executed first based on the current context infor-
mation and the set of dispatching rules? Examples for context information are:
resource states, job priorities, time constraints, delivery dates, etc.

2. Where is next for a given material?di.e., what is the best-suited next location
for some material after completing a process job on a given resource? In this
case, the context to be considered could be the next step based on the route
assigned to this work order, the state of resources of the type that is required
next, etc.

Due to the ad hoc nature of decisions in the case of dispatching, this approach is
mainly followed in highly dynamic environments as known from semiconductor
manufacturing, for example, as the large number of disturbances within the produc-
tion environment would require very frequent rescheduling. As the schedule gen-
eration is rather resource consuming (in terms of computational resources) and
time-consuming, it is difficult to implement the scheduling approach in this
environment.

To deal with scheduling conflicts that arise due to disturbances as described
above or due to competing optimization goals caused by committed delivery dates
and varying job priorities, for example, is an important aspect of the operations/
detailed scheduling task. The system needs to provide the capability to handle these
conflicts automatically, if possible, or to supply responsible people with sufficient
information to be able to take the right decision manually.
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RESOURCE MANAGEMENT
Resource management is mainly concerned with the task of ensuring the availability
of the resources required for executing work orders. In this context, the term
“resource” comprises machines, equipment, durables, and nonmaterial durables.
The former terms were explained earlierdthe latter notion of nonmaterial durables
refers to auxiliary resources such as numerical control (NC) programs or process
programs (PP) in general. In several industries, PP are also referred to as recipes.
Recipes are programs that are executed by the equipment control system in order
to control a specific process. The behavior of the control system can be adjusted
by selecting different recipes or by adjusting parameters within given recipes.

The first aspect of the resource management task comprises the management of
resource-related master data. For each resource, a record of generic information
needs to be maintained, including properties such as the identifier (ID), the location,
and capacities and maintenance-related data. Furthermore, resources have to be
modeled in sufficient detail in order to support the selected operations/detailed
scheduling approach and other MES functionalities. Usually, resources are modeled
in the form of a hierarchical structure that describes relevant components and their
relationship. A simple example would be some cluster equipment, i.e., a class of
items of equipment which have several process chambers that can be operated in par-
allel. Each process chamber offers specific process capabilities. An internal logistics
system is responsible for the material transport within the equipment. The main-
frame could be modeled as the root of a tree that contains a set of load ports and
a set of process chambers. If single chambers are being considered within the pro-
cess of detailed scheduling, equipment has to be modeled down to the chamber level.
Each object within the tree has a specific state model assigned, including states such
as “idle,” “processing,” or “locked” that reflect the current state of the component at
run-time. This state model is used to specify rules for operating the resource at run-
time. A rule of that type could define that a resource in state “locked” may not be
used for processing, for example. Furthermore, resources have a set of capabilities
assigned that define the type of jobs that can be executed. At the same time, re-
sources are often integrated into an overall resource hierarchy, such as equipment
groups, areas, and facilities, and are linked with related resources. Machine/tool re-
lations would be an example of this type of link. In addition to the equipment model-
related master data, resource management has to cover the subtasks of recipe and
parameter management.

The second aspect of resource management is related to the run-time behavior of
resources. The resource tracking task performs bookkeeping on any relevant dy-
namic data related to resources, including information on jobs and recipes executed
on the resource, state changes based on the resource model and maintenance-related
information. The tracking task makes use of events that are gathered online from re-
sources or manually logged at user terminals. If the physical resource starts process-
ing, for example, a corresponding event is either automatically or manually logged
for the resource, together with a time stamp. Upon receipt of this event, resource
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management will update the corresponding resource state model, i.e., transition it
from “idle” to “processing,” and store the event in the history to allow for further
analysis. The updated state information is visible for other MES tasks. Up-to-date
resource information is an important requirement for realizing complex automation
scenarios with the MES, as other MES tasks, especially the detailed scheduling func-
tionality, rely on this data. Furthermore, resource management plays an important
role in the process of resource allocation, especially for the appropriate setup of re-
sources before some production job is executed on the resource. The setup comprises
anything that is required in addition to the pure resource in order to process the job,
such as the appropriate tools, tensioning media, recipes, and parameters. In the case
of fully automated scenarios, the setup is performed automatically, e.g., the durables
are requested from connected logistics systems, and recipes and parameters are
downloaded to the resource. As soon as the setup is complete and material is loaded,
remote-controlled resources can even be automatically started via resource
management.

The third aspect of resource management is also related to the run-time behavior
of resources and is mainly concerned with the availability of resources. Resource
properties reflecting the qualification state are continuously monitored, such as
the operating hours, the number of production jobs executed, or even specific
resource- or process-related properties. If limits defined within the master data
model are exceeded, requalification of the resource is triggered to ensure the
resource does actually provide the expected process capability. Similarly, the main-
tenance state of resources is monitored. Based on data collected from the resource
and corresponding rules maintained in the form of resource master data, preventive
or predictive maintenance strategies can be implemented in order to control the
availability of resources to the maximum extent.

With a preventive maintenance strategy, maintenance activities would be trig-
gered as soon as predefined threshold values of given resource properties are
exceeded. Exchanging the coolant after a given number of operational hours would
be an example for a preventive maintenance strategy. If required, the resource is
locked for productive use until the maintenance job has been executed. In the
case of a predictive maintenance strategy, resource parameters are monitored, corre-
lated, and evaluated against a set of rules. Maintenance tasks are triggered based on
the evaluation results at the best-suited point in time before the resource breaks. The
idea of this approach is to reduce the amount of waste that is potentially generated by
implementing a purely periodic maintenance strategy, while securing a well-known
level of availability for the set of resources. For the coolant example, this would
mean changing the coolant only after required material properties have changed,
which are continuously monitored. In the event of a resource breakdown, which
causes an unscheduled downtime in contrast to the scheduled downtime triggered
by preventive or predictive maintenance activities, a maintenance request needs to
be generated based on the corresponding resource state change. Additional data
acquired from the resource can be linked to the maintenance request in order to
speed up the error detection and repair process.
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MATERIAL MANAGEMENT
Material management involves all tasks related to material logistics in production.
Special focus is put on the WiP management. WiP comprises material that is not
residing in managed inventories, i.e., raw material, partially completed material,
and final products. Similar to resources, material has a set of properties that are
monitored while it is transferred from the raw state toward the final product. The ma-
jor properties of a material are its ID, its location, its quality, and its quantity. The
material ID allows the unique identification of an entity of material, based on a serial
number, for example. Due to the amount of data that needs to be handled if single
entities of material are individually tracked and due to the fact that many processes
treat multiple entities of material at the same time, the concept of lots (batches) is
frequently used to group materials for tracking. Multiple entities of material are
grouped to a lot, which has an ID assigned. In addition, lots can have similar prop-
erties as single entities of material, such as quality, quantity, and state. Managing lots
is part of the material management domain, which includes the tasks to create, to
split, to merge, or to terminate them. Create supports the process of building lots
from single entities. Split divides a given parent lot into multiple children. Merge
combines multiple lots into a single lot. Terminate removes the lot from the system.

Maintaining the history of lots or single material entities is a major task within
the material management domain, which is also referred to as material tracking or
WiP tracking. These terms describe the process of documenting the complete history
(genealogy) of lots or single entities of material within production. The history con-
tains information such as links to raw material data, information on the equipment
the material has been processed on, process data that have been collected while pro-
cessing the material on the equipment, information on quality and quantity after
each process step, and material-related measurement and inspection data. These
data are recorded with time stamps and thus lay the foundation for a comprehensive
material-related audit trail, which is an important building block for implementing a
traceability strategy.

Like the resource states, the material state, which is continuously updated while
generating history information, is an important input parameter for the detailed
scheduling functionality, as it contains relevant data from an operations perspective.
Some examples for material state-related information that needs to be considered for
operations are:

1. Material might be locked for further processing (on hold). The hold status is set if
quality problems are detected that need further investigation, for example.

2. Time constraints caused by specific process properties might require the next
process step to occur within a given time window or after a minimum waiting
time. If such constraints are violated, this might result in scrap.

Furthermore, information on available material quantities and material locations
needs to be evaluated for planning and operations. However, material management
does not only monitor material movements, it also triggers material movements by
internal or external logistic systems.
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LABOR MANAGEMENT
The task of labor management is closely related to resource management. It takes the
specific properties of “human resources” into account and supports the task of allo-
cating sufficient personnel with the right level of qualification on schedule for the
production. Similar to the resource management domain, the run-time functionality
is based on a set of master data for single employees, groups of employees, and the
organizational structure. Typical attributes of a single employee are the personnel
ID, name, qualification, or certification, etc. Furthermore, the availability of
personnel is maintained in the context of the deployment scheduling.

Based on the master data described above, personnel-related status information
needs to be maintained. Time recording allows for gathering information on the
actual availability of staff and the jobs or tasks executed within this time frame.
This information is required as a basis to implement complex work schedule and
wage models, including flexible working hours, piecework models, etc. Tracking
the association of staff information with production jobs constitutes another building
block for implementing traceability strategies, as it documents who did what and
whether the person who performed a given job or task had the right level of quali-
fication or not. Functionality supporting the resource deployment gives an overview
on the available staff capacities, provides support to manage these capacities, and
helps to assign jobs and tasks to personnel in an efficient and effective way.

DATA COLLECTION AND ACQUISITION
The availability of data of sufficient quality with little delay from production is an
important prerequisite for all of the MES tasks discussed earlier (and those to be
described later). Data collection and acquisition realizes the connectivity to the
manufacturing processes with a suitable maximum delay. Thereby, it lays the foun-
dation for an up-to-date, correct, and consistent process image of the situation in pro-
duction within the MES. This image is used to monitor and control processes in
production in real timedas described in other MES tasks. The meaning of “suitable
delay” and “real time” depends on the actual monitoring and control problem to be
solved. Usually, the minimum response time on the MES level is of the order of
magnitude of a few seconds.

Generally, three approaches to data collection and acquisition can be distin-
guished: manual, semiautomated, and automated data collection. In the case of
manual data collection, an operator manually enters data records using some kind
of input device. Manual data collection is frequently performed using electronic
forms that the operator has to complete at a user terminal. Semiautomated data
collection needs manual interaction by a userdhowever, part of the data is acquired
automatically. Data collection using barcode guns or radio frequency identification
readers are examples of semiautomated applications. Automated data collection
requires the implementation of suitable IT interfaces for data acquisition. The
collection is either triggered by events that occur within the data source or by cycli-
cally polling the data source. Sophisticated mechanisms have been designed to
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specify both the amount of data to be collected and the frequency, based on the cur-
rent need. The concept of data collection plans allows users to dynamically deter-
mine the data to be collected for a given process. The user specifies the collection
plan by selecting process variables to be monitored from a set of available variables
and the desired collection frequency. As soon as the plan is activated on the corre-
sponding resource, the selected data are available through the IT interface.

Whenever raw data are collected, it needs to be checked for plausibility and con-
sistency before being further processed. These checks are required independently of
the approach used for data collection. As correct and consistent data are an important
prerequisite for successfully operating an MES, these checks are considered to be
part of the data collection and acquisition task in order to prevent the further process-
ing of incorrect data. After performing the plausibility and consistency checks, most
of the data records collected have to be preprocessed and consolidated to simplify
the downstream tasks. Converting dimensions or evaluating counters to physical
values are two examples of consolidation and preprocessing steps.

PERFORMANCE ANALYSIS
Performance analysis targets the evaluation of the performance on the shop floor,
both short term and long term. Thus, it provides support for establishing control
loops to influence operations on the one hand and to optimize processes in the
long run on the other. Data that have been collected by the MES are consolidated
to suitable key performance indicators (KPIs) that lay the foundation for further
analysis. These KPIs can be compared against organizational and technical targets:
suitable corrective actions are derived from the results, if necessary. The following
list provides a set of examples of KPIs that are used throughout many industries:

1. Cycle time. This is the analysis for all components of the cycle time for jobs,
including nonproductive time, and the sum of these components.

2. Equipment utilization. This is the fraction of time the equipment is performing
its intended function during a specified time period [3]. Measurement of the
remaining capacity of equipment or workplaces provides the ability to detect
bottlenecks.

3. Overall equipment efficiency (OEE). This is the fraction of the total time that
equipment is producing effective units at theoretically efficient rates [4]. This is
used widely to measure process efficiency.

The following explanation for OEE calculation is given in order to visualize per-
formance analysis and its relevance and application of results. To do so, some theo-
retical foundations have to be given: The OEE is the product of availability
efficiency, performance efficiency, and quality efficiency (refer to Table 1). Thereby,
availability is defined based on the time, during which the equipment is in opera-
tional mode, i.e., not in unscheduled or scheduled down mode which applies, e.g.,
for maintenance and repair activities. Further availability losses are caused by
nonscheduled times such as unworked shifts, shutdown, or start-up times. The
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performance of an equipment is affected by standby engineering times, when pro-
cess experiments or software qualification is executed, standby times when, e.g., re-
sources are not available as they are needed, and productive times, when regular
production is executed. The rework and scrap occurring during such productive
times is the basis for calculation of the quality efficiency.

Based on the monitoring and analysis of the theoretical production time for
effective units and related performance figures, there are numerous ways to make
use of these results and to trigger corresponding actions. In the simplest case, the
results are incorporated into management reports and lay the foundation for further
decisions. This is especially true for the long-term case. For the short-term case, the
results of the performance analysis could automatically trigger actions within the
system such as updates to dispatching and scheduling decisions or could be fed
into the dashboards of control centers or information systems on the shop floor to
trigger immediate action by operational personnel.

QUALITY MANAGEMENT
The quality management task supports organizations in reaching the required level
of product and process quality as far as the shop floor is concerned. It comprises the
aspects of quality planning, management of test equipment, and quality inspection.
Quality planning requires a variety of input data from previous process stages in the
product life cycle on the one hand and overall quality targets on the other that define
the requirements for quality inspection. Test plans need to be transformed into suit-
able system configurations to ensure that routes and data collection plans are appro-
priately set up and that the data acquired from the shop floor are evaluated as needed.
The sampling functionality is responsible for selecting lots or single products for

Table 1 Overview on Equipment Times and Efficiency Losses

Nonscheduled Time
unworked shifts, shutdown/start-up, etc.

Availability Efficiency Losses

Unscheduled downtime
Repair time, maintenance delay, etc.

Scheduled downtime
Production tests, preventive maintenance, etc.

Engineering time
Process experiments, Software qualification,
etc.

Performance Efficiency Losses

Standby time
No operator/product/support tool, etc.

Productive time
Regular production, work for third party,
Engineering runs

Quality Efficiency Losses

Theoretical production time for effective
units
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quality inspection based on sampling plans that need to be configured according to
the test plan. A simple sampling plan could define every 50th lot to be inspected, for
example. Dynamic sampling is an extension that allows for dynamic adjustments of
sampling plans at run-time. The sampling rate could be automatically increased, if
issues are detected in production that might affect quality, for example. Quality
assurance processes and measures need to be modeled within the MES system in or-
der to enforce and to document their execution. Access control based on the current
certification level of operators, the ability to issue directives to operators that need to
be confirmed after reading, and quality gates are examples of measures to be sup-
ported by the MES environment. Managing test equipment is closely related to
resource management. However, some specific characteristics of test equipment
have to be taken into consideration. Especially, the support for calibration trace-
ability needs to be taken into account.

Another aspect of the quality management task is related to documentation,
reporting, and control. Depending on the quality management system, correspond-
ing documentation has to be generated which confirms that the defined quality
assurance measures have been properly executed. The quality information
collected lays the foundation for reporting the level of quality reached and thus
allows for implementing countermeasures early, if issues are detected. Sample
data collected can be evaluated using the methodology of statistical process control
(SPC). SPC provides the means to monitor processes and thus to detect possible
quality issues and to correct them in the early stages of the overall production pro-
cess for a product. The methodology of fault detection and classification (FDC) is
used to analyze quality-related data, to detect and recognize possible issues, and to
derive suitable actions from these issues. Example actions that could be triggered
automatically are:

1. Put lots on hold;
2. Stop process equipment.

INFORMATION MANAGEMENT
Information management is a cross-sectional task that is built on top of the tasks that
have been described earlier. It makes use of data and context information available in
the system, provides suitable views of the datadboth for users as well as for other
MES tasksdand complements this information by suitable reports and evaluation re-
sults. Furthermore, the task of information management has an active componentd
it responds to events reported from production in real time. Both aspects lay the foun-
dation for establishing complex control loops for production that take a variety of
parameters into account.

Suitable views providing information in the appropriate context are not only rele-
vant for management reporting, production management, and control or quality
assurance, they also provide the tools required to implement paperless production
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concepts or at least strategies that require a minimum amount of paper in production.
Replacing paper-based lot travelers by electronic lot travelers is one element of
paperless strategies. A lot traveler contains basic properties of the lot, such as: its
ID and priority information; information on the route to be used, i.e., the process
steps to be performed; and additional information to be considered by the operator.
Furthermore, it is often used to collect feedback from production, such as the signa-
tures of operators confirming that certain instructions have been executed, quality
inspection results, process data, etc. An electronic lot traveler provides users with
the type of information required in a given context using IT systems. In this case,
“context” could mean a given job at a given equipment instance. Other views could
provide operators with specific information on quality trends achieved at a particular
work station which would help to achieve a constant level of quality. The capability
to access relevant documents in a given context, such as drawings, manuals, and
work instructions, helps operators to work efficiently and effectively.

The ability to design, execute, and monitor workflows for the shop floor envi-
ronment that allow the guidance of operational sequences on the shop floor is a
major task to be supported by the MES. These workflows describe sequences of
actions, roles, and responsibilities and drive all operational sequences in a defined
way. Implementing this task might require the MES to support additional classes of
master data, if this data cannot be supplied by other tasks or external systems.
Exception management is an additional subtask of information management. It tar-
gets the automatic resolution of exceptions that occur in production, if possible, or
at least the support of users for resolving exceptions. Semiautomated exception
resolution would provide responsible users with information on possible corrective
actions and generate exception notifications for these users by E-mail or short mes-
sage service, for example. More sophisticated approaches to influence production
based on collected information are covered by the methodologies of advanced
process control (APC). This term covers a variety of process control methods
and tools, such as SPC and FDC as described above, run to run (R2R) control,
and others.

MES IMPLEMENTATION AND INTEGRATION INTO THE
PRODUCTION IT
There exists a variety of approaches to implement MES solutions supporting the
tasks described above. In most cases, these tasks will not be supported by a single
system, but rather by a collection of cooperating systems. Furthermore, the set of
implemented tasks heavily depends on the requirements of the industry or group
of industries that a given solution targets anddmost importantlydthe specific re-
quirements of the organization to be supported. The same holds true for the
complexity of the IT landscape and the enterprise architecture of the production
IT environment. In the following, two approaches for MES implementation and inte-
gration into the production IT are given.
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COMMON HIERARCHICAL IT INFRASTRUCTURE
Figure 5 shows a simplified example of a production IT environment that contains
some typical concepts used. It is based upon the hierarchical structure shown in
Figure 4.

1. The bottom-most layer is the equipment layer. Equipment provides one or
multiple manufacturing process capabilities that are monitored and controlled
by internal process control systems, such as programmable logic controllers
(PLC), computer numeric controllers, embedded PCs, or industry PCs (IPC).
Typically, these control systems are connected to sensors and actuators using
standardized field bus systems, such as PROFIBUS and CANopen. Depending
on the complexity of the equipment, it might again use a hierarchical IT
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infrastructure internally. Examples of complex equipment would be cluster
equipment, automated lines, or transport systems. Equipment is able to auton-
omously control at least their basic process capabilities using these internal
control systems. IT interfaces (in Figure 5 marked as “Equipment Interface”)
expose selected properties of the internal control system of the equipment to the
outside world. In the simplest cases, the interfaces provide access to data
available within the internal control system, such as process variables that
contain sensor results. Furthermore, such interfaces can provide notification of
events or alarms that occur within the equipment, configurable data collection
based on collection plans, remote control, and other capabilities. Sufficient
equipment interface capabilities are an important prerequisite for supporting the
tasks described above on the MES layer. For this reason, they provide a broad
field for standardization, which will be described in more detail in the following
section.

2. The equipment automation (EA)/equipment integration (EI) layer connects
equipment to IT systems on higher layers by using the equipment interfaces
discussed earlier. The main goal of the EI is to provide a common view of all
types of production equipment to be monitored and controlled within the factory
and to connect equipment to the factory communication system (usually
Ethernet based). Thus, it implements part of the resource management tasks. At
the same time, several of the data collection and acquisition-related tasks
described earlier are implemented on the EI layer, such as unit conversion and
data verification. EA refers to the implementation of equipment (type)-specific
operational scenarios, i.e., it provides the IT support required to execute process
steps of equipment in a defined way at a given instance. These scenarios
comprise equipment-related material logistics, material verification, setup in-
structions, remote control commands, and data collection, for example. User
interface clients are attached to single items of equipment or to groups of
equipment, if operational scenarios require user interaction or supervision.
These user interface clients support the information management tasks in the
context of a given item of equipment or equipment group. In many installations,
the EA/EI components and the user clients are either deployed on dedicated PCs
or IPCs for single items of equipment or equipment groups or deployed on
larger server systems within the factory’s computational center.

3. The majority of tasks described above are implemented on top of the EA/EI
layer. Older implementations of MES solutions followed a rather database-
centered approach and were usually based on mainframe technologies. This
turned out to be a limitation during recent years, especially in terms of agility.
One of the nonfunctional requirements to be taken into account for imple-
menting MES solutions is the ability to change, i.e., to support new
requirements. Reasons for change and new requirements are the introduction of
new technologies, new equipment, new products, and process improvements,
for example. Furthermore, there is a need for horizontal integration within the
manufacturing and control level. Due to the variety of tasks to be supported,
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there is usually the need to integrate multiple applicationsdin many cases even
from different suppliersdin order to realize the required level of IT support for
production. However, all applications require a correct and consistent view of
the current situation in production. Both issues were not sufficiently supported
by the old mainframe solutions. Fortunately, current state-of-the-art architec-
tures promise to do better. To use the paradigms of a service-oriented archi-
tecture (SOA) looks particularly promising: the MES tasks described above are
implemented by a collection of independent services. Each service covers a
well-defined functional scope (such as recipe management) and exposes its
capabilities through public service interfaces. In order to implement a given
business process in production, a corresponding set of services needs to be
orchestrated, i.e., to be combined, in the right way. This approach does not only
improve agility, as services can be rewired or complemented by additional
services to support changing requirements, it also greatly simplifies both hor-
izontal as well as vertical integration within the production IT landscape.

OUTLOOK TOWARD INTELLIGENT, NETWORKED PRODUCTION
Beyond the hierarchical IT infrastructure described above, the trend toward net-
worked production based on CPS (cyber-physical systems) and cloud computing
currently increases. The underlying concepts are based on the exploitation of the po-
tential provided by the integration of additional intelligence and network capabilities
to manufacturing infrastructures. To realize this, mainly the following approaches
are considered:

• Uncoupling the hardware infrastructure from the logical, in most cases still
hierarchically ordered, software functionalities: Running software in cloud in-
frastructures while the related hardware or processes are operating on shop floor
level is currently mainly implemented for applications which are not depending
on real-time capabilities, i.e., it applies, e.g., for data collection, MES, and
enterprise level features. As soon as there apply real-time requirements for
communication between control software and connected sensors and actuators,
this has to be considered during the overall IT infrastructure setup which
currently excludes remote cloud infrastructures to be used for this purpose [5].

• Integration of additional intelligent components to the manufacturing envi-
ronment: The term of CPS emerged during the past years also in the pro-
duction domain. It stands for the integration of sensors, actuators, and software
functionalities into one system while considering security and networking
aspects [6]. For manufacturing, those systems are, e.g., implemented in the
form of smart carriers, or by enhancing existing manufacturing equipment,
transport systems, etc., with additional intelligence, i.e., sensors and IT
features, in order to provide additional information and services to the MES
and enterprise level.

• Closer integration of existing IT systems such as MES, APC, ERP, CRM,
CAx systems, etc., in order to generate additional knowledge and context
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awareness: In addition to accessing additional data sources such as CPS, the
integration of existing systems provides potential for the exploitation of existing
data by interlinking the systems in order to identify, e.g., additional
interdependencies among processes and conditions which are currently not
considered to be related to each other by the corresponding stand-alone IT systems.

All of these efforts have in common that they intend to enable or support addi-
tional intelligence and flexibility in manufacturing.

When focusing on intelligence, those systems are the basis for additional IT sys-
tems for data analysis and decision-making which contribute to the optimization of
manufacturing environments. However, the potential of these emerging technologies
strongly depends on the applications for which they are implemented. Their benefit,
for example, can be related to an added value which could be provided to customers
such as full traceability of products, or to cost reductions, i.e., increased
manufacturing efficiency.

Flexibility with regard to products or processes is mainly supported by intelligent
components which are providing self-descriptions to enable fast integration and
(re-)configuration, and by additional software components supporting this. The
benefit provided by them is mainly shorter ramp-up times. However, their potential
strongly depends on the degree of standardization throughout automation levels and
industry branches.

PRODUCTION IT STANDARDIZATION
As shown in the preceding sections, establishing a pervasive shop floor IT environ-
ment requires a variety of software systems to cooperatedstarting from the enter-
prise layer down to the equipment layer. For each type of software system, there
exists a variety of products and suppliers in the market. Therefore, accepted and
implemented industry standards turn out to be an important enabler for realizing pro-
duction IT environments. Among others, standards are created to serve the following
goals:

1. They provide common definitions of important terms and concepts and thus
facilitate a common understanding, which is especially important for the
specification phase of MES solutions.

2. They define system classes and their scope and thus create transparency
regarding the capabilities of a given system class.

3. They provide unified interface definitions and enable or simplify the task of
integrating different systems, even if they are provided by different suppliers.

Standardization activities are performed throughout all layers of the shop
floor ITdusually based on specific needs. There exists a variety of organiza-
tions that provide platforms for standardization that have to be considered in
the shop floor IT environmentdsome of them targeting on specific industries
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(e.g., Semiconductor Equipment and Materials InternationaldSEMI [7]), some
of them approaching cross-industry topics (e.g., Manufacturing Enterprise Solu-
tions AssociationdMESA international [8]), others focusing on specific technolo-
gies (e.g., Internet SocietydISOC [9]). The following sections give a rough
overview of selected organizations and standard collections in the shop floor
IT areadboth on the factory automation layer and on the equipment automation
layer.

GENERAL PRODUCTION IT STANDARDS
Several organizations have made a number of attempts over the last few years
to create extensive standard frameworks or reference models describing
approaches to realize a pervasive production IT landscape that integrates well
with the overall IT landscape within the enterprise and thus supports the goal
of process optimization described at the beginning of this chapter. One approach
that shaped the discussion for several years, especially in the early 1990s, was
the “Reference Model for Computer Integrated Manufacturing (CIM)” [10]. This
describes a hierarchical IT architecture that is built up from six levels based on the
scheduling and control hierarchy and has been designed as a guideline for estab-
lishing a vertically integrated production IT landscape. Although the concept
has not yet been implemented to its full extent, it served as a basis for many suc-
cessors. In 1997, MESA [8] presented a definition for MES, which is still consid-
ered to be valid, and its potential scope by describing a set of 11 functional groups.
The scope of a concrete MES solution was defined to be a subset of the potential
scope based on the user’s priorities and requirements. A few years later, in 2000,
ISA-95 Part I was published. This is based on the concepts of CIM (especially the
scheduling and control hierarchy) and focuses on the specification of interface
between business systems and manufacturing operations and control systems.
Furthermore, ISA-95 integrates the functional groups defined by MESA to
describe the functionalities of the manufacturing operations and control, i.e., the
MES, level. ISA-95 Part II [11] and Part III [12] followed later and complement
Part I with the detailed specification of the data model on the one hand and the
activity model and dataflow specification for the manufacturing operations and
control level on the other. VDI 5600 [2] is currently the latest standard in this
series. It comes from a task-oriented view of the MES that rather reflects the user’s
perspective than the system perspective and updates and extends the MESA MES
model.

EQUIPMENT INTERFACE STANDARDS
An important prerequisite for implementing several requirements described in the
preceding sections is the ability to communicate with process equipment in order
both to remotely control the equipment and to acquire a variety of data from the
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equipment, such as operational data, machine data, and process data. As a factory
usually houses equipment from a variety of suppliers, the effort to connect them
to the production IT environment of a given factory is comparably high, as a specific
connector has to be implemented for each equipment type. This is where the idea of
the definition of a standard IT interface for equipment, as shown in Figure 5, comes
into play.

One of the standard frameworks that is frequently used to integrate equipment
with higher levels of the production IT landscape is the OPC [13] framework. In
the past, the OPC standards enabled basic data access between MES level and PLC
level. However, during the past years, the OPC UA (OPC Unified Architecture) stan-
dard has been emerging. It provides the ability to access shop floor data on MES and
enterprise level via Web services while it also fulfills real-time requirements which
apply for communication with the devices and related sensors and actuators [14].

To do so, the standard specifies abstract services such as session, query, method,
or subscription, an address space model, an information model, and the mapping of
the abstract services to concrete technologies such as UA native, Web services, etc.
A further advantage of OPC UA in comparison to other PLC-level communication
standards is that it deals with security issues.

However, for further discussion, an industry-specific framework from the semi-
conductor industry has been selected, as it refers to industry-specific communication
standards. It provides a comprehensive approach, which can serve as a generic
example. Figure 6 (based on Ref. [15]) gives a compressed overview of the standards
framework that is widely used in the semiconductor industry. The communication
protocol defined by E5 lays the foundation of the standard framework. Today, it is
usually bound to a TCP/IP-based message transport layer according to E37
(HSMS-SS), which enables communication with equipment using a unified message
format. While this protocol basically allows for the communication of a host system
with an equipment instance, it leaves the supplier with a high degree of freedom
regarding the actual implementation of the interface. For this reason, the effort for
integrating equipment into the shop floor IT still turned out to be rather high.
Furthermore, different interface implementations provided largely varying capabil-
ities that needed to be taken into account. To overcome these limitations, additional
standards have been added on top of E5. The “Generic Model for Communications
and Control of Manufacturing Equipment” (GEM) defines the semantics of the inter-
face, i.e., the behavior of the equipment from the IT interface perspective. This step
led to a significant reduction of the effort required for the integration of equipment
and allowed for the introduction of standard compliance tests. E30 is complemented
by a standard for recipe management and standards for specific equipment models.
While E30 contains specifications that have to be considered for all types of semi-
conductor equipment, specific equipment models comprise equipment characteris-
tics and behavior definitions that have to be implemented in addition to GEM for
specific equipment types only, for example, transport systems: these take the specific
needs based on the equipment type into account.
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The standard framework is completed by the family of GEM300 and a couple of
auxiliary standards. As the transition from 200 to 300 mm wafer processing was
accompanied by the demand for a higher level of automation, the requirements
for additional automation capabilities on top of E5 arose and led to the definition
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of these standards, such as the capabilities to manage carriers or to track substrates.
Additionally, there was an increasing need to acquire data from process equipment.
The family of Equipment Data Acquisition (EDA) standards has been created to
meet these requirements. The EDA stack is implemented in parallel with the
GEM/SECS (SEMI Equipment Communication Standard) interface, is limited to
data acquisition and allows an arbitrary number of clients to acquire data from
equipment based on Web technologies.

CONCLUSIONS
Today, it is virtually unthinkable to operate state-of-the-art manufacturing facilities
without a variety of IT systems supporting production. Several classes of IT systems
can be found over the different layers of these facilitiesdfrom enterprise resource
planning systems as an example on the enterprise management layer down to pro-
grammable logic controller-based applications on the manufacturing processes
layer. The term MES usually refers to a collection of integrated software applica-
tions that is located between those two layersdon the manufacturing operations
and control layer. On the one hand, the MES ensures the right level of information
transfer between upper and lower layers and thereby supports the integration of pro-
cesses on the shop floor into the overall business process framework. On the other
hand, the MES provides a rich set of functionalities to optimize operations on the
shop floor in different dimensions, such as product quality, resource utilization,
and the adherence to delivery dates. A variety of standards have been created in
different industries to enable and simplify the setup of the MES environment. Look-
ing at the potential provided by an MES, the relevance of this topic in the area of
micro-manufacturing will continue to grow in the future.
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INTRODUCTION
Nanotechnology and micro-manufacturing and the production of nano-materials is a
rapidly developing field with great scope for innovation and development. For
example, the US government increased their expenditure for nanotechnology from
$464 to $1554 million between the years 2000 and 2008 [1]. However, the economic
potential of nanotechnology has not only been recognized by the United States with
the EU investing $1.7 billion in nanotechnology research and development in 2008
[2]. To guide the research and development of nanotechnology-related activities, the
National Nanotechnology Initiative (NNI) was established in 2000 by the US
Government. The NNI define nanotechnology as “the understanding and control
of matter at dimensions between approximately 1 and 100 nm” A nanometer is
one-billionth of a meter. To give some perspective to this size, a sheet of paper is
100,000-nm thick and the average finger-nail grows 1 nm a second. The use of nano-
technologies is evident in a wide range of disciplines such as science, engineering,
and technology and can be used in a wide range of applications including measuring,
modeling, and imaging. An example of how nanotechnology has impacted on
modern-day life is the use of nanotechnology in nano-engineered batteries. Such
technologies have contributed to the explosion of portable electronics and revolu-
tionized how we communicate [3]. Nanotechnologies are also impacting health
care and revolutionizing the way we treat chronic disease, among other things.
For example, the use of nanotechnology has allowed the development of oral chemo-
therapy, which will enable “at home” treatment for cancer [4]. Not only will this
include the ease at which patients seek health treatments but it may also enable a
reduction of side effects which are currently often experienced by those living
with cancer. Current chemotherapy regimes are delivered using IV infusions/
injections with high doses, often causing peaks above the maximum tolerable
concentration of the drug in the plasma [4]. Such peaks can cause serious side effects
[4]. Oral chemotherapy could maintain a sustained moderate concentration, which
would avoid high peaks above the maximum tolerable concentration. The develop-
ment of an oral chemotherapy regimen has only been possible through the use of
nanotechnology. More pertinently, our bodies are designed to protect us from
external toxins, so many drugs (especially anticancer drugs) are not absorbable in
the gastrointestinal tract. Nanotechnology has been researched and applied to
drug formulation and drug delivery in order to overcome these difficulties. Just
from the few examples outlined here, it is easy to understand the potential impact
that nanotechnology can have across varied aspects of everyday life. However,
despite the benefits of nanotechnology, we still do not know enough about the
long-term impacts of such techniques. In particular, knowledge of exposure rates
as well as the potential environmental impacts of nano-materials is limited.
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Therefore, there is a clear need for in-depth research to establish a fuller understand-
ing of the benefits and drawbacks of nanotechnologies compared with conventional
technologies.

NANO-MATERIALS AND THE ENVIRONMENT
Little is currently known about the impact of nano-materials on the environment and
society. The environmental impact of nanotechnologies is particularly interesting as
Dhingra et al. [5] outline that the apparent benefits of nano-enabled products are
often discussed and focused on while the environmental impacts upstream and
downstream of the life cycle often get ignored. Kim and Fthenakis [6] summarize
the importance of considering the environmental impact across the full life cycle
of nanotechnologies in their review of the current evidence base. They summarize
that most reviewed studies suggest that the cradle-grave energy demand and global
warming impact from nanotechnologies are lower than from conventional technol-
ogies. This evidence is a belief held by many people as nano-materials are used in
small amounts to improve functionality and offer increased energy efficiency.
However, in-depth analyses of the findings suggest that nano-materials have high
cradle to gate energy demands per functional unit and therefore have higher global
warming potential when compared with conventional materials and processes.
These higher energy demands, early in the life cycle, are attributed to the energy
intensive synthesis processes or additional mechanical processes that are needed
to reduce particle size. Kim and Fthenakis (2013) conclude that depending on the
synthesis method, it could take anywhere from 1 to 900 GJ per kilogram (GJ/kg)
of energy to produce carbon-based nano-particles. In contrast, it would only require
around 200 MJ/kg for aluminum, a material often used prior to the development of
nano-materials. Such an energy-intensive phase of development will have a large
impact on the environment and potential to harm human health. Overall, nanotech-
nologies can be considered energy and resource intensive due to the stricter purity
requirements, lower process yields, repeated processing/postprocessing, use of toxic
or acidic chemicals and organic solvents, the need for moderate to high vacuums,
and the use of or generation of greenhouse gases [7]. For this reason, it is imperative
to investigate the potential impact of nanotechnologies and consider the impact
across the full life cycle of the materials/products. Life cycle engineering (LCE)
is the primary methodology to investigate the impact of materials and processes.

THE PRINCIPLES OF LCE
LCE is a methodology for the assessment of the environmental and economical
impact of products, usually considering their whole life cycle: production, use phase,
and end of life. The analysis is conducted taking into account technical boundaries
(technical feasibility).
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LCE is structured by life cycle assessment (LCA) and life cycle costs (LCC),
devoted to the analysis of the environmental and economic impact assessments.

THE LIFE CYCLE ASSESSMENT
“LCA studies the environmental aspects and potential impacts throughout the prod-
uct’s life (i.e. cradle to grave) from raw materials acquisition through production,
use and disposal. The general categories of environmental impacts needing consid-
eration include resource use, human health, and ecological consequences.” ISO
14040.

LCA is a technique used by industry, environmentalists, governments,
researchers, and commercial organizations to identify and measure the cumu-
lative environmental burdens associated with industrial processes during a complete
life cycle. An LCA does not include economic (or social) parameters but only
takes into account those physical phenomena that may produce significant
changes in terms of energy consumption, raw materials use, and waste production
as outlined in Figure 1.

The manufacturing industry requires inputs of raw materials and fuels for the
generation of useful products. At the same time, outputs in the form of air emissions,
water emissions, and solid waste are also produced. Additional inputs of raw mate-
rials and fuels and outputs of waste materials may be associated with a product dur-
ing its lifetime (including transportation, selling, use, maintenance, etc.), even when
disposed of at the end of its useful life. Several initiatives to set up a concrete LCA
methodology started in the early 1990s, when some handbooks and calculation tools
were published and widely used by researchers. The most famous manuals are the

Steel life cycle
Source: World Steel Association (worldsteel)

End of life/Recycling

Manufacturing

Steel production

Use phase

Raw material extraction Postconsumer
scrap

Preconsumer
scrap

FIGURE 1

Example of life cycle taken from the World Steel Association.
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ones from Environmental Protection Agency (EPA, USA), Centre of Environmental
Science in Leiden (the Netherlands), and Society of Environmental Toxicology and
Chemistry (SETAC, USA).

The ISO Technical Committee 207 SC 5 has published the ISO14040 series, in
order to internationally standardize LCA’s methodology and its main steps. The se-
ries have been recently reorganized as follows:

• ISO14040: 2006dEnvironmental ManagementdLife Cycle Assessmentd
Principles and Framework.

• ISO14044: 2006dEnvironmental ManagementdLife Cycle Assessmentd
Requirements and Guidelines.

• ISO14040: 2006 and ISO14044: 2006 have replaced:
• ISO14040:1997dEnvironmental ManagementdLife Cycle Assessmentd

Principles and Framework.
• ISO14041:1998dEnvironmental ManagementdLife Cycle Assessmentd

Goal and Scope Definition and Inventory Analysis.
• ISO14042:2000dEnvironmental ManagementdLife Cycle Assessmentd

Life Cycle Impact Assessment.
• ISO14043:2000dEnvironmental ManagementdLife Cycle Assessmentd

Life Cycle Interpretation.

The ISO14040/44 series provide a set of principles and framework, which provides
a clear overviewof the practice, applications, and limitations ofLCA to a broad range of
potential users and stakeholders, including those with a limited knowledge of LCA.

According to the International Organization for Standardization (ISO) 14040/44
standards, an LCA study consists of four phases: (1) goal and scope (framework and
objective of the study); (2) life cycle inventory (input/output analysis of mass and
energy flows from operations along the product’s value chain); (3) life cycle impact
assessment (evaluation of environmental relevance, e.g., global warming potential);
and (4) interpretation (e.g., optimization potential) (ISO 14040: 2006, ISO 14044:
2006).

More recently, the European Commission’s Joint Research Centre (JRC) through
its Institute for Environmental and Sustainability has developed the ILCD Handbook
that is a series of technical documents that provide guidance for good practice for
LCA. The ILCD Handbook further specifies the provisions of ISO 14040 and
14044 standards on environmental LCA. The ILCD system is a collection of publi-
cations, documents, and tools supporting LCA and LCI high quality data sets devel-
opment, publication, and sharing.

On the basis of the normative ISO 14040 (subspecifications ISO 14041, 14042,
14043) and the ILCD, the LCA is therefore split into four distinct phases (see below)
as illustrated in Figure 2:

Goal and scope definition
The aim of this initial phase is the identification of the decision context, application,
and target of the analysis.
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• The goal and scope phase outlines the rationale of the study, the anticipated use
of the results of the study, the boundary conditions, the data requirements, and
the assumptions made to analyze the product system under consideration, and
other similar technical specifications for the study.

• The goal of the study is to answer the specific questions that have been raised by
the target audience and the stakeholders involved, while considering potential
uses of the study’s results.

• The scope of the study defines the system’s boundary in terms of technological,
geographical, and temporal coverage of the study, attributes of the product
system, and the level of detail and the complexity addressed by the study.

• Furthermore, an additional objective of this phase is to define the function and
functional unit of the study.

Life cycle inventory
In this phase are defined indetail the different cases to be studied, its functions, the func-
tional unit (e.g., mass, amount, etc.), the life cycle stages, the environmental impacts to
be considered, the interpretation approaches, the assumptions, and the limitations.

• The life cycle inventory (LCI) phase qualitatively and quantitatively analyzes the
materials and energy used (inputs) and the products and by-products generated
and the environmental releases in terms of nonretained emissions to specified
environmental compartments and the wastes to be treated (outputs) for the
process system being studied.

• The LCI data can be used on its own to: understand total emissions, wastes, and
resource use associated with the material or the process being studied; improve
production performance; be further analyzed and interpreted to provide insights

FIGURE 2

Life cycle assessment framework according to ISO14040 and ILCD.
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into the potential environmental impacts from the system (life cycle impact
assessment and interpretation or LCIA).

Life cycle impact assessment
In this phase, the estimated inventory process data for inputs (e.g., energy consump-
tion, raw material use) and outputs (e.g., emissions to air and water, waste produced)
are elaborated. The LCI results are assigned to the selected impact categories and it
calculated the potential environmental impact in each category.

• The impact assessment is aimed at understanding and evaluating the magnitude
and significance of the potential environmental impacts of the products or
processes considered.

• It is a technical and/or quantitative process to characterize and assess the effects
of the environmental loading identified in the inventory.

Interpretation and improvement
In this phase, it is carried out as an interpretation of the LCIA results, providing in-
dications for the improvement of the environmental impact of the cases studied.

• The findings of either the inventory stage or the impact assessment are analyzed
and interpreted (consistent with the defined goal and scope) to reach conclu-
sions and recommendations.

• The significant issues (the processes, resources/emissions that quantitatively
contribute most to the results) are identified.

• The completeness, sensitivity, and consistency of the analysis are checked.
• The conclusions of the interpretation take to indications and recommendations

for the improvement, highlighting limitations, and assumptions done.

Considering the micro- and nano-manufacturing, it is important that the selection
of the impact assessment method will be used to associate the quantities of sub-
stances indicated in the LCI with the environmental burdens.

One of most widely used methods is the CML 2001 (baseline) method, which
conforms to ISO 14040 and ILCD, including the following impact categories:

Depletion of abiotic resources
This impact category indicator is related to extraction of minerals and fossil fuels
due to inputs in the system. The abiotic depletion factor is determined for each
extraction of minerals and fossil fuels (kg antimony equivalents/kg extraction) based
on concentration reserves and rate of deaccumulation.

Acidification
Acidifying substances cause a wide range of impacts on soil, groundwater, surface
water, organisms, ecosystems, and materials (buildings). Acidification potentials
(AP) for emissions to air are calculated with the adapted RAINS 10 model,
describing the fate and deposition of acidifying substances. AP is expressed as kg
SO2 equivalents/kg emission.
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Climate change
Climate change can result in adverse affects upon ecosystem health, human health,
and material welfare. Climate change is related to emissions of greenhouse gases to
air. The characterization model as developed by the Intergovernmental Panel on
Climate Change is selected for the development of characterization factors. Factors
are expressed as global warming potential for time horizon 100 years, in kg carbon
dioxide/kg emission. The geographic scope of this indicator is at global scale.

Stratospheric ozone depletion
Due to stratospheric ozone depletion, a larger fraction of UV-B radiation reaches the
earth surface. This can have harmful effects on human health, animal health, terres-
trial and aquatic ecosystems, biochemical cycles, and on materials. This category is
output related and at global scale. The characterization model is developed by the
World Meteorological Organisation and defines ozone depletion potential of
different gasses (kg CFC-11 equivalent/kg emission). The geographic scope of
this indicator is at a global scale. The time span is infinity.

Human toxicity
This category concerns the effects of toxic substances on the human environment.
Health risks of exposure in the working environment are not included. Characteriza-
tion factors, human toxicity potentials (HTP), are calculated with the Uniform Sys-
tem for the Evaluation of Substances adapted for LCA purposes (USES-LCA),
describing fate, exposure, and effects of toxic substances for an infinite time horizon.
For each toxic substance, HTPs are expressed as 1,4-dichlorobenzene equivalents/kg
emission. The geographic scope of this indicator determines on the fate of a sub-
stance and can vary between local and global scale.

The substances that contribute to an impact category are multiplied with a char-
acterization factor that expresses the relative contribution of the substance, as such it
can be seen as an equivalence factor. In Table 1, the CLM 2001 impact categories are
indicated and their units expressed in equivalence factor.

Another method used is the Eco-indicator 99 that defines damage categories. The
different damage categories have been clustered as:

Human health
This category includes the number and duration of diseases, and life years lost due to
premature death from environmental causes. The effects included are: climate
change, ozone layer depletion, carcinogenic effects, respiratory effects (organics
and inorganics), and ionizing (nuclear) radiation (unit: DALY ¼ disability adjusted
life years; this means different disability caused by diseases are weighted).

Ecosystem quality
This category includes the effect on species diversity, especially for vascular plants
and lower organisms. The effects included are: ecotoxicity, acidification, eutrophi-
cation, and land use (unit: PDF*m2yr; PDF ¼ potentially disappeared fraction of
plant species).
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Resources
This category includes the surplus energy needed in future to extract lower quality
mineral and fossil resources (unit: MJ surplus energy additional energy requirement
to compensate lower future ore grade).

The data obtained from the LCIA can be reported in impact assessment charac-
terization tables and represented diagrams. On the other hand, as above mentioned,
the different impact categories have different measurement units and are not compa-
rable. In practice, it is possible to compare the environmental burdens of different
micro- and nano-manufacturing (or products), but not to verify for the single process
or product what are the most significant environmental burdens.

In order to make the interpretation of the impact assessment easier, an impact
assessment normalization can be used to create a uniform unit for all impact cate-
gories and to show the relative contribution of all impact categories to the environ-
mental problems in a region. This is achieved by dividing the characterization results
by a reference value per impact categories (as example the reference can be calcu-
lated from the yearly emissions per inhabitant in an area like Europe).

In the LCIA, the software tools may also allow discrimination between environ-
mental impact including the overall emissions and impact excluding the long-term
emissions.

COMMERCIAL AND CUSTOMIZED SOFTWARE TOOLS
Commercial LCA and environmental auditing softwares are usually based on well-
known and reliable databases, which are used to build the LCI. The costs and the
success of these commercial tools depend on their valuable databases that make

Table 1 CML 2001 (baseline) method impact

categories and their units expressed in equivalence factor.

Impact Category Unit

Abiotic depletion kg Sb eq

Acidification kg SO2 eq

Eutrophication kg PO4— eq

Global warming (GWP100) kg CO2 eq

Ozone layer depletion (ODP) kg CFC-11 eq

Human toxicity kg 1,4-DB eq

Fresh water aquatic ecotoxicity kg 1,4-DB eq

Marine aquatic ecotoxicity kg 1,4-DB eq

Terrestrial ecotoxicity kg 1,4-DB eq

Photochemical oxidation kg C2H4
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the analysis of many industrial products and processes possible. Open source soft-
ware is available, but they may require the separate purchase of external databases.
The external databases are sometimes cost free, but the most reliable, complete, and
updated databases containing life cycle inventory of innovative materials and pro-
cesses are commercialized by annual licensing.

As example, the commercial software SimaPro8 Analyst (PRé Consultants) is
based on Ecoinvent database (www.ecoinvent.org/database), US-LCI, US Input
Output, EU and Danish Input Output, Swiss Input Output, LCA Food, Industry
data v.2. The Ecoinvent database is one of the most widely used LCA database
in the world, developed by Swiss Ecoinvent Center and itself represents the result
of a large effort to update and integrate the well-known ETH-ESU 96,
BUWAL250 (Swiss Bundesamt für Umwelt, Wald und Landschaft), and several
other databases.

To give an idea of how widely used Ecoinvent is, some examples of other LCA
softwares adopting it are outlined: GaBi, AMEEdiscover, Aveny GmbH, eBalance
(new Chinese software, www.itke.com.cn), EMIS, iPoint Compliance Agent LCA
Module, Open LCA, Quantis Suite 2.0, REGIS, Umberto, Life Cycle Tracker, Bilan
Produit, CPMLCA, Green-E, KLC-ECO, LEGEP, OGIP V, Regis, TEAM, VITRU-
VIUS, and WRATE.

The application of Ecoinvent database is not only limited to LCA, but also used
for Environmental Product Declaration (EPD), carbon footprinting (CF), Integrated
Product Policy (IPP), Life Cycle Management (LCM), Design for Environment
(DfE), ecolabeling, and other applications related to sustainability aspects.

Another well-known LCA commercial tool, suitable for the environmental
analysis innovative materials, processes, and products, is GaBi (Thinkstep,
formerly PE International): it integrates a GaBi database (developed, maintained,
and regularly updated since 1990 by PE International jointly with LBP and the
University of Stuttgart), together with other databases like the ELCD (European
Life Cycle Database, the official LCA database of European Commission provided
by EC JRC, the Joint Research Center), Ecoinvent (mentioned above), APME, and
EDIP (Denmark).

Other LCA databases that include life cycle inventory data of innovative ma-
terials are: UBA Database (Germany), DIM (Italy), ECODESIGN X-Pro (Spain),
IVAM (Netherlands), CLCD (Chinese Life Cycle Database developed by Sichuan
University and IKE Environmental Technology), IDEMAT (Netherlands),
Franklin (US), EIME (France), Esu-services database, Eurofer data sets (cost
free), GEMIS (cost free), IO-database for Denmark, 1999 (cost free), Option
data pack (Japan), ProBas (cost free), Boustead Model (UK), and Umberto library
(Germany).

Obviously this list is not exhaustive, but it gives an idea on how disperse the
data are and the degree of difficulty to carry out an LCA adopting a single database
and software tool. The recovery of inventory data became even more difficult
considering micro- and nano-materials as well as micro- and nano-manufacturing.
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It is important to consider how to conduct a comprehensive LCA. One of the
key phases to conducting a comprehensive LCA is the “interpretation of the re-
sults,” where the industrial experience and technical background of the engineers
are still playing the main role. It is not possible to carry out an effective and
comprehensive LCA, without the correct guidance from trained personnel from
well-established industries. So even if you have the best software in the world,
but you do not have a detailed understanding of the underlying processes, it
can be very difficult to interpret the results. It is exactly the same situation as
having a state-of-the-art FEM software and trying to design a race car or an
airplane without having ever done it before. The result will most probably be
disastrous.

For example, it can be observed that the inventories offer a vast amount of data
about the extraction, the refining, the casting, the shaping of most common metals
(e.g., aluminum, brass, bronze, cast iron, chromium, cobalt, copper, lead, magne-
sium, manganese, mercury, molybdenum, nickel, unalloyed steels, low alloyed
steels and stainless steels, zinc, palladium, platinum, rhodium, etc.). On the other
hand, the modern European Industries are gaining in world competitiveness by
focusing on high tech and high quality products that require development and
application of innovative materials and processes: looking from this perspective
to the available inventory databases, it is evident that there is an urgent need to
integrate more data. For example, it is difficult to find information on emerging
materials (and their production processes) for the automotive applications like
ADI cast irons (Austempered ductile irons), CGI cast irons (compacted graphite
irons), hypereutectic aluminum alloys (e.g., AS13, A390), or the aeronautic and
motorsport applications like the reinforced aluminum alloys (e.g., MMCs). Also
information on traditional and widely used aeronautic superalloys like Inconel
718 and Rene 80 are not available in most of the databases, the industries must
be refer to generic Iron Nickel data. In the area of manufacturing and micro-
manufacturing, data on both traditional and innovative cutting tools materials
and coatings are frequently not available: for example, High Speed Steel by
Powder Metallurgy and hard metal are often not considered as well as micro-
and nano-structured tool materials. Titanium alloys obtained from casting or sin-
tering processes, e.g., Ti6Al4V, that are applied by the automotive, aeronautic,
sport, biomedical, and food industries are not included in main databases. There
is a dramatic need for the data regarding micro- and nano-materials and their
manufacturing.

In order to carry out an LCA of micro- and nano-materials and manufacturing,
two main approaches can be followed: the first is to buy from the databases pro-
ducers new models customized ad hoc, the second is to personally build them. In
fact, in certain cases, the LCA softwares allow the users to build their owns models,
therefore micro- and nano-materials and manufacturing not included on the data-
bases can be “created” implementing the necessary data inputs (manually) or
combining data from other materials and processes listed. At this purpose, it is
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important to mention that main LCA softwares allow to import and export models
using common file formats (e.g., .xls,.txt,.csv,.xml), therefore, the transfer of data
from different LCA tools and databases can be attempted.

It is hard for the users of LCA software to collect reliable information about the
input resources, emissions, and by-products for micro- and nano-materials and their
processing: only the active collaboration (and information purchase) of the overall
process chain actors can lead to a successful LCI creation and comprehensive
LCIA results for micro- and nano-manufacturing.

It is clear that the European Industries and Institutions perceive a stringent need
of life cycle inventory data on micro- and nano-materials, their production filler, and
their end of life: the extensive industrial application these materials will go hand in
hand with the capability to prove their sustainability.

Two more general aspects must be considered in the evaluation of sustainability
software tools:

• the high purchase prices of state-of-the-art commercial environmental analysis
software tools and the expensive periodic updates of the databases.

• the steep learning curve to use them, as often they require basic training course
and then various advanced optional course modules.

These conditions make the access to LCA, environmental auditing of micro- and
nano-materials and manufacturing for the SMEs very difficult. Therefore, it would
be recommended that the development of cheap and easy-to-use environmental
assessment software tools and databases, having different steps of analysis
(requiring limited inputs and elaborating data quickly at the earlier design stage
and allowing more granularity at the final assessment phase). This issue is relevant
in Europe, where the SMEs are the average of the 99% of European companies, rep-
resenting more than 67% of total employment.

LCA AS A METHODOLOGY FOR PRODUCT DESIGN GUIDELINES
AND DESIGN FOR LIFE CYCLE
As mentioned above, the interpretation of the LCIA can be used to provide indica-
tions for the improvement of the environmental impact of micro- and nano-products
and processes. This powerful tool, conceived for the evaluation of existing products
and processes, can also be used for addressing the “green” design of new products and
new processes, addressing, from an environmental point of view, alternative solutions
for the most critical design steps.

In fact, LCA simulations can be conducted during the products design, adopting
estimated LCI data, and can be used for calculating and comparing the environ-
mental impact of different alternatives of product materials, geometry, quality,
etc., considering the overall product life cycle.
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This approach takes to many advantages:

• estimating the potential environmental impact of micro- and nano-products
and manufacturing since design phase.

• identification of significant issues that quantitatively contribute most to
the environmental impact of the overall life cycle.

• production and update of design guidelines for reducing the environmental
impact of the final product.

• achievement of a “green design” for life cycle.

ENERGY CONSUMPTION
Energy is needed to create, use, and dispose micro- and nano-materials as well as for
the micro- and nano-manufacturing. Each life cycle stage of a product, process, or
activity needs energy.

The energy consumption of the manufacturing processes has a relevant environ-
mental and cost impact, therefore, every intervention for reducing the energy need of
micro- and nano-manufacturing leads to double the advancement in decrease of both
environmental and economical burdens. Therefore, the consideration of the energy
consumption (or production) must be included in the LCA and LCC and it is funda-
mental to the selection of the correct energy mix.

ENERGY MIX
The energy mix is the share of various energy sources typical of a country or a
region: fossil fuels (e.g., hard coal, crude oil, natural gas liquid, gasses), nuclear,
renewables, waste, etc. Many options of energy mix are available on the LCI com-
mercial databases and the selection of one mix will impact significantly on the final
results of the environmental assessment (e.g., CO2 emissions). The location of the
product life cycle must be defined here: production, use, and end of life may
happen at same place or in different countries: for each life cycle phase must be
selected the correct country energy mix. Sometimes it is not possible or correct
to define specific locations: in those cases a more general energy mix value must
be used. This is the case of LCA of micro-/nano-materials or manufacturing
made considering the European Union territory (US, etc.), where an average
EU27 energy mix is adopted (average value of the energy shares of 27 EU Coun-
tries): this assumption is fundamental to obtain the LCA environmental impact
data that are significant at European scale and not just at the National level. Other
aspects to be considered are the electricity voltage (high, medium, low) and the
transmission network. The voltage must be selected on the basis of the electric
power supply at the micro-/nano-manufacturing production site (usually medium
voltage), at the usage site, and at the end-of-life site. The transmission network
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(grid) is the average technology used to transmit and distribute electricity and will
depend on the location of the life cycle phases and the electric voltage supplied. It
is important to outline that usually energy consumption of micro-/nano-
manufacturing is one of the main sources of environmental (and cost) impact,
therefore, the selection of correct data is dramatically important: luckily the exist-
ing commercial databases allow a great granularity in the selection of energy mix/
voltage/grit.

EMBODIED ENERGY, EMBODIED CO2
As above mentioned, the commercial LCA softwares require consistent purchase
and maintenance costs as well as personnel training effort. From this point of
view, the embodied energy analysis and embodied carbon analysis represent easy
and useful methodologies for a quick preliminary environmental evaluation, before
producing a more complete and detailed LCA.

The life cycle energy analysis (LCEA), used since late 1970s, consider the en-
ergy as the only measure of environmental impact of products. The purpose of
this methodology is not to substitute the LCA, but deeply analyze the energy attrib-
utable to products, processes, or activities. In particular (and compared), the initial
energy (capital), recurrent energy (operational), and the end-of-life energy (required
to recycle, remanufacture or dispose) of materials and products can be evaluated.
This kind of environmental analysis can be used as an example to estimate the en-
ergy use/savings over a product life, comparing energy payback periods for different
design or production solutions.

The embodied energy values can be converted in kg eq. of CO2 allowing to
consider the life cycle carbon assessment methodology and materials/products car-
bon footprint evaluation.

RELEVANT INDUSTRIAL CASE STUDIES
In this section, an example analysis carried out in an EU R&D project named
RAPOLAC (Rapid Production of Large Aerospace Components) is presented.
The project was focused on an innovative additive manufacturing technology,
called Shaped metal deposition (SMD), which is basically a near-net shape proto-
typing system licensed to the University of Sheffield that allows complex parts to
be built directly from the CAD model with minimum finishing. The system creates
components in a layer-wise fashion, depositing weld material without the need
for tooling. Complex parts can be made with improved material properties, and
it is possible for hybrid components to be created. The time and material savings
are expected to make SMD an attractive option for the manufacture of large
aerospace parts.
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No quantitative results will be presented because of confidentiality rules among
the partners, but the overall methodology will be presented.

Concerning the LCA activity, in this research project, it was decided to consider
that the manufacturing process of one element starts from the raw material and fin-
ishes with the waste treatment of the element. So it was decided to perform the
assessment of environmental impact starting from the titanium raw materials. To
produce a component, it is necessary to use the raw material and a combination
of energy to carry out the transformation. After this phase, there is the use of the
product and the recycling, if it is possible, or the waste treatment. With this last
option, it is possible to produce the energy for the same or another process. If it is
possible to reuse the material in the same process, the loop is closed, and if the ma-
terial will be used in other process or in the same but adding some other raw mate-
rials, the loop is considered open.

In the outside of the system, there is the environment and also the other process
that can be considered in the external of this process. So it is possible to divide the
life cycle in different processes and evaluation of different effects. Practically, all the
data collected from end users have been grouped in reference categories and were
inserted in the questionnaire available online in the partners server. In particular,
the tests have been analyzed in details and the data have been implemented in the
model.

In the analysis carried out, different categories of input/output have been
analyzed. In particular, the component is produced in the inner of a factory and
there is a person (or an automatic system) that must control all its operations, as
occurs in conventional plants. There is also the heat of the place where the SMD
component is mounted. In fact, the person cannot start the SMD component
manufacturing if, for example, at the inner of the factory the temperature is under
a certain value. So in this case, the heat created must come into the balance of the
environmental releases, in particular the air releases, if the heat is made with gas or
petroleum derived. The partners decided also to consider the impact of transport
because of their impact on the environmental releases. Just as an example, it is
possible to compare the situation in the factory where the transports are based on
diesel trolley with the electrical trolley: the situation is much different. In fact,
on the basis of literature reports and on the basis of historical data collected in in-
dustries, there is a different incidence on the health of the people that work, for the
pollution presence, and on the air emission at the inner of the factory. For this last
point in particular, there is the possibility to estimate also the total reduction of the
air emission of some particular gas (CO2, SO2). With the electrical power in the in-
ner of the factory, there are not the gas releases but for the production of the energy
power, there are the electric power station that create some gas emission and there is
also all the consequence of the recycle of the battery of the trolley. In the case of the
project on SMD, it has been decided not to go into too much in details of this anal-
ysis, not because of limits of the models, but for the difficulty to recover all the
necessary information and also because of the fact that the RAPOLAC process
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was in continuous evolution and some parameters were changing day by day.
Anyway a comprehensive analysis has been conducted to compare SMD with
conventional manufacturing process. The picture below shows the ARC voltage
measurements carried out during advanced tests.
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The final component was a very complex shape from the point of view of the
deposition system, and so it was possible to divide its manufacturing process in
some steps. So in the single step, it was important to evaluate the raw material
that enters and the energy applied in these phases. In the same way, it was necessary
to evaluate all the outputs in the environment.

Moreover, it has been decided to analyze in deep details the convenience of
application of some new materials also in hybrid parts.

With the goal and the scope that the process leaders have established, it has been
decided that all the common phase for the manufacturing process and the waste
treatment and the life use of the two different manufacturing processes (SMD and
traditional one) components should be removed from the study. In fact, this kind
of phase produces the same kind of environmental impact, and the differences be-
tween the two parts are not present.

HYBRID PARTS APPROACH
The Consortium decided to carry out the study considering all the steps of the
manufacturing process for the construction of the SMD conventional and hybrid
component and all the environmental impacts that are created. That means that in
order to permit a better comparison among results, the same approach has been fol-
lowed also on hybrid parts.

In the inventory analysis, the collections of all elements that can have a possible
environmental impact during the life of the SMD components and components man-
ufactured have been carried out.

In the case under study not all these kind of data were available and so a
screening of the parameters that in the SMD components (hybrid) can have an effect
on the environmental impact have been carried out.

In particular, there is a first phase for dividing the manufacturing process in some
unit process to obtain the single step for a specific study.

For the configuration of the RAPOLAC SMD component, the impact of the
electric and the hydraulic systems was less relevant (only the actuator of the ma-
chine equipped with the welding device) and it will not be considered, because the
focus of the research activity is the welding process itself. Moreover, there are no
differences between the processes for creating the electrical and hydraulic compo-
nents because at the inner of the project in the part change only one element in
term of material there are no variations on the circuit that supply to all the other
components.

The assessment starts from titanium production, evaluating the two most impor-
tant sources in order to permit the choice of the best one for the efficiency and the
environmental compatibility of SMD. A similar analysis has been conducted to
compare SMD with respect to the reference state of the art manufacturing pro-
cesses.

This study cannot be performed without considering the different energy mix.
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The energy mix varies from country to country. All the calculations on nonre-
newable energy, oil consumption, emissions, have been carried out using the Euro-
pean average energy mix. Of course in the case of setting up future productions, the
values should be corrected recalculating the chosen country and eventually going
into detail in the specific production area.

It means that an SMD factory has a different impact at the environmental level if
located in UK or Italy.

The energy mix shown above are based on the data available at the time of the
activities. So the analysis carried out into RAPOLAC have also taken into account
the difference in the energy mix country from country.

The analysis started with the comparison of two production processes for the ti-
tanium material used in SMD process.

Process (a): The raw materials disposable in the environment to obtain titanium
are different: rutile, brookite, and some different “titaniti” and in particular from
this last group the titanite. These materials are not simple to find in the envi-
ronment and with some chemical process it is possible

Electrolytic process under vacuum and creation of a sponge that, with some
heat and under pressure, produce the final traditional foundry shape of the
titanium to obtain the pure titanium
From this, the titanium is able to support all the typical deformation process
valid for the steel material (cold and hot process) enough problems (big use
of chemical products for eliminate the impurity)

Process (b): Another process able to reduce the environmental impact but it is
not yet always applied. Some balls of titanium dioxide are put on a solution of
calcium chloride and here crossed from some electricity. So there is the creation
of pure titanium with a less environmental impact.

A reduction of the chemical agent able to pollute the environment and also
the reduction of the major part of the gas produced during the reaction.
The energy absorption is also less than the first process. At the end of this
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process, there is a creation of some traditional foundry shape. From
now, there is a collection of all the traditional processes that are able to
transform the initial foundry shape in the final element. In particular,
there is two different ways for do this now: foundry process and
laminate process.

Both of these two different systems, there is the creation of an intermediate shape
and there is also some common point to reach the final shape.

Process (A): For the foundry process, there is the creation of some different part
with the press casting process and after there is the mechanical joint of these
different parts. So for this the environmental impact is the same of the initial process
because here the supplier buys the raw material from a foundry and after in some
furnace it melts this material and after with a cooling process it obtains the final
shape in a mould. So for the environmental impact, there is the creation of some
gas during this phase and there is also the use of electrical energy. The creation
of some component is necessary to obtain the final shape because it is very difficult
or impossible to create with a single mould.

Process (B): The second chance is the creation through the laminate process of
some different titanium sheet and after, with the same process of the electro-
welding, the creation of the final shape. In this case, there is no production of the
gas because the titanium is not melting but there is an environmental impact for
the electrical energy absorption. In this case, the laminate process can be applied
at environmental temperature or at hot temperature for obtain an increase of the
working thickness.

In particular for the first, there is major energy absorption for the heating of the
raw material but there is also a reduction of the energy necessary to laminate the ma-
terial. The two processes have so for a great quantity of working material about the
same energy absorption.

The SMD welding-based deposition process is for both of the processes. The
welding process has a very high electrical absorption for the environmental impact
but there are not some other particular problems. The only particular in this kind
of process is that it must be do in inert atmosphere. This atmosphere is created
with different gas like argon. In both of these cases (as also in SMD), there is
no particular problem for the human health because there are no toxic gases
and they are not dangerous. The electrical energy absorption for the treatment
of this gas and the sufficient compression of them at the inner working area (which
is similar to SMD).

After the joints of the different parts of the element are disposed, the final shape
and the working (machining) phases for creating the necessary precision of the sur-
face and the holes for interfacing with the other components of the system are done.
Also in this case, there are no particular environmental impacts during this working
phase and also during the electrical energy absorption.
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Titanium production - Impact Assessment

Titanium production—impact assessment: Qualitative comparison of human and
environmental impacts between two ways of producing titanium (“converter” vs
“electro”)

Monte Carlo results of a comparison. In this graph, the number of outcomes
where converter titanium has a higher score than the electrotitanium are shown
per impact category. This allows us to see whether the differences shown in the pre-
vious figures are indeed significant. In general, we can assume that if 90e95% of the
Monte Carlo runs are favorable for a product, the difference may be considered sig-
nificant. Applying this rule means that only the difference between the two processes
is not significant for Land use, Acidification, and Respiratory inorganic.

Monte Carlo Impact assessment
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Essentially, the program will move around a marker in multidimensional space,
tending to move in directions which lead to a lower function, but sometimes moving
against the gradient.

Probabilistic formulation of inverse problems leads to the definition of a proba-
bility distribution in the model space. This probability distribution combines a priori
information with new information obtained by measuring some observable param-
eters (data from titanium purifying process). As, in the general case, the theory link-
ing data with model parameters is nonlinear, the a posteriori probability in the model
space may not be easy to describe (it may be multimodal, some moments may not be
defined, etc.).

When analyzing an inverse problem, obtaining a maximum likelihood model is
usually not sufficient, as we normally also wish to have information on the resolu-
tion power of the data. In the general case, we may have a large number of model
parameters, and an inspection of the marginal probability densities of interest may
be impractical, or even useless. However, it is possible to pseudorandomly generate
a large collection of models according to the posterior probability distribution and
to analyze and display the models in such a way that information on the relative
likelihoods of model properties is conveyed to the spectator. This can be accom-
plished by means of an efficient Monte Carlo herein optimized for RAPOLAC
method, even in cases where no explicit formula for the a priori distribution is
available.

During a meeting, it became apparent that there was a need to compare the
impacts and costs of production of titanium ingots or wires for SMD, so a more
detailed analysis was conducted. On the basis of the data available at the time of
the activity, it emerged that the production of wire requires an important percentage
more of energy.
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Another activity conducted was related to the optimization of the assessment
procedures and adaptation to the case study identified.

From the few details reported here, it is easy to imagine that the SMD process could
become a must for aerospace components, but also in some niche automotive and con-
sumer goods fields. The idea was to evaluate also from the LC point of view the SMD
as manufacturing process of the RAPOLAC demonstration. The use of SMD has been
compared with the use of the traditional processes typical of the sectors. The RAPO-
LAC activity was so focused on the comparison of a conventional well-tuned
manufacturing process with the new SMD one. In particular, the calculation was car-
ried out making the hypothesis to produce the engine case in titanium alloys as shown
in the following picture. The choice of titanium for this kind of components is:

Picturee of a prototype engine casse produced bby SMD 

The following pictures show a qualitative comparison in the consumption of non-
renewable energy, in emissions of CO2 and SO2 between the conventional process
and new RAPOLAC SMD taking into account all the parameters as described before.
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These results are an interesting anticipation on what the analysis will bring, as
described in a more detailed way in the following chapters.

The impact at energy level of the SMD process applied to manufacturing
an aeronautic titanium engine case part has been carried out. So it is possible
to evaluate and compare the conventional process with the new one, in the pro-
duction of a complex shape part, considering all the aspects illustrated in this
and previous reports. A comparison between the energy used in the original-
SMD and the optimized-SMD processes has been carefully calculated using the
most advanced algorithms. In particular, the conventional process has been split
into the main phases and for each of them a calculation has been made.

Business case cconventional pprocess flow chhart 

The same splitting procedure has been applied on the new SMD process
using the data that emerged during the technical meetings of the project. It is
important to highlight that the evolution of the process during the RAPOLAC
project has been quite sensible and these Pert diagrams are not able to show
the important improvements introduced during the 3 years on the process param-
eters. Some extensive analysis carried out on the approach itself shows that it is
good enough to permit interesting evaluation with a much more than acceptable
approximation.

Business case SMD Hybrid process flow chart 
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To better understand the quality and variance of the data in the analysis, the
time domain of the arc voltage for a complex component like the aeroengine
case is illustrated.

The environmental cost/benefit evaluation of RAPOLAC hybrid part with
respect to conventional methods has been carried out using both commercial and
in-house customized software for the business case analyzed.

The methodology developed in the project made it possible to carefully analyze
the cost/benefits between conventional manufacturing process and hybrid SMD
process, to produce a reference engine case. The analysis showed impact at
different levels:

• Nonrenewable energy
• Oil consumption
• CO2 emissions
• Nox emissions

Then the analysis has been normalized on the different energy mix considering to
better understand the different impact to the Earth and human economy when estab-
lishing a production facility in UK or IT. Of course the internal difference between
conventional versus hybrid SMD process is proportional but the global impact per
categories is different.
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LCA FOR NANOTECHNOLOGY AND MICRO-MANUFACTURING
Past experience has taught us that an LCA across the full life cycle of emerging tech-
nologies such as nanotechnologies is difficult due to limited data availability. In
particular, for nanotechnologies there is a distinct lack of inventory data since their
manufacturing processes are new and often protected by confidentiality constraints
[8]. Such obstacles mean that an LCA is often not considered until the technology
has matured. Good practice should encourage us to conduct LCAs at a much earlier
stage of product/technology development as it offers an opportunity for proactive ac-
tion to influence design and minimize potential adverse effects to both the environ-
ment and human health. As outlined previously, the LCA for a nanotechnology
should consider the full life cycle in order to gain a realistic understanding of the
impacts on both the environment and human health. Theoretically, this process
can follow the framework outlined by the ISO 14040 and 14044 standards but it
is important to consider that there are few areas that need careful considerations.
The following sections will consider the recommended stages of an LCA and high-
light particular areas that may be problematic or require special attention.

GOAL AND SCOPE DEFINITION
When defining the scope of interest for the LCA, it is important to consider the
functional unit for assessment [9]. The functional unit acts as a reference unit
for the flow information to be considered and enables the comparison of different
products but this may prove a problematic issue when assessing nanotechnologies
[10]. As nanotechnologies are still relatively new and it may therefore be difficult to
quantify and define a functional unit that could act as a fair comparison for the anal-
ysis. Without a functional alternative, it is impossible to conduct a comparative
analysis and gain a clear understanding of how nanotechnologies compare to con-
ventional technologies. Furthermore, the manufacturing processes adopted for the
development of nano-materials are not yet standardized and are therefore continu-
ally changing. This proves problematic when trying to define the goal and scope for
the LCA and compare it to a state-of-the art alternative. Continually changing
methods make it impossible to restrict the analysis to a boundary and will affect
the generalizability of the results, as the analysis will not reflect a standardized pro-
cess/material. To overcome these issues, it may be beneficial to plan to conduct
scenario analyses to consider the inherent uncertainties associated with nanotech-
nologies and nano-materials.

LIFE CYCLE INVENTORY
One of the biggest challenges when conducting LCA investigating the impacts of
nanotechnologies and nano-materials is the paucity in available and reliable data
[11]. Even though this problem was highlighted a number of years ago, a large
number of data gaps remain [8]. This problem is particularly pertinent for the

800 CHAPTER 34 Life Cycle Assessment in Nanotechnology



manufacture, release, transport, and ultimate fate of nano-materials. The lack of
standardized data comes from the fact that many of the processes/materials are
relatively new and often protected by confidentiality agreements. Confidentiality
constraints are particularly problematic when attempting to model process data
meaning and the collection of data from companies is almost impossible. In addi-
tion, when modeling potential impacts in such a rapidly evolving area, as quick as
we manage to obtain/estimate data, it quickly becomes outdated and new data are
required. Data are also lacking outlining maintenance and end-of-life processes. As
nanotechnologies and nano-materials are still developing, the maintenance and
recycling options for the products are currently unclear. As highlighted earlier in
the chapter, it is imperative to consider the entire life cycle (cradle to grave) but
this is difficult when it is currently unknown how materials will react with other
materials in an incinerator or dump, for example [11]. This suggests that an
inputeoutput based life cycle assessment approach (IO-LCA) may aid some of
the problems discussed. An IO-LCA adopts an aggregate view of sectors and there-
fore covers an entire economy [12]. In this way, it does not draw boundaries like we
do in a conventional LCA. All elements of a product’s supply chain are therefore
analyzed by default. It is thought that this aggregated view may prove useful as the
existing data sources may aid in the assessment of new nanotechnologies and nano-
materials [11]. More pertinently, similar processes can be adapted to more
adequately reflect the nano-process under review. For example [11], we suggest
that an IO-LCA semiconductor manufacturing may be a good starting point
when assessing nano-materials.

A final area of consideration within the life cycle inventory is the potential
change in surface chemistry of nano-particles [5]. Changes in surface chemistry
will increase agglomeration and therefore create larger particles [13]. As these
larger, secondary particles are created, the material properties will differ from those
associated with the original, primary particles. The potential impacts of these sec-
ondary particles are uncharacterized and difficult to quantify within a model. Often
the elementary flows within the LCA model only characterize the primary particles
so additional characteristics will need to be considered and described to ensure that
an accurate representation is modeled [11]. Manufacturers are attempting to mini-
mize the potential to agglomerate with the use of coatings but once again this is
an evolving area restricted by confidentiality constraints. Lowry et al. [14] conduct-
ed a review to further investigate the transformations of nano-particles and
suggested that the nano-particle tranformations which will alter the fate, transport,
and toxicity of nano-materials. Although not enough is currently known about the
process and impacts of nano-particle transformations [14], review highlights that
research is working toward investigating the issue further.

LIFE CYCLE IMPACT ASSESSMENT
Many of the impact assessments that are frequently used in LCIA can be adopted for
the assessment of nanotechnologies and nano-materials. However, due to the current
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level of understanding concerning particle transformations and doseeresponse rela-
tionships, the toxicological impacts may need further consideration [13]. Currently,
not enough is known about the toxic reactions of nano-materials but the material
characteristics exhibited may well lead to greater toxic reactions. For example,
research conducted by [15] assessed the impact of inhalation of fibers from carbon
nano-tubes. The distinctive shape of the nano-tube fibers have been compared with
asbestos suggesting that they may produce similar health effects [15]. By exposing
the mesothelial lining of the body cavity of mice to carbon nano-tubes, it resulted in
asbestos-like pathogenic behavior. Such behavior included inflammation and the
formation of lesions. These findings are of great importance and may highlight
the need for occupational management plans and greater caution before introducing
products to market.

When modeling the LCIA, particular consideration should also be given to the
doseeresponse relationship as traditional measures such as dose or mass may be
linked to other aspects of the nano-materials. If adequate consideration is not given
to these additional aspects such as particle size, shape, and surface area, then results
will be limited and not accurate.

Due to the aspects discussed, it is currently difficult to address and model the
potential toxic impacts of nano-materials. Further research is needed to improve
the clarity of this but for the time being, any available information on nano-
material reactivity, degradability, ecotoxicity should be incorporated where
possible in an attempt to model the toxic impacts within the LCIA. Alternatively,
it may be useful to consider a “worst-case” scenario and explore the possibility
that nano-materials have an impact potential as high as that of the most toxic
chemicals [11].

Dhingra et al. [5] suggest that a risk assessment may aid our understanding
of the health impacts outlined above and help us to better understand the
adverse health impacts of toxic substances. Such an approach accounts for
quantities of pollutants and their effects as well as the consideration of various
exposure pathways. Specifically, Dhingra et al. (2010) suggest that the combina-
tion of LCA and risk assessment may work well as the two methodologies would
complement each other. One example of this combined approach is the 10-step
Nano LCRA (Life Cycle Risk Assessment) framework for nano-materials as out-
lined by Shatkin [16]. Nano-LCRA is based on adaptive management as it involves
the reconsideration of prior decisions and analysis with the development of new
information [16].

LIFE CYCLE INTERPRETATION
The interpretation stage of the LCA for nanotechnologies and nano-materials
should follow the ISO 14040 and 14044 standards and be conducted in the conven-
tional manner. As outlined repeatedly throughout this chapter, uncertainty and
sensitivity analyses are particular important and should be assessed during this
interpretation stage.
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CONSIDERATION OF LCC
To gain an in-depth perspective of the impact of nanotechnology, it will often be
appropriate to also consider the corresponding cost implications. This can be done
by adopting an assessment of the LCC. When conducting LCC analysis of nanotech-
nology, it is important to consider many of the environmental issues discussed pre-
viously in this chapter. In particular, it may be difficult to collect the data needed for
the LCC due to the confidentiality constraints outlined. Without in-depth knowledge
of materials, processes, disposal/recycling methods, and implications, it will be diffi-
cult to model an accurate model of the associated costs. As with an environmental
assessment (LCA), it will be necessary to include uncertainty and sensitivity ana-
lyses to compensate for the data quality. As the field of nanotechnology develops,
the data needed to conduct an in-depth LCC will hopefully become more readily
available and make the process easier to conduct and result in a more accurate
cost estimate.

CONCLUSIONS
Conducting LCAs for nanotechnologies/nano-materials are important to enhance our
understanding of the impact of such approaches. Importantly, the analysis should
cover the whole life cycle from cradle to grave to ensure that it captures important
up- and downstream environmental and health impacts. The current evidence base
often restricts the boundary for analysis to the use phase due to the constraints in col-
lecting data across the full life cycle. In particular, since the techniques and materials
are still relatively new, the end-of-life and recycling processes and impacts are not yet
fully understood. The ISO standards should be adhered to when conducting the nano-
technology/nano-material LCA but it is imperative that some further consideration is
given to the toxicity impacts. To gain a clearer understanding of the potential impact
of nanotechnologies, uncertainty and sensitivity analyses need to be conducted. In
particular, it may be useful to conduct “worst-case” scenario analysis.

Future work needs to be collaborative in nature in order to push the evidence for-
ward. Practitioners, engineers, as well as nanotechnological companies, need to all
work together to pool their knowledge and generate greater clarity into the impacts
of nanotechnology. For the assessment of the impacts on human health, practitioners
of LCA and risk assessment need to work together to produce LCRAs so that we can
understand the longer term health impacts for the production of nano-materials and
their impacts in wider society.
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applications, 529e539

characteristics and design considerations,

526e529

increasing production rate, 539e541
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Embossing, 353e357

DLC-coated tools in, 504e505

En face scanning OCT, 709

Energy consumption, 787e788
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487e488
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External sensors, 666
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Face-centered cubic (FCC), 735e736

Faradaic current, 136

Fast Fourier transform (FFT), 687

Fault detection and classification (FDC), 763

“Fault”, 689

Field emission gun (FEG), 64e65

Filters, micro- and nano-fibers in, 536e537

Finishing, 380

Finite element (FE), 38

Finite element modeling (FEM), 41e42, 294e295

coating failure prediction by, 471

Finite element simulation (FE simulation),

182, 735

Fixtures, 648e651

Flat mold method, 158e159

Flat panel display (FPD), 13

Flexibility of tool system, 287

Flow visualization tests, 212e213

Fluid jet

formation, 517e518

thinning, 518

Fluorine-diamond-like carbon (F-DLC), 490

Fluorocarbons, 413

Flushing strategies, 85e86

Focused ion beam (FIB), 7, 62, 480, 720

analytical technique, 78e79

applications, 76

architecture, 63e64

circuit editing and failure analysis, 78

deposition, 71e73

etching process, 74

imaging, 73e74

micro-/nano-fabrication, 63

milling, 67e69

processes, 67

stage, 65

TEM/STEM sample preparation, 78

Folding, 589

Forming, 347, 733

dies, 287

Fourier-domain (FD), 707e708
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Full-field optical coherence microscopy

(FF-OCM), 707

Full-field optical coherence tomography
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Fuzzy logic control (FLC), 135
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Gas injector system (GIS), 63e66, 72

Gaussian random variable (GRV), 698
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Equipment (GEM), 770

Gleeble-1500D thermal simulation machine,
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Glucose oxidase (GOX), 538e539

Graphical user interface (GUI), 65

Grasping principles, 648e649
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Handling system, 289e291

Hard alloy fabrication, 267e270

Heat affected zone, 111

Hexagonal close packed (HCP), 735e736

Hexamethyldisiloxane (HMDSO), 413

Hexapod M-850 micro-robot, 669e670
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applications, 169e175
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process, 150e152

techniques, 160e164
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tools, 165e169

variations, 152e159
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Human toxicity potential (HTP), 782

Hybrid parts approach, 791e798
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hydroforming

process design, 332e336
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Image analysis, 726e727

Imaging detectors, 65
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In-process condition-monitoring and inspection

system, 50

Indirect flushing, 86

Industry process control (IPC), 765e766

Information management, 763e764

Information technology (IT), 749e755

MES implementation and integration into
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production IT standardization, 768e772

Injection molding, 201

Inkjet printing, 425, 427e429

3D metal micro-structure, 430e437

applications/cases/cost issues, 437e438

materials, 429e430
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approach (IO-LCA), 800e801
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Institute of production (IFP), 17
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722e724

Integrated circuit (IC), 425

Integrated numerical process, 743e744

Integrated product policy (IPP), 784

Interelectrode gap (IEG), 122

control and modeling, 134e138

Intermachine transport system, 640e643

Internal sensors, 666
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Intramachine micro-handling system, 643e653
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Ion implantation, 463e464
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Labor management, 760
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Lagrangian formulation, 41e42
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Metal 3D micro-structures, 427, 430e437
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121, 128e132, 140e142

anodic dissolution mechanism, 125e127

electrolytes, 132e134

equipment for, 138e140

IEG control and modeling, 134e138

polarization curves and Pourbaix diagrams,

127e128
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Micro-/nano-cutting, 35e40, 53e57

competitive technologies, 57

micro-tooling, 51e53

modeling, 41e47

precision machines, 47e51

Micro-/nano-manufacturing, 751

Micro-air vehicle (MAV), 669

Micro-assembly, 656, 664e665

Micro-bending test, DLC-coated tools in,

497e499

Micro-blow molding, 185e188, 194

Micro-bulk forming

cold forming processes, 278e279

machine and tool design, 284e292

process analysis, 294e296

size effect, 279e280

tool materials, 283e284

workpiece materials, 281e282

Micro-cavity filling analysis, 210e211

Micro-deep drawing, DLC-coated tools in,

499e504

Micro-devices, 597e599

and machines, 699e701

Micro-die sinking EDM, 91e93

Micro-drilling electrodes, 93e94

Micro-ECM (MECM), 10e11

Micro-electrical discharge contouring electrodes,

95e96

Micro-electrical discharge drilling

(m-ED drilling), 83e84, 93e94

Micro-electrical discharge grinding

(m-EDG), 84
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applications, 103
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process, 86e97

working principle, 82e83

Micro-electronics mechanical systems (MEMS),

2, 53, 239, 366, 662e663, 687
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in, 504

Micro-fabrication technologies, 365e366, 653

Micro-factories, 550e566, 570e575

Micro- and nano-fiber morphology, 534e537
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electrospinning process parameters, 518e522

for packaging applications, 537e539

Micro-fields-activated sintering technology

(Micro-FAST), 258e260

analysis of process, 260e263

applications, 263e274

Micro-fluidics, 55, 337

devices, 171e173

Micro-force sensors, 652e653

Micro-forming, 11, 270, 487e488
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Micro-gears, 387

Micro-handling process, 638

applications, 653e656

intermachine transport system, 640e643

intramachine micro-handling system, 643e653
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Micro-hydroforming, 324

design considerations and potential applications,

336e337
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process design, 332e336

semifinished products and materials, 326e330

tools and machines, 337e342

Micro-injection molding (mIM), 201, 240,

588e589

defects, 219e226

filling analysis in, 215e218

machine, 206e209

process control and analysis, 209e219

process simulation, 230e234

scenario, 202e203

technology, 203e209

Micro-joinery technique, 586e588

Micro-machines, 50e51

Micro-machining technologies, 365e366

Micro-manufacturing, 1e2, 7e15, 638

design considerations and material factors,

20e24

development and utilization strategies, 24e27

exploring manufacturing operations and control

level, 755e764

IT, 750e755

LCA for, 800e803

micro-devices and machines, 699e701

meeting manufacturing requirements, 4e7

performance of measurement system, 690t

precision measurement system, 678e688

products and market, 3e4

supporting technologies/devices/systems for,

19e20

surface engineering in, 472e482

systems/equipment for, 16e20

testing and diagnosis method, 675e677,

688e699, 691t

3D laser vibrometer by Polytec, 685f

Micro-mechanical assembly, 581

application example, 591e593

classification of, 583e589

levels of micro-assembly, 583f

systematic approach to, 590e591

Micro-mechanical cutting, 9

Micro-mechanical flying object project, 672

Micro-mechanics modeling, 734

metal forming process, 735

process simulation for forming of micro-pins,

744e746

Micro-mechatronics, 337

Micro-molding. See Micro-injection

molding (mIM)

Micro-motors, 667

Micro-needles, 173e174

Micro-optical devices, 171

Micro-optical electronics mechanical systems
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Micro-optics, 54

Micro-part feeders, 645e648

Micro-parts positioning, 605e609

Micro-pins, 734f, 744e746

Micro-products, 1e2, 299

Micro-rapid prototyping system, 13

Micro-riveting, 589

Micro-robots, 661e665

actuators, 665e667

examples, 668e672

sensors, 665e667

Micro-screwing, 585

Micro-sensors and actuators, 55
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Micro-sheet forming, 316e318

DLC-coated tools in, 493e504
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Micro-system technology, 2, 257
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Micro-wire electrodes, 89e90

Miniature manufacturing systems, 16e20

Miniaturization, 441

Minimum chip thickness, 37e38

Mixed qualitativeequantitative analysis system,

687e688

MnZn ferrite fabrication, 263e267

Modal analysis, 687
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680e682
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Moore’s law, 441
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Multiscale modeling, 44e47
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nano-fiber morphology
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Optical wave guides, 171
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750e751
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Palladium (Pd), 533

Paraffin wax, 247

Parallel approach, 638

Particle-induced X-ray emission (PIXE), 78

Patterning strategies, 75

Performance analysis, 761e762

Person-guided vehicle (PGV), 642e643

Photoacid generator (PAG), 375

Physical vapor deposition (PVD), 410, 461,

466e471, 490

Physik Instrumente (PI), 669

“Pick-and-place” task, 639, 639f

Piezoelectric actuators, 667

Plasma, 411

Plasma nitriding, 461e463
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Plasma-enhanced chemical vapor deposition

(PECVD), 411, 476, 490
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Plastic deformation, 734
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Polarization curves, 127e128
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Poly(dimethylsiloxane) (PDMS), 241e242

Poly(ethylene terephthalate) (PET), 530
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366e367, 477

degradation, 375e376

development, 376

Poly(vinyl alcohol) (PVA), 406e407, 531e532

Polyacrylonitrile (PAN), 535

Polyethylene (PE), 464

Polyethylene oxide (PEO), 527

Polylactide (PLA), 538e539

Polymer, 201

compound refractive X-ray lenses, 385e386

micro-fluidics, 452e453
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extrusion coating, 394e399
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399e409

vacuum-deposited coatings, 409e421

Polymer-derived ceramics, 246e247
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applications, 198e199

materials, 191

principle, 180e191

tools and machines, 192e197

Polytec MSA-400 Micro System Analyzer, 685f

Polytubes micro-factory, 197

Polyvinyl chloride (PVC), 394e395

Polyvinylpyrrolidone (PVP), 535

Portable micro-factory, 559

Position sensing detector (PSD), 677
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Precision, 676, 676f

injection molding, 203

measurement system, 678e688

Precursor

families, 413

gas, 71

Press system, 284e285

Printed circuit board (PCB), 662

Process chain, 443, 450e452

and hybrid processes, 14e15

Process conditions, 519

Process history-based knowledge, 689

Process history-based methods, 689

Process programs (PP), 757

Process supervision, 291e292

Process variants, 83e84

Production IT

landscape, 753e754

standardization, 768e772

Programmable logic controllers (PLC), 192e194,

765e766

Proprioceptive sensors. See Internal sensors

Protection against corrosion. See Barrier

properties

Pulse electrochemical micro-machining, 126

Pumping system, 66

Pure copper fabrication, 270e274

Push button parts, 591e593

Q
Quality assurance (QA), 677

Quality management, 762e763

Quantitative model-based testing, 689e697

Quasi-continuum method (QC method), 44

R
Radio frequency (RF), 411

Rail-guided vehicle (RGV), 642e643

Raisin-like structure, 527

Rapid Production of Large Aerospace

Components (RAPOLAC), 788e798

Recipes. See Process programs (PP)

Reduced Young’s modulus, 723

Relaxation generators, 100

Replica molding (REM), 241e242

Replication techniques, 12, 442

Research and development (R&D), 4
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Residual gas analyser (RGA), 63e64, 66

Resist deposition, 369

Resist technology, 368e369

Resonator, 651

Resource management, 757e758

Robot, 661e663

micro-robots, 663e665

technologies, 663t

Roll coating, 399e401

Roll-to-roll embossing. See Roller embossing

Roll-to-roll process, 607e609

Roller embossing, 158e159

Roller nano-imprint lithography, 158e159

Root cause, 689

Run to run control (R2R control), 764

S
Sampling, 762e763

Scanned electrospinning nano-fiber deposition

system, 524

Scanning electron microscopy (SEM), 688, 716

compression tests, 719e722

image analysis, 726e727

indentation inside, 724e725

instrumented indentation/nano-indentation,

722e724

integrating mechanical testing, 716e717

in situ micro-tension and micro-compression,

727e731

tensile tests, 717e719

Scanning ion microscopy (SIM), 73e74

Scanning strategies, 74e75

Scanning tunneling microscopy (STM), 688

Scanning white light interferometry (SWLI), 707

Scheduling approach, 756

Scribing technique, 114e115

Sealing properties, 407e408

Secondary electrons (SE), 65, 68

Self-assembly, 598e599, 605

of micro-parts

processes, 601e609

assembly techniques, 599f

theory/principle, 599e600

Semiconductor Equipment and Materials

International (SEMI), 768e769

Sensors, 665e667

micro- and nano-fibers, 534e535

systems, 19, 651e653

Serial micro-handling, 639

Serial pick-and-place approach, 638e639

Service-oriented architecture (SOA), 766e767

Shape deposition modeling (SDM), 13

Shaping polymeric tubes, 179e180

Sheet metal components, 299

forming tools, 310e313

considerations for manufacturing, 309e310

manufacturing presses/machines, 313e315

manufacturing processes and fundamentals,

301e309

Short shots method, 211e212

Sigma points, 698

Silicon-diamond-like carbon (Si-DLC), 490

Silicon-doped diamond-like carbon film

(Si-DLC), 488

Siloxanes, 413

SimaPro8 Analyst software, 784

Single discharge procedure, 86e88

Single-crystal deformation, 735e736

Sintered micro-components, 251e253

Size effects, 36, 187, 279e280, 299

Slip system, 735e736

SMD, 788e790, 793

Soft lithography, 241e242

ceramic slurry preparation and control,

244e251

fabrication and characterization of molds,

242e244

process, 242

sintered micro-components, 251e253

Software tools, 783

commercial and customized, 783e786

Soldering, 614e616

Solid-state reaction, 263

Solution properties, 519

Spaced spot welding, 628e629

Spark plasma sintering (SPS), 267

Spectral-domain optical coherence tomography

(SD-OCT), 707e708

Spindle and drive system, 48e49

Spot welding, 627e628

Springback, 301, 306, 306f

Sputtering

process, 68e71

techniques, 467e468

yield, 68e69

Square-root unscented Kalman filter (SRUKF),

699

Stamping, 350e353

Standard carriers, 642

State estimators, 692

State variables, 695

Static pulse generators, 99

Statistical process control (SPC), 677, 763

Stent inspection system, 654e656, 655f
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Stepless High Speed Accurate and Discrete One

Pulse Welding� (SHADOW�), 613,

629e630, 631f, 632

Stopping and Range of Ions in Matter (SRIM), 68

Stratospheric ozone depletion, 782

Strider micro-robot, 670

Strip drawing tests, DLC-coated tools in,

495e497

SU-8 photoresist, 242e244, 244f

Subtractive processes, 444

Surface engineering, 459e460

advanced processes for tooling protection,

461e471

characterization techniques, 460e461

in micro-manufacturing, 472e482

surface contact phenomena and tribology, 460

Surface properties, 419e420

Surface-texture analysis, 687e688

Sustainable manufacturing, 550

Swept-source optical coherence tomography

(SS-OCT), 707e708

Synchrotron, 369e375

Synchrotron ANKA, 371e375

T
Tamman rule, 351e352

Tape-and-reel feeder, 646

Taylor cone, 64, 517e518

Tensile tests, 329, 717e719

Testing method, 675e677, 688e699, 691t

Textiles, micro-and nano-fibers in, 537

Thermal nitriding, 461e463

Thermal stability, 417

Thermoforming, 157e158

Thickness measurement system, 682e683, 684f

Three dimensional printing (3D printing),

425e426

3-D micro-/nano-structuring, 76e78

Through holes, 154e155

Time-domain OCT configuration (TD OCT

configuration), 707e708

Time/frequency technique, 687

Tissue engineering, 529e531

Titanium carbon nitride (TiCN), 465, 468e470

Titanium nitride (TiN), 465, 468e470, 504

Tool die system, 285

Tooling, 442e446, 450e452

direct vs. indirect, 446

Tooling elements, precision and alignment of,

285e287

Top-down approaches, 62

Towards Mini and Micro Assembly Factories

(TOMI), 563

Transmission electron microscopy (TEM),

67, 429e430, 727

Transversal miniaturization, 113

Tribology, 292, 460

Tungsten, 97

Tungsten-copper, 97

2D profile and shape measurement, 683e686

U
Ultraprecision machine tools, 47

Unscented Kalman filter (UKF), 692, 698

V
Vacuum-deposited coatings, 409e421. See also

Organic coatings deposited in solution

phases, 418e420

precursor families, 413

process parameters and influences, 414e417

Vanadium carbide (VC), 267

Vibration measurement and analysis, 686e687

Virtual enterprises (VE), 752

Virtual grain generations technology (VGRAIN

generations technology), 743

Vision sensors, 652

Voronoi polygon, 741e742

W
Waalbot robot, 670, 671f

Warm forging of micro-components, 288e289

WC-Co composites, 267

Wear mechanism, DLC film, 508e509

Weld lines, 215e226

Whole system, 190e191

Wickert press, 163e164

Wire EDM machines, 99

Wire electrical discharge machining (WEDM), 88

Workpiece materials, 281e282

micro-structure effect, 39e40

Wound dressings and healing, 531

X
X-ray lithography, 377

Z
Zirconium nitride (ZrN), 468e470
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