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Abstract
Microforming, which offers attractive characteristics of low production cost and high product
quality that are superior to those of other processes, provides a promising process to
manufacture micropart. Nowadays, microforming system design is generally conducted via
trial-and-error approach based on scaling down and modifying the conventional macroforming
system. However, when the forming system is scaled down to micro-scale, the conventional
knowledge on the macroforming system design might not be valid. Late design changes are
always needed. It is thus costly, time-consuming and error-prone. To address these
challenges, “design right the first time” and “optimal design” are critical. Obtaining the optimal
design in the conventional design paradigm would be very difficult, if not impossible, as there
are many technical aspects related to the design of micro-scaled part, forming process,
tooling and product quality control, which interact and interplay. Therefore, concurrent
consideration of these technical aspects at up-front design stage is essential. In this paper,
the technical aspects among the micro-scaled product and process design, and the material
size-related deformation behaviours are articulated. The understanding of these technical
aspects is critical to fabricate quality microproduct at high production rate and low production
cost by microforming.

1 Introduction
The product life cycle [1], which refers to the stages of
development, introduction, growth, maturity and decline of
a product, is becoming shorter. It makes the competition
in product development industry severe and the profit
marginal. Therefore, how to improve product quality, cut
production cost and shorten product development leadtime are critical to keep the companies’ cutting edge in
the marketplace. The design solution generation of
product and process in up-front design stage is critical as
the first 20% of design activities commits to about 70% of
product development cost [2, 3]. Product design is the
process to define the characteristics of product, such as
the form, feature, material, dimensions and their
tolerances, and the final product performances, to fulfill
custom’s needs. Process design is the development of
process to produce the designed product. Production
process could be a series of operations to make raw
material to be a product. It needs to consider various
factors in each process operation design, such as
equipment, workpiece material, tooling design and worker
skill. Different production processes have its advantages
and limitations. Process determination needs to consider
material workability, product quality, productivity, cost,
design requirements and product characteristics. Product
and process design should be done concurrently since
their design variables could interact and interplay and
affect product quality and cost. How to perform “design
right the first time” is critical to avoid the late design
change, shorten the development lead-time and lower the
production cost.
In the last decade, the demand on micropart has been
increased due to product miniaturization and the wide

applications of microproducts in automotive, bio-medical,
aerospace and consumer electronics industries.
Micromanufacturing technologies have thus become more
and more important. They are used for fabricating
microparts/microproducts, such as micromotor, connector
pin, miniature screw, microgear, microshaft, chip
leadframe, IC-socket, etc. The microparts fabricated by
microforming are defined as the plastic deformed
components with at least two dimensions in sub-millimeter
range. The deformed parts exhibit good mechanical
properties compared with the parts manufactured by
casting and micromachining processes [4]. Microforming
presents a promising manufacturing process to produce
microparts.
Although the knowledge for design of macro-sized
forming systems has been well developed [5, 6] and
widely used in industries [7-9], the design and
development of microparts cannot be conducted via
leveraging on the knowledge of macroforming to
microforming since the size effect is a barrier to this
knowledge transfer. As the material deformation
behaviour in microforming is characterized by a few grains
in deformation zones and the variation of grain size and
mechanical property makes the deformation behaviour
inhomogeneous and difficult to predict. It needs to
consider the deformation behaviour and mechanics
including material flow stress, anisotropy, ductility and
formability in design of micropart, microforming process,
tooling, and control of product quality. This paper presents
the technical issues associated with the micropart design,
microforming process design and material size effect in
the integrated microproduct and process design. These
issues are critical to eliminate the uncertainties at up-front
design stage and reduce trial and error in workshop.
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2 Design of microforming system

Therefore, it needs to simultaneously consider these
factors in part design.

Fig. 1 The major consideration factors in forming system
design.

In microforming process, the micro-sized material with
simple geometry such as bar or sheet is deformed under
a controlled condition to produce the desirable geometry.
There are five main factors involved in a forming system,
viz., the undeformed material properties, deformed
material properties, deformation zone, tooling, and
tooling-workpiece interface, need to be considered, as
shown in Fig.1. In design of a microforming system, many
technical issues related to the micro-scaled part design,
process design and forming material are shown in Fig.2.
The design activities are initiated based on the product
function requirements and design specifications from the
voice of customers (VoC). The part design associated
with geometry, feature, dimension, material, and
tolerance should be firstly addressed. Based on the
preliminary part design, the process design is then
conducted. It needs to consider all the potential forming
processes and process sequences to form the desired
geometry and feature of the micropart.
In addition, microtooling design and fabrication,
material handling between process operations are of
particular concern as they affect the achievement of the
required dimensional tolerance and positioning of the
billet/blank prior to forming operation. For both part and
process design, the mechanical properties of forming
material needs to be considered due to the size effect on
material plastic deformation behaviour and elastic
recovery. The design variables related to part, process
and material deformation behaviour might interplay and
affect the deformed part, including dimensional tolerance,
surface finishing, mechanical properties, defect
occurrence, productivity and cost. The goal of optimizing
the microforming system and its design variables is to
yield the quality micropart with good productivity and low
cost to meet function requirements and design
specifications. To achieve these goals, the understanding
of the interactive relationship among the product, process
and forming material properties is the first step. The
detailed technical aspects related to product design,
process design and material size effect in micropart
development are addressed in the following sections
based on the framework shown in Fig.2.

3 Micropart design
In micropart design, the following micromanufacturingrelated factors need to be considered:
(1) Part size: The overall dimensions of micropart are
basically determined based on functional requirements
and design specifications. They are also constrained by
the material workability, which in turn affects microforming
process and the operation number and sequence.
June 15th – 17th, 2011, Venice, Italy

Fig. 2 The technical aspects need to be considered in microscaled product and process design in up-front design stage.

(2) Feature size: Feature size refers to the wall
thickness, hole diameter, width of channel, aspect ratio of
the hole or rod, and corner or edge radius etc. It might
significantly affect the rigidity of micro-formed part.
Furthermore, the grain size effect might occur when there
are only a few grains involved to form the micro-sized
feature. Defects such as underfilling [10, 11] and fracture
[12] may occur. In addition, feature size also affects
process determination and tooling geometry. Therefore,
the micropart features have a close relationship with the
quality, process and production cost. Experimental results
reported by Geiger et al. [13] and Engel et al. [1, 10] show
the feature size effect in combined micro forward rodbackward can extrusion, as illustrated in Fig.3. The
decrease of can thickness causes the decrease of
clearance between punch and die. When the size of
clearance is in the order of grain size, it prohibits the
material to flow upwards, resulting in a small ratio of cup
height (hc) to rod length (lr). In addition, the
inhomogeneous deformation resulted from the random
characteristics of grain structure becomes significant. It
makes the height of the formed rim uneven.
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Fig. 5 The OLP and CLP regions on the compressed
microring.

Fig. 3 Schematic illustration of the feature size effect in the
combined micro forward rod - backward can extrusion.

Fig. 4 Tooling-workpiece interface.

(3) Dimension tolerance: Close dimension tolerance
is usually required by microparts. The accuracy of the
micro-formed part is directly affected by tooling design
and its machining process. Therefore, in determination of
dimension tolerances, it needs to consider the accuracy
and limitations of microtooling.
(4) Strength vs formability: The selection of part
material needs to consider the strength and rigidity of
micro-formed part and the formability of part material.
Ideally, the part size and weight can be minimized when
the part is made of high strength material. However, the
formability of high strength materials is usually poor [14].
It affects the tool life, process determination, process
parameter configuration, and number of forming
operations. These factors further determine the product
development cost.

4 Process design
Various
microforming
processes
have
been
investigated in prior studies, viz., upsetting [15-17],
extrusion [18-24], stamping [25, 26], bending [27], deep
drawing [28, 29] and incremental forming [30, 31]. It is
found that challenges arise when the process tolerance is
reduced to a few microns in manufacturing of microparts.
It is due to the limitations of the conventional tooling
machining process and the change of material
deformation mechanism [16] and tooling-workpiece
interfacial condition [15, 32]. The following issues need to
be taken into account in design of microforming process:
(1) Characteristics of volume process: The design
for microforming process realized in laboratory is different
from the one for mass production. Production rate and
cost are particularly concerned in mass production. They
have a close relationship with the process sequence and
material handling equipments. These issues need to be
taken into consideration for mass production of micropart.
June 15th – 17th, 2011, Venice, Italy

Fig. 6 The increase of OLP fraction with the decrease of
workpiece size.

(2) Interfacial friction: The size effect on the
interfacial friction in microforming process of bulk material
has been investigated via microring compression test [17]
and micro double cup extrusion [33]. The friction
coefficient could be identified based on the formed part
geometry in both tests. The inner diameter of the
deformed ring decreases with the increasing friction in the
microring compression test, while the ratio of upper cup
height to lower cup height increases with friction in the
micro double cup extrusion. The interfacial friction in
micro-sheet metal forming has been investigated via deep
drawing [34]. The coefficient of friction could be identified
based on the maximum deformation load or numerical
method. Under a lubricated condition, the tendency of
increasing interfacial friction with the decreasing
workpiece size is the same in micro- bulk and sheet metal
forming processes. To articulate the mechanism behind
the change of friction with the decrease of formed part
size, the surface topography of workpiece with roughness
peaks and valleys is shown in Fig.4. When the tooling
presses the lubricated material surface, the roughness
peaks deform plastically. Lubricant could be trapped in the
roughness valleys or squeezed out. When the lubricant is
squeezed out, the so-called open lubricant pocket (OLP)
is thus formed. The asperity supports the deformation
load and is deformed to become flat. It results in the
increase of the real contact area (RCA) and friction. When
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the lubricant is trapped in the roughness valleys, on the
other hand, the so-called close lubricant pocket (CLP) is
formed. Part of the deformation load is shared by the
lubricant resulting in the decrease of normal pressure on
the asperities. The material can slide on the tooling
surface with lower friction. The OLPs are mainly
concentrated at the edge of the contact surface. Fig.5
shows the OLP and CLP regions on the compressed
microring. The thickness of the OLP region does not
change with workpiece size [32, 35, 36]. Therefore, the
OLP fraction increases with miniaturization, resulting in
the increase of friction as shown in Fig.6.

Fig. 8 Hybrid forming system which combines microblanking and micro-deep drawing operations.

Fig. 7 Schematic illustration of the micro-extrusion die set.

(3) Ejection of micro-formed part: The surface-tovolume ratio increases with the decrease of workpiece
size. It makes the ejection of workpiece difficult. This is
because the tooling-workpiece interfacial friction is
associated with the contact surface area, while the
strength of the material is associated with the volume of
material. The strength of formed part is decreased and
the interfacial friction force becomes significant when the
part size is decreased to micro-scale, thereby, the
ejection force to overcome the friction force might
damage the formed part. To facilitate the ejection of
micro-extruded part, it could separate the die cavity into
two halves as shown in Fig.7. But this significantly lowers
the production rate. Therefore, it is only suitable for doing
experiment in the laboratory to investigate the
deformation behaviour. But this principle can be
employed in microforming system design to realize the
opening of die from multi-direction.
(4) Hybrid forming system: Manufacturing of
micropart might involve a process chain. High part quality
and production rate can be achieved with a properly
defined process chain. The adhesive forces induced by
surface tension, Van-der-Waals-force and electrostatic
make the microparts are prone to stick with the forming or
handling tool. It leads to the difficulty on handling or
transporting micro-sized workpiece. Therefore, the
process chain should be short and avoid transporting
micro-sized workpiece among different forming operations
in order to reduce manufacturing error and achieve high
accuracy and efficiency. Hybrid forming system, which
combines different forming operations in a single system,
could be considered. Fig.8 shows a schematic illustration
of a hybrid forming system which combines microblanking and micro-deep drawing operation with one
single stroke.

June 15th – 17th, 2011, Venice, Italy

Fig. 9 Micro- (a, b) die and (c,d) punch for micro-extrusion.

(5) Tooling fabrication: Microforming tool is subjected
to high stress in forming process, the hardness of greater
than 50 HRC is needed. High speed tooling steel and
tungsten carbide are commonly used as microtooling
material. For the macro-sized forming tool, tooling steel is
machined at its soft state and followed by heat treatment,
polishing and surface treatment to obtain the desired
geometry, hardness and surface finishing. However, the
amount of inevitable deformation in the heat treatment
process often exceeds the allowable dimensional
deviation. The micro-sized forming tool is thus usually
machined at its hard state. Grinding, micromilling and
electro discharge machining processes are widely
employed to fabricate the micro-sized forming tool. Fig.9
shows the micro- die and punch for micro-extrusion which
are fabricated by electro discharge machining and
grinding processes. The dimensional tolerance of the
machining process is independence of workpiece size,
dimensional tolerance of tens of microns might not be
significant to macro-sized forming tool, but it is relatively
large for the micro-sized tool. There is an exponential
correlation between the dimensional accuracy and
machining cost. Determination of dimensional tolerance is
thus critical in controlling the cost and quality of the
formed part.
333

Proceedings of the IMProVe 2011

Integrated product, material and process design for microproduct development via microforming

400

workpiece. When the workpiece size is decreased to
micro-scale, there are only are a few grains in the
workpiece and the volume fraction of surface grains is
increased tremendously, resulting in the decrease of flow
stress, as shown in Fig.11.

True stress (MPa)
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Fig. 10 The change of flow stress with workpiece size.
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Fig. 11 The change of volume fraction of surface grain with

Fig. 12 End surfaces of the original and compressed

the number of grains along the diameter of workpiece.

5 Material size effects
There are interactive effects between workpiece size
and microstructure on deformation behaviour (flow stress
and flow behaviour) and the characteristics of the formed
part (mechanical properties, surface finishing and
dimensional tolerance) in microforming process. In
development of micropart, therefore, it needs to consider
the characteristics of the micro-sized workpiece at initial,
deforming and deformed states. The followings are the
material size-related properties which need to be
considered in both part and process design.
(1) Flow stress: The flow stress, which represents the
strength of forming material, determines the material flow
behaviour and deformation load in microforming process.
It further affects the geometrical accuracy of the formed
part [20] and process determination. Fig.10 shows the
flow stress obtained from the compression of Al6061
cylinders with different sizes. It can be seen that the flow
stress is decreased with the decrease of workpiece size.
Miyazaki et al. [37] found that the dislocations are equally
distributed in grain boundaries and inside the grain at the
inner region of the deformed material. At the surface layer
of material, however, the dislocation tangles only occur
near the three-fold node of grain boundaries and a few
dislocations are heterogeneously distributed inside the
grain. Based on their findings, it can be concluded that
the deformation behaviour of the surface material is
different from the inside one. The free surface material
has less constraint and lower flow stress. The decrease of
flow stress could be attributed to the change of the
volume fraction of surface grains [13, 38]. The number of
grains along the workpiece diameter is large and the
volume fraction of surface grains is small in macro-scaled
June 15th – 17th, 2011, Venice, Italy

workpieces.

(2) Flow behaviour: The material size effect
influences the material flow behaviour in micro plastic
deformation process. Fig.12 shows the end surfaces of
the original and compressed Al6061 cylinders with
different sizes. It can be seen that the shapes of the
compressed workpieces change from circular to irregular
shape with the decrease of workpiece size. The similar
phenomenon is also observed in the compression of
copper cylinders with the change of grain size as shown in
Fig.13. It can be seen that inhomogeneous deformation
arises in the case with coarse grains. The irregular shape
of workpiece is caused by the random characteristics of
grain structure. The behaviour of single grain is
anisotropic and the crystallographic orientations of the
neighbouring grains are different. The ideal deformation
behaviour of polycrystalline metal is isotropic in macroscale due to the large ratio of workpiece size to grain size,
different grains with different sizes and orientations are
evenly and randomly distributed within the workpiece as
shown in Fig.14. Each grain plays its small role in the
overall material deformation behaviour. Therefore, the
material has isotropic properties in macro-scale. When the
workpiece size is scaled down to micro-scale and the
grain size is relative large, there are only a few grains in
the workpiece. The even distribution of different grains no
longer exists and the material deformation behaviour thus
changes. The properties (size and orientation) of each
grain play a significant role in the overall material
deformation behaviour. The size effect on deformation
behaviour becomes significant for the material nature
changing from polycrystalline to single crystal.
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Fig. 16 Micro-deep drawing of pure copper with different
microstructures.

Fig. 13 The microstructrure of the original and compressed
workpiece with different grain sizes.

Fig. 14 The transition of polycrystal to single crystal.
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Fig. 15 The variations of fracture strain with t/d.

(3) Fracture behaviour: Based on the tensile test of
thin copper foil in this research, it is found that the fracture
strain decreases with the decrease of ratio of foil
thickness (t) to grain size (d) as shown in Fig.15. When
the workpiece thickness is in the order of grain size or
even smaller, it might perform like a single crystal with
less constraint by neighbouring grains. Only a few slip
systems are activated to realize deformation, resulting in
small fracture strain [39]. In addition, flat blank is
commonly produced by rolling process which leads to the
development of textured microstructure and anisotropic
properties. In micro-deep drawing process, such
anisotropic properties are favourable as less thinning will
be experienced when the material is drawn. It can be
seen in Fig.16 that the defect-free part can be formed with
the textured microstructure while the fracture occurs with
the recrystallized microstructure.
(4) Surface finishing: Fig.17 shows the compressed
pure copper cylinders with different sizes. It can be seen
that the free surface texture becomes rough with the
decrease of workpiece size. It is because the decreasing
number of grains in workpiece with the decreasing of
workpiece size, resulting in the increase of
inhomogeneous deformation.
June 15th – 17th, 2011, Venice, Italy

10
9
8
7
6
5
0.8

1.0

1.2
1.4
1.6
1.8
2.0
Billet diameter (mm)
Fig. 18 The amounts of springback with different sizes of

workpiece.

(5) Springback: In micropart development, control of
geometrical accuracy of the formed part is a critical issue,
since the requirement of dimension deviation with less
than a few microns is always needed. The springback
caused by the elastic recovery of the forming material
affects the dimensional accuracy of the formed parts. The
springback in the microforming process is investigated via
compression of Al6061 cylinders with different sizes in this
research. The amount of springback is defined as

Springback (%)

hf

(ho
(ho

c
c)

)

100
10 %

(1)

where ho is the original height of workpiece, hf is the
final height of workpiece after unloading and c is the
compression displacement at the end of stroke. (ho - δc)
can be interpreted as the desired final height of the
compressed workpiece, while the springback actually
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presents the undesirable geometrical dimension change.
The amounts of springback for different compressed
workpieces with different sizes are measured and shown
in Fig.18. It is found that the amount of springback is
increased with the decrease of the workpiece size. The
increase of springback could be attributed to the decrease
of grain boundary feature with miniaturization. The grains
in the material become less constrained that facilitates the
elastic recovery.
(6) Formed part properties: In the case of using
coarse grain materials, the inhomogeneous deformation
in microforming process will lead to the irrational local
deformation. The mechanical properties could be different
in different formed parts even by using the same batch of
material and under the same forming condition. This is
due to the random characteristics of the grain structure. In
addition, large strain might be localized at the specific
region
and
cause
fracture
in
subsequent
forming/machining operation. Engel and Eckstrein [4],
Parasiz et al. [21, 27] and Egerer [40] have revealed this
kind of size effect based on the hardness distribution on
the micro-extruded and micro-bended parts through
micro-indentation test.

6 Conclusion
The conventional knowledge and know-how in
macroforming are no longer efficient or valid for
supporting micropart design and development via
microforming. It is due to the material size effect when the
part or part feature size is decreased to micro-scale. This
not only makes the material handling difficult, but also
significantly affects the material flow and fracture
behaviors in the forming process. These issues are
critical to the quality of micro-formed part in terms of the
dimensional accuracy, surface finishing and mechanical
properties. In addition, the design of micro-scaled part
and process is usually based on trial-and-error approach.
The uncertainties in the design process often lead to late
design changes, long development lead-time and high
cost. How to ensure “design right the first time” and
reduce trial and error in workshop are critical. To achieve
these goals, integrated product and process design in
consideration of material size effect in up-front design
stage is necessary. In this research, the technical aspects
among micropart design, process design and material
size-related properties have been articulated based on
the experimental results from this research and prior
studies. All the technical issues articulated in this paper
are critical to eliminate the uncertainties in up-front design
stage, reduce trial and error in workshop and yield quality
micro-formed part at high production rate and low
production cost.
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