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Abstract Compliant micro-positioning platforms are nec-
essary for highly precise applications. Measurements of
the displacement and reinforcements of the stiffness are
two major concerns of any compliant micro-positioning
platform. This paper proposes a compliant micro-position-
ing platform (CMPP) with embedded strain gauges and a
viscoelastic damper. The strain gauges, glued at the flex-
ure hinges, measure the displacement of the CMPP and
so serve as a displacement sensor. In the open-structured
CMPP, the polydimethylsiloxane (PDMS) material which
fills the cavity serves as a viscoelastic damper, increasing
the stiffness and frequency of the CMPP. PDMS also has
the function of harvesting undesired vibrations which affect
the performance of the CMPP. The working principle of
the developed gauge sensor is established. The effects of
the geometric parameters on the strain and the stress dis-
tributions are investigated in order to assign the most suit-
able locations for the strain gauges on the elastic bodies.
For purposes of comparison, the performance character-
istics in cases without and with an embedded damper are
investigated herein. An analytical dynamic model of the
CMPP is then established through the Lagrange principle.
The geometric parameters of the CMPP are optimized via
the differential evolution algorithm. The sensitivity of the
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developed sensor is determined by the calibrations and the
analytical model. It can be concluded that the platform with
an embedded strain gauge can determine the displacement
as a displacement sensor. The stiffness and the frequency
of the platform are reinforced by the viscoelastic damper.
The performances can be improved using the differential
evolution algorithm. The results indicated that the proposed
stage possesses the large range of motion of 860 ym and
a high frequency of 345.2 Hz with an infinite fatigue-life
of 5.67 x 107 cycles. It is believed that the platform has
potential applications in micro-positioning manipulations,
in situ microindentation and microscratch testing.

1 Introduction

Micro-positioning platforms are now widely used to real-
ize a highly precise location for accurate micro-positioning
manipulations and assembly applications. Micro-positioning
platforms increasingly require a high positioning accuracy
and a large range of motion over several to a few hundreds
of microns. The micro-positioning stages based on com-
pliant mechanisms are widely utilized in different applica-
tions including X-ray lithography, nanoimprint lithography,
micro-surgery scanning tunnel microscopy, micro surface
metrology and characterization, atom force microscopy,
and bio-medicine (Smith et al. 1987; Zubir and Shirinzadeh
2009; Miller et al. 1996; Tian et al. 2009; Mukhopadhyay
et al. 2008). In the other words, compliant mechanisms
can fulfill the requirements of micro-positioning platforms
thanks to advantages such as monolithic manufacturing, free
of friction, no wear, no lubrication, etc. (Dao and Huang
2015a, b). These micro-mechanical systems have been
reported in great research efforts in recent years (Polit and
Dong 2009; Choi et al. 2014; Guo et al. 2015) and some are
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available on the market. Moreover, some have been utilized
in the field of aerospace (Tsai et al. 2009) and in micro-/
nanopositioning systems (Li and Xu 2011; Huang and Li
2010; Li et al. 2012; Tang and Li 2013).

In these reports, piezoelectric actuators were generally
used to generate a load to the compliant micro-positioning
stages, because of their high stiffness, good resolution,
large force generation, fast response and low power con-
sumption. In addition, to recognize the displacement of
the compliant micro-positioning platforms, displacement
sensors (Lin et al. 2015; Teo et al. 2014) or capacitive dis-
placement sensors (Xi et al. 2016) have been combined
with piezoelectric actuators.

For applications in microindentation and microscratching
systems, piezoelectric actuators have been integrated with a
capacitive displacement sensor to create a precision microin-
dentation and microscratching system (Park et al. 2007). The
piezoelectric actuator has also been combined with an optical
fiber displacement sensor for a microindentation tester (Shi-
mamoto and Tanaka 1997). In order to overcome the hyster-
esis and nonlinearity of the piezoelectric actuator, a real-time
controlled closed-loop micro-positioning system integrated
with a capacitive displacement sensor was reported (Shiou
et al. 2010). These works are examples of the many different
applications made possible by integrating the piezoelectric
actuator and commercial displacement sensors or capacitive
displacement sensors. Some compliant mechanisms have
also been used in designing sensors and actuators on differ-
ent scales (Wang and Hu 2005; Shakoor et al. 2011).

While both commercial displacement sensors and capaci-
tive displacement sensors have a high accuracy, when these
sensors are integrated with compliant micro-positioning plat-
forms, a platform with a relatively large size is formed. In the
cited works, special applications requiring limited dimensions
were therefore restricted, for example, in situ micro mechani-
cal tests inside a scanning electron microscope (SEM), or in a
transmission electron microscope (TEM) investigating defor-
mation and damage phenomena during the period of contact
between an indenter and a sample (Warren et al. 2010; Rabe
et al. 2004; Malyskaa et al. 2008; Huang et al. 2012). Micro
indentation and scratch test significantly involves the preci-
sion detection technique, and thus compliant micro-position-
ing platforms are needed for such applications.

It is known that SEM and TEM have a small volume
chamber, short working distance, electromagnetic sensing,
vacuum environment and vibration sensing (Ghisleni et al.
2009). Thus, commercial displacement sensors or capacitive
displacement sensors have limited use in these applications.
Also, a complicated assembly of these sensors with a com-
pliant micro-positioning platform results in measuring errors,
as well as decreased stiffness and sensitivity of the compli-
ant micro-positioning platforms. As a result, direct displace-
ment measuring sensors with a more compact structure were
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required. A compliant micro-positioning platform is very sen-
sitive to any internal or external vibrations, and a damper is
needed to suppress these undesired vibrations. Polydimethyl-
siloxane material with viscoelastic properties has been effec-
tively used as a vibration isolator (Huang et al. 2015). With
this viscoelastic damper, the stiffness of a compliant micro-
positioning platform can be reinforced and as a result its fre-
quency will be also increased, thereby making the response
of the platform faster. In the literature review, a compliant
micro-positioning platform integrated with a strain gauge and
a viscoelastic damper has yet to be proposed.

This study is aimed to design and analyze of a new com-
pliant micro-positioning platform. The developed platform
is embedded with strain gauges and a viscoelastic damper.
The platform with embedded strain gauges is considered as
a developed gauge sensor that comprises a frame of flexure
hinges, strain gauges and a piezoelectric actuator. The strain
gauges are glued to the surfaces of the flexure hinges, while
the piezoelectric actuator is used to generate a load onto the
movable object of the platform. The output displacement
of the platform is directly measured by the developed sen-
sor. The platform has an open cavity which was filled with
the polydimethylsiloxane material. This material serves
as a viscoelastic damper to eliminate undesired vibrations
and reinforce the stiffness of the platform, thereby mak-
ing the response of the platform faster. Both the working
principle and mathematical model of the developed gauge
sensor are established, and prototypes are manufactured by
means of wire electrical discharge machining. The effects
of the geometric parameters on the strain and stress distri-
butions are then investigated to assign suitable locations
for the strain gauges on the elastic bodies. Two case stud-
ies without and with an embedded damper are compared to
determine the performance characteristics, including strain,
displacement, first natural frequency and stiffness. An ana-
lytical dynamic model of the platform is then established
using the Lagrange principle. The geometric parameters are
optimized via the differential evolution algorithm to maxi-
mize the frequency and range of motion. From the optimal
dimensions, the sensitivity of the developed sensor is deter-
mined by the calibrations and the analytical model.

2 Compliant micro-positioning platform
with embedded strain gauges and viscoelastic
damper

2.1 Structural design

In this study, a compliant micro-positioning platform
(CMPP) was incorporated with strain gauges and a viscoe-
lastic damper to form a displacement sensor, as depicted
in Fig. 1. The platform comprised two groups of flexure
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Fig.1 A compliant micro-positioning platform (CMPP) with embed-
ded strain gauges

hinges, a movable object and eight strain gauges. The plat-
form was designed as a symmetrical I-shaped structure,
where a large displacement only along the y-axis was
desired. The flexure hinges were divided into types A and
B. Each flexure hinge was considered as an elastic body,
and each elastic body was considered as a substrate, with
each sensor gauge integrated on the surface of the substrate.
The fact that that, the A group must be constructed with
flexure hinges to achieve a translational motion along the
y-axis. Noted that the B group could be also designed with

Fig. 2 Prototypes of CMPP in:
a without embedded damper
and b with embedded damper

traditional rigid links but such the rigid links would result
in a decrease in the displacement of the platform. Hence,
the B group should be created via using flexure hinges.
And so-called elastic bodies would be support in increasing
the displacement of the platform. The piezoelectric actua-
tor (PEA) generated a load F, on the platform. Material Al
7075 was selected for the platform because of its high yield
strength of 435 MPa, Young’s modulus of E = 72,000 MPa,
light density of 2770 kg/m? and Poisson’s ratio of 0.33.

The A group of flexure hinges included eight elastic
bodies of the same length, /,, width, w,, and thickness, ,
organized in the horizontal direction. The function of group
A was to generate the translational motion for the movable
object C along the y-axis resulting from the applied load
F\. The B group of flexure hinges consisted of two elastic
bodies of the same the length, I, width, wy, and thickness,
tp, organized in the vertical direction; the function of this
group was to support a larger displacement for the movable
object C along the y-axis.

The eight strain gauges: S;, S,, S3, Sy, S5, S¢, S7 and Sg,
were glued using an appropriate adhesive to the surfaces
of the A group of flexure hinges at suitable positions. The
deflection of these flexure hinges was detected by the strain
gauges. S;, S;, S5 and S; were organized on the surfaces
on the right side of the CMPP, while S,, S,, S; and Sg were
located on the surfaces at the left side of the CMPP. The
platform was located at the fixed holes.

The platform’s open cavities were filled with viscoe-
lastic material. The polydimethylsiloxane (PDMS), a vis-
coelastic silicon rubber material, served as a viscoelastic
damper for the platform. The prototypes without a damper
and with an embedded damper are shown in Fig. 2a, b,
respectively. The function of the PDMS was to increase the
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stiffness of the platform on both the x-and y-axes, particu-
larly along the x-axis. The speed of the compliant micro-
positioning platform increased as a result of the frequency
of the platform also increasing.

As compared with previous platforms integrated with
laser displacement sensors or capacitance sensors, the devel-
oped compliant micro-positioning platform was more com-
pact because of the embedded strain gauges. Also, the pro-
posed platform was able to eliminate undesired vibrations
from inside or outside disturbances because of the embedded
viscoelastic damper, and the stiffness of the platform was
also increased due to the embedded viscoelastic damper.

In this study, a viscoelastic PDMS damper was inte-
grated with the compliant micro-positioning platform to
suppress undesired vibrations to improve its efficiency, see
Ref. (Huang et al. 2015); to reinforce the stiffness of the
developed platform; and to enhance the frequency of the
platform because a higher frequency means a faster plat-
form speed.

2.2 Working principle of developed strain gauge sensor

The displacement sensor as built, based on the strain
gauges and the flexure hinges, is shown in Fig. 1. When an
input voltage signal V,, is applied to the piezoelectric actua-
tor, a generated load is exerted on the movable object, C,
and the flexure hinges are deflected. The output displace-
ment is recorded. At the same time, the displacement of
the flexure hinges also results in deformation of the strain
gauges, which changes their electrical resistance, R.

The strain-gauge sensor, designed to measure the output
displacement along the y-axis of the platform, is compact.
A suitable position must be found where the strain has a
maximum value in order to improve the sensitivity of the
sensor. The best positions for the sensor location can be
determined by finite element analysis (FEA) simulations.
The resistance change is converted into a change in the cor-
responding voltage through a half-Wheatstone bridge cir-
cuit, as shown in Fig. 3.

The working principle of the developed displacement
gauge sensor in this study is illustrated in Fig. 1. The next
analysis establishes the mathematical models for the devel-
oped sensor. The elastic theory of flexure hinges and the
theory of the half-Wheatstone bridge circuit are combined
to develop the mathematical equations of the proposed dis-
placement gauge sensor. As seen in Fig. 3, if the platform is
under tension, the resistance R will increase by a value of
AR. Conversely, in the case of compression, the resistance
R will decrease by a value of AR.

The gauge factor of the strain sensor is defined as the
ratio of fractional change in the electrical resistance to the
fractional change in length:
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Fig. 3 Half-Wheatstone bridge circuit of the strain gauge
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where G is the gauge factor of the strain gauge; AR is the
change in value of the gauge resistance; R is the nominal
value of the gauge strain as an undeformed strain gauge;
and ¢ is the strain.

The strain is related to the resulting stress by the follow-
ing equation:

oc=FEx¢g¢ (2)

where o is the resulting stress and E is the Young’s modulus
of the material Al 7075.
The output voltage of the circuit is approximated by the
following equation:
Ge AR

Vozixvexzﬁ

5 X Vex 3)

where V, is the output of the circuit and V,, is the excitation
voltage of the circuit.

Substituting Egs. (1) and (2) into (3), the output voltage
of the circuit is approximated by the following equation:

— X Ve “)

Equation (4) signifies that the output voltage is propor-
tional to the resulting stress of the flexure hinges.

One flexure hinge, A, is selected in order to analyze the
sensitivity of the displacement sensor gauge. Each flexure
hinge has a linear stiffness calculated as follows:

Ewt3
Ky=—4
Iy

&)

where K is the stiffness of the flexure hinge.
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The force F) is related to the displacement § of the flex-
ure hinge by the relation:

Fy=Kqx$6 (6)
The force F), is related to the resulting stress of the flex-
ure hinge by the relation:
6F)!
o=-—21

Wil @

Substituting Egs. (5), (6) and (7) into (4) gives as
follows:

3Vex Gt
Vo= =0 x8 ®)
lA

Equation (8) is equivalent to:
Vo=8x$§ )
where S is the sensitivity of the strain gauge is calculated

by the following equation:

§_ 3V, Gta
—r (10)

Combining Eqgs. (2) and (7), the strain is related to the
geometric parameters of the flexure hinge as:
6Fyla
E =
Ewti

1)

In practice, by determining the output displacement of
the platform and the output voltage, the sensitivity S of the
strain gauge can be determined via calibrations; these show
the linear relation of the output voltage of the strain gauge
with the displacement of the platform. In addition, the sen-
sitivity is related to the excitation voltage, the gauge fac-
tor and the geometric parameters of the platform. As seen
in Eq. (11), the geometric parameters of the flexure hinge
have a significant impact on the strain. After the working
principle of the strain gauge sensor is determined, the suita-
ble positions of the strain gauges integrated on the substrate
are determined by the FEA simulations.

2.3 Location assignment of embedded strain gauge

A simplified model of flexure hinge of the A group is
depicted in Fig. 4. The flexure hinge serves as the substrate
on which the strain gauges are located. Because the strain
gauge is very lightweight, the strain gauge is not installed
on the surface of the substrate for the FEA simulations in
ANSYS 2015.

The model consists of two ends, D and E. On the left
side, end D is a fixed position. On the right side, end E is
the freedom location for applying a movable load. The free-
dom location applies an input displacement of 1 mm along
the negative y-direction. The material Al 7075 selected for

Fixed
position

Loading
position
(1 mm)

Fig. 4 Simplified model of flexure hinge with load of 1 mm

the model. The geometric design parameters of the flexure
hinge mainly affect the strain and stress. The parameters set
for the simulations were as follows: [, = 20, 24, 27 and
30 mm; wy =5, 6, 7 and 8 mm; and ¢, = 0.4, 0.5, 0.6 and
0.7 mm.

Through the simulations, the suitable positions for the
sensor gauge locations are found. As shown in Fig. 5, the
strain distribution along the red straight line DE of the flex-
ure hinge is numbered from 1 to 20, which indicates that
the strain distribution on the left side of the flexure hinge
is symmetric to that on the right. The symmetric point is
at the middle point, number 10 (area in blue), through the
horizontal center line. Hence, only the strain of the num-
bers in the range from 10 to 20 is investigated.

In practice, the strain gauge is attached at the top and
bottom surfaces of the flexure hinge to measure the strain
in the tension and compression directions, respectively. The
strain in tension at the top surface is equal to the strain at
the lower surface in the compression direction. On the top
surface, the strain has a positive value; while at the lower
surface, the strain has a negative value.

As seen in Fig. 6, the strain is changed as a result of a
change in the length of the flexure hinge. The maximum strain
was at the left or right side of the flexure hinge. The lowest
strain was at the middle point, number 10. It can be seen that
the maximum strain corresponded to the minimum length
of the flexure hinge (/ = 20 mm), followed by [ = 24 mm,
! =27 mm and the lowest strain with respect to / = 30 mm.

It could be concluded that the strain distribution was
mainly affected by the length of the flexure hinge. The
strain gauge should be attached at the left end area D or
around the right end area E where a load is applied.

The width of the flexure hinge, however, had almost
no effect on the strain, as evident in Fig. 7. A change in
the width of the flexure hinge (w = 5 mm, w = 6 mm,
w =7 mm, w = 8 mm) did not affect the strain, an indica-
tion that the strain was not sensitive to changes in the width
of the flexure hinge.

As shown in Fig. 8, the strain did vary with a change in
the thickness of the flexure hinge, with the strain increasing
as the thickness increased. The maximum strain was at the
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Fig. 5 Strain distribution along 0.003172 Max
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Fig. 6 Strain distribution with different lengths of flexure hinge
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Fig. 7 Strain distribution with different widths of flexure hinge

left or right side of the flexure hinge, and the lowest strain
was at the middle point, number 10. The maximum strain
corresponded to the maximum thickness of the flexure
hinge (+ = 0.7 mm), followed by = 0.6 mm, # = 0.5 mm
and the lowest strain with respect to = 0.4 mm. It could be
concluded that the strain was very sensitive to any change
in the thickness of the flexure hinge.

To sum up, the length and thickness of the flexure hinge
should be selected carefully, and the strain gauges should
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Fig. 8 Strain distribution with different thicknesses of flexure hinge

Fig. 9 Stress distribution of flexure hinge

be attached at suitable positions to obtain the necessary
measurement accuracy.

For a load of 1 mm along the y-axis, Fig. 9 demon-
strates the stress distribution of the platform, which has
eight positions numbered (1), (3), (5) and (7) on the right
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side and (2), (4), (6) and (8) on the left side. These eight
positions predict the maximum equivalent stress near the
area of applied load. The strain—stress analysis showed that
the strain gauges should be located on the top surface of
the flexure hinges in an area near the applied load. Posi-
tions (1), (3), (5) and (7) were selected to integrate with the
embedded strain gauges.

3 Experiments
3.1 Strain-stress analysis

As per the above analysis, suitable positions were found
for the strain gauges to be embedded in the platform. The
strain is related to the stress through Hooke’s law. The
stress is also related to the fatigue life by Eq. (12). For
any compliant joints, a major concern is fatigue induced
by completely reversed stress because a flexible compo-
nent frequently repeats its motion. This relation is briefly
described in (Shigley and Mischke 1989):

o\ 1l/b
-
2
_ "
1 ut
b:_SlOg(Se > (14)

where N is the number of cycles-to-failure; S, is the ulti-
mate strength; S, is the endurance limit; and fis a constant.

Fig. 10 Experimental strain for
CMPP: a without damper and b
with embedded damper

Unfilled
p1 ototype

The strain on the CMPP is one of the most important
concerns, so the maximum stress needs to be determined.
In this study, four different positions on the CMPP, num-
bered (1), (3), (5) and (7), were used to test the strain (see
Figs. 1, 5). As the CMPP is a symmetric structure, only
these positions were evaluated.

The PDMS damper was integrated in the compliant
micro-positioning platform to reinforce the stiffness of the
developed platform; to improve the frequency of the plat-
form because a higher frequency means a faster platform
speed; and to suppress undesired vibrations. In addition, the
viscoelastic properties of the damper can affect the strain
of the proposed platform. Hence, many simulations and
experiments were carried out to investigate these effects.

Figure 10a, b show the strain measurements of the plat-
form without a damper and with an embedded damper,
respectively. The calibration instruments included a force
gauge (Lutron, tension and compression, maximum 196 N,
DC 9 V adapter, model: NF-9500, Taiwan) to adjust the
applied force; a sensor gauge (KFG 5-120-C1-11L1M2R,
KYOWA, Japan) with a gauge factor of 2.07, resistance of
120.4 @ and excitation voltage of 2.5 V; a CPU (computer
processing unit, ASUS); DAQ (data acquisition, National
Instruments, Japan); and a screen (ASUS). The prototype
was mounted onto a base fixed to the vibration isolation
system table in order to suppress any vibrations. Four sen-
sor gauges were glued at the four positions to measure the
actual strain. Each position was measured separately. The
experiments were repeated five times to obtain the average
value. The force gauge was adjusted to gradually reach a
desired value. Data from the sensor gauge were transferred
to the DAQ instrument, which generated data to the CPU.

Strain
gauge

=
0 ~ ke
=) Force gauge
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LABVIEW® software was set up in the CPU so that the
strain wave and value of the strain were displayed on the
screen. The strain value after each experimental measure
was recorded.

The different values of force gauge such as 4, 6, 8, and
10 N were exerted to the platform, individually. When the
platform moved, the flexure hinges were deflected and the
strain data was recorded. As aforementioned, there were
only positions including (1), (3), (5) and (7) that their strain
and corresponding stress were assessed. And then a FEA
analysis for case without the damper was carried out for
these positions.

For position (1), the physical strain values with the
embedded damper were about 13.2 % smaller than those
and FEA values without the damper, as seen in Fig. 11a.
The experimental results were in a good agreement with
the FEA ones with an error of 1.04 %. Similarly, many
experimentations and FEA analyses were performed for
the positions (3), (5) and (7). For position (3), the physical
strain values with the damper were approximately 14.49 %
lower than those and FEA values without the damper, as
seen in Fig. 11b. The experimental results were in a good
agreement with the FEA ones with an error of 4.98 %. For
position (5), the physical strain values with the damper
were about 6.4 % lower than those and FEA values without
the damper, as seen in Fig. 11c. The experimental results
were in a good agreement with the FEA ones. For posi-
tion (7), the physical strain values with the damper were

Fig. 11 Strain for four differ- 0.0005

about 6.9 % smaller than those and FEA values without the
damper, as seen in Fig. 11d. The FEA results were close
to the experimental results. The strain values in the case
of without the damper were higher than those of with the
embedded damper. The reason was only that the stiffness of
the platform was reinforced the damper PDMS. This is also
a highlight of this study in combining the compliant micro-
positioning platform with the viscoelastic damper. Besides,
the maximum strain was found at the position (7). As the
maximum stress at this position affected the fatigue life of
the platform, it required careful consideration to guarantee
the safety operation. The experimental results were a little
bit difference with the simulation results due to manufac-
turing and assemble errors.

According to Hook’s law, using Eq. (2), the stress for the
platform was calculated by determining the strain in advance.
Figure 12a—d illustrate the stress results for the four posi-
tions, respectively. All four positions, (1), (3), (5) and (7), in
the physical experiments showed that stress in case without
the damper is about 13.2 % higher than that of case with the
embedded damper. In the simulations, the FEA stress with-
out a damper was approximately 14.4 % greater than that of
case with the embedded damper. The maximum stress was
at the position (7). This position must be considered care-
fully because the maximum stress has the strongest influence
on the fatigue life of the platform, according to Eq. (12).
The experimental results were in a good agreement with
the simulation results. Aforementioned, the damper PDMS
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increased the stiffness of the platform and thus the strain
was decreased. As known, the stiffness is conflicted with the
strain or stress. It could be concluded that the damper PDMS
also decreases the stress. Hence, the platform can operate
with a long fatigue life cycle. The PDMS is capable to rein-
force the stiffness of the platform.

3.2 Stiffness analysis

The second purpose of the viscoelastic damper was to
support the stiffness of the developed platform. In this
approach, the stiffness of the elastic body resulted in a
change in the dynamic response of the platform.

Many simulations and experiments were conducted
to investigate this characteristic of the PDMS damper.
Figure 13a, b depict the experimental setup of the range of
motion of the CMPP along the y-axis without the damper
and with the filled damper, respectively. A force gauge was
used to make the necessary adjustments to achieve the dif-
ferent values, including 0.2, 0.4, 0.6, 0.8 and 1 N. An end
of CMPP was fixed. A laser displacement sensor (Keyence,
Japan) was used to measure the displacement of the CMPP,
and a connector was utilized to transfer the signal to a digi-
tal display. Each experiment was repeated four times and
the average result was calculated.

As seen in Table 1, the average stiffness in the case with-
out the PDMS damper was calculated about 0.012 N/um,

while the average stiffness in the case with the embedded
PDMS damper was computed approximately 0.013 N/pm.
Besides, the results showed that the displacements in the
y-axis of the platform in case with the embedded damper
are much smaller than those of case without the damper,
i.e., a decrease in displacement about 4.96, 5.2, 2.4, 1, and
3.6 % with respect to 0.2, 0.4, 0.6, 0.8 and 1 N, respec-
tively. It could be concluded that the stiffness of the devel-
oped micro-positioning platform increased when the open
cavities were embedded with the viscoelastic PDMS
damper. The results provided helpful information regarding
the design process of compliant micro-positioning stages,
particularly that the stiffness can be reinforced by the extra
damper. The simulation results were close to the experi-
mental results.

To prove that the stiffness of the platform actually
increased, various simulations and experiments with a load
along the x-axis were performed. For the experimentations,
the CMPP was affixed to the table. The force gauge was
employed to determine the different loads of 2, 4, 6, 8 and
10 N on the x-axis. According to the design process, the dis-
placement of the platform along the x-direction might be less
than that along the y-direction, and the greater loads were thus
applied to the platform along the x-axis. The digital indica-
tor was used to record the range of motion of the CMPP. The
experimental setups for the CMPP without the damper and
with the filled damper are shown in Fig. 14a, b, respectively.
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Fig. 13 Displacement along . - - i ‘ -
y-direction of the CMPP: a ‘ { Digital display § 1 D1_1tal dlspla\
' L N 775 e .

without the damper and b with
the embedded damper

Filled

Unitﬂl;d ; : & || prototype
prototype

FORCE GAUGE

FORCE GAUGE

TENSION & COMPRESSION

(a) (b)

Table 1 Displacement along

e : Displacement (um) in cases Applied force (N)
y-direction (units: pm)

02N @um) 04N@um) 06N@um) O08N@um) 1N (um)

Experiment without damper 16.1 324 48.3 65.4 82.8
Experiment with damper 15.3 30.7 47.1 64.7 79.8
FEA without damper 16.6 333 49.9 66.6 83.2
FEA with damper 15.8 29.1 47.8 65.0 81.3

Fig. 14 Stiffness measurement B TR e oL o e -
along the x-direction of the ~ |[EECEESSIERESENR L = - S @ - - - -~ (D Dt v s . L L
CMPP: a without the damper / - ..., ., .3 |
znd b with the embedded N % D1g1ta1 5 dlcator

amper

D)m.-)\"

Unfilled prototype

|

() BTS)

Table 2 Displacement along

- . Displacement (um) in cases Applied force (N)
the x-direction (units: um)

2N@m)  4N@m)  6N@m)  8N@m) 10N (um)

Experiment without damper 21.4 45.3 68.1 90.6 104.8
Experiment with damper 21.2 45.0 67.7 90.2 104.5
FEA without damper 23.1 46.2 69.4 92.5 115.6
FEA with damper 21.0 45.1 68.0 90.5 104.7
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For the applied loads in the x-direction, the average
stiffness without the PDMS damper was determined about
0.0908 N/um, while the average stiffness with the embed-
ded PDMS damper was calculated about 0.0916 N/um, as
shown in Table 2. Similarly, the results indicated that the
displacements of the platform in the x-axis of case with the
embedded PDMS are a little bit lower than those of case
without the PDMS, i.e., a decreased displacement about
0.9, 0.6, 0.5, 0.4, and 0.2 % corresponding to the applied
forces of 2, 4, 6, 8 and 10 N, respectively. The experimental
results were in a good agreement with the FEA results. It
proved that the stiffness of the platform increased when the
open cavities were embedded with the viscoelastic PDMS
damper.

3.3 Frequency response

The dynamic response of the proposed platform was evalu-
ated as the third purpose of the viscoelastic damper that is
to improve the frequency of the platform.

The measurements of the first natural frequency within
the range of 100 Hz to 500 kHz were performed in order
to evaluate the dynamic characteristics of the mechanism
without pre-stress, i.e., no piezoelectric actuator (PEA).
A modal hammer (Model 9722A2000-SN 2116555, Kis-
tler) was used to apply the excitation to the mechanism,
and the frequency response was measured by using an
accelerator (Model 4744892, Kistler). The accelerator was
attached the place where is opposite to the location of the

Fig. 15 Frequency of the
CMPP via hammer: a without
damper and b with embedded
damper

l Modal analyzer |5

‘

(a)

excitation of the modal hammer. A modal analyzer (Model
NI USB 9162, National Instruments) was utilized for the
data acquisition and analysis. A force sensor attached to
the end of the hammer was used to measure the applied
force from the hammer. CUTPRO software was installed
in a computer to analyze the data. The experiments were
repeated five times. The experiment without the PEA and
without the damper is presented in Fig. 15a; the frequency
of 125 Hz is recorded in Table 3. The experiment with-
out the PEA and with the damper is given in Fig. 15b; the
frequency of 139 Hz is recorded in Table 3. The results
revealed that the frequency in the case without the PDMS
damper was lower than in the case with the filled PDMS
damper because the use of the PDMS increased the stiff-
ness of the platform.

A high-speed bipolar amplifier (Model HAS 4011, NF
Corporation) was utilized to drive the PEA (Model 150/5/40
VS10, Piezomechanik GmbH). Retro-reflective tape (Ono
Sokki Company) was attached at the middle of the mov-
able object. A preload was applied on the PEA. A laser
vibrometer sensor (Model LV-170, Ono Sokki Company)
with a high nanoscale resolution was used to measure the
displacement. A frequency response analyzer (Model FRA
5097, NF Corporation) was used, and frequency response
analyzer display software was installed in the computer.
Using the FRA display software, the data were displayed as
diagrams. Overall experiments were repeated five times to
obtain the average of the measured values. The experiment
with the PEA but without the damper is shown in Fig. 16a;

s

(b)
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Fig. 16 Frequency of the
CMPP driven via PEA: a
without damper and b with
embedded damper

vibrometer
sensor

: . ik r\
Pre-stress screw [

Table 3 First natural frequency (units: Hz)

Not PEA and Not PEA and Driven PEA Driven PEA
not damper embedded and not damper and embedded
damper damper
125 Hz 139 Hz 3700 Hz 3710 Hz
0.0014
_ 0.0012 4
£
£ o0.001
g 0.0008 J
§ 0.0006 w J A | I‘ [l
: eIl
E 0.0004 Vit v ' 1Y
0.0002 -
0

0 1000 2000 3000 4000 5000 6000
Frequency (Hz)

Fig. 17 Frequency versus displacement in case of the PEA without
the damper (3700 Hz)

the frequency of 3700 Hz is recorded in Table 3 and Fig. 17.
The experiment with the PEA and with the damper is pre-
sented in Fig. 16b; the frequency of 3710 Hz is recorded
in Table 3 and Fig. 18. The results indicated that the fre-
quency in the case without the PDMS was lower than in the
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Fig. 18 Frequency versus displacement in case of the PEA with the
embedded damper (3710 Hz)

case with the filled PDMS damper as the use of the PDMS
resulted in an increase in the stiffness of the platform.

To sum up, as shown in Table 3, the frequency increased
when the PDMS damper was embedded in the open cavi-
ties; it could be concluded that the PDMS resulted in
increased stiffness. In reality, when a compliant positioning
platform becomes stiffer, the frequency is also increased;
hence, the speed of the proposed platform was enhanced as
well, and the platform operated at a high frequency.
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4 Optimization of micro-compliant positioning
platform

The analysis determined that the proposed platform was
very sensitive to the length and the thickness of the flexure
hinges. Hence, the optimization problem was very neces-
sary in order to optimize those parameters and improve the
performances of the platform. In general, before implemen-
tation of an optimization problem, a mathematical model is
established.

The platform was designed as a fixed-guided flexible
mechanism; thus, its dynamic model was based on the
pseudo-rigid-body model (PRBM) as proposed by Ref.
(Howell 2001).

The masses of part A, part B, and part C are calculated
as follows:

Mp =Nag x p X (Ia X wa Xta) (15)

Mp = Np x p X (I X wp X tB) (16)

M,=px 225 x 1597 %x8) —px4x(6x4x38)
2 17
—pxmx3 x8

where M,, My and M, are the corresponding masses of
part A, part B and C, respectively; p is the density of the Al
7075 material; N, is the number of flexure hinges (8 elastic
bodies) belonging to part A; and Ny is the number of leaf
springs B (2 elastic bodies).

The total mass M of the platform yields:

M=8xpx (Ig xwaxtq)+2xpx(IgxwpXtp)

+pox (225 x 1597 x8—-4x6 x4 x8)
(18)

The natural frequency can be obtained from the dynamic
equation of Lagrange’s principle. Assuming that the pro-
posed platform is moving along the y-axis, part B is
assumed to be ideal rigid links. The kinetic energy T of the
stage is calculated as:

1
T = EMyz (19)

The potential energy V resulting from the torsional
springs of the flexure hinges according to the PRBM is:

1
V=16 x 5de912 (20)

The dynamic stiffness K, of each torsional spring is
determined as:

El
Ky = ZVkF)TAA @1)

where y = 0.85; ky = 2.669 (Howell 2001); E is the
Young’s modulus of material Al 7075; I, is the moment of
inertia Iy = wAtg/IZ; and 0, = y/2l4 (Howell 2001) is the
rotational angle along the z-axis.

Hence, Eq. (20) becomes:

V=16 x 2k (2 ’ (22)
= X — | —
204\ 21,

To allow a free motion, the free motion dynamic equa-
tion of the platform is determined according to Lagrange’s
equation as:

d (dT aT . v
a\oy) "y Ty T (23)
Equation (23) is equivalent to:
.t 4K g5
My+ ——y=0 24)
Iy
And Eq. (24) is similar to:
My +Ky=0 (25)
With the stiffness of the platform as:
4K,
K=—- (26)
A

The natural frequency of the platform f,,pp is deter-
mined as:

£ _ 1 4K 45
cmpp = 5 M 27
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As aresult, Eq. (27) becomes:

4K, ds

1
fCMPP_zn\/(NAxpx(lewAxtA)+NBxpx(lewatB)+px(22.5x15.97x8—4x6x4x8))1§

1 4K 45

27 \| (Na x (Ia x wa x 14) + Np x (Ig x wg x 1g) + (22.5 x 15.97 x 8 —4 x 6 x 4 x 8))pl2

(28)

The displacement of the platform §q,pp is determined
according to Howell (2001) as:

Scmpp = 20max[3 / 3Ets (29)

where o,,,, 1s the maximum stress of the platform that is
determined according to Howell (2001) as

6Fmax!a
Omax = —— 5 —

WAl (30

The objective functions of the platform are briefly
described as follows: the platform needs a large range of
motion §y,pp over 800 um along the y-axis for many appli-
cations and a high-frequency f,pp to increase the respond-
ing speed of the platform. The multi-objective optimization
problem is stated as follows.

Maximize Scypp 31

Maximize fcypp (32)

Subject to constraints:

Oy
Omax = — (33)
15mm < Iy <25mm
0.5mm <ty < 1.5mm
(34)

30mm < Ip < 48 mm

0.5mm <t < 1.5mm

where f-ypp is the cost function of the natural frequency
o, is the yield strength of material Al 7075 (435 MPa); and
n is the safety factor of n = 1.5 was selected. Because the
platform is not sensitive to the width, so this study pro-
posed w, = wp = 8 mm as constant parameters.

In this study, the differential evolution (DE) algorithm
was used for solving the continuous design variable opti-
mization problems. It is a powerful technique proposed by
Storn and Price (1995). With a randomly generated initial
population, the DE algorithm proceeds in a step-by-step
process, including mutation, crossover and selection opera-
tors. It discovers the best candidate solutions iteratively
until the stopping criterion is satisfied. The following
parameters were established for the DE algorithm: an initial

@ Springer

population size of 20, and 100 epochs. The programming
for the multi-objective optimization problem based on the
DE algorithm in this study was executed in Matlab R2014.
The optimal results, given in Table 4, show that the optimal
parameters of the platform could be searched efficiently
using the differential evolution algorithm. The deviation
between the predicted results and the experimental valida-
tions was less than 6 %. The developed compliant micro-
positioning platform had a range of motion of 860 um and
a high frequency of 345.2 Hz, see Table 5.

A fatigue analysis was necessary in the design phase of
the platform. To produce the desired range of motion along
the y-axis of 860 um, the fatigue life of the platform was
predicted by an FEA simulation. The stress life analysis
was conducted by constructing a model from the optimal
dimensions and applying a fully reversed load of 10 N.
The FEA results predicted the maximum number of fatigue
life cycles to be about 5.67 x 107 before the fatigue failure
of the structure. Thus, the platform exhibited an approxi-
mately infinite life for producing a 860 um range of motion.

Table 4 Optimal results

Parameters Optimal Experimental Error (%)
results validations

14 (mm) 20 20

t4 (mm) 0.6 0.6

Iz (mm) 30 30

tp (mm) 0.8 0.8

Fcypp (Hz) 328.7 345.2 4.7

8cppp (LM) 810 860 5.8

Table S Motion range comparison of different micro-positioning
stages

Micro-positioning Range of
stages motion (um)
The CMPP in this paper 860

Ref. (The PI Online-Catalog) 100

Ref. (Rong et al. 1994) 100

Ref. (Yang et al. 1996) 200

Ref. (Li et al. 2014) 156
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The analysis results of the equivalent stress indicated that
the proposed micro-positioning stage achieves the large
range of motion of 860 um with the maximum von Mises
stress of 89.272 MPa without material failure (i.e., this
maximum stress was still much less than the yield strength
435 MPa of Al 7075). Thus, the proposed micro-stage pos-
sesses a good performance for the micro manipulations.

For any compliant micro-positioning platform, a large
displacement is one of the most significantly quality char-
acteristics. Most previous platforms regarded how to
make a large displacement or range of motion. After the
optimization process, the range of motion of the CMPP
was compared with that of previous platforms in the lit-
erature review. As seen in Table 5, the range of motion of
the CMPP was about 8.6 times much larger than that of
the commercial platform in Ref. (The PI Online-Catalog),
8.6 times higher than that of previous platform proposed
by Rong et al. 1994, approximately 4.3 times greater than
that of platform developed by Yang et al. 1996, and about
5.5 times larger than that of recent platform designed by
Li et al. 2014. Taking advantage of a large range of motion
in account, it could be concluded that the proposed CMPP
is helpful for future applications, e.g., micro-positioning
manipulations, microindentation and microscratch testing,
as well as in situ micromechanical testing.

5 Sensitivity of developed displacement sensor

The optimal dimensions of the platform were used to deter-
mine the sensitivity of the developed strain gauge sensor.
The voltage signals of 1, 2 and 3 V were applied to the
piezoelectric actuator. The laser displacement sensor was
adjusted to an appropriate location to achieve the most
accurate displacement. The output voltage was recorded by
a digital multimeter.

Using the optimal dimensions, the prototypes were
manufactured; the measured average sensitivity of the
developed sensor was about 0.01985. In addition, Eq. (10)
predicted a sensitivity of the developed sensor of about
0.01863. Compared with the analytical prediction, the
experimental result was overestimated by 4.3 %. The error
came from the manufacturing and measuring tolerances,
and the difference between the real and nominal strain
gauge factor. It could be concluded that the developed dis-
placement sensor can directly measure the displacement of
the platform.

6 Conclusions

A compliant micro-positioning platform has developed
in this paper. The platform was embedded with the strain

gauges and the PDMS viscoelastic damper. The strain
gauges were glued on the surfaces of the flexure hinges to
form a displacement measuring sensor. The open cavities
were filled with PDMS. Then the working principle of the
developed gauge sensor was established.

Many FEA results showed that the length and the thick-
ness are strongest effect on the strain and stress. In con-
trast, the strain and stress were not sensitive to changes in
the width. And so the best positions for attaching the strain
gauges were exactly determined. Two case studies without
the damper and with the embedded damper were conducted
along the x-axis and y-axis, respectively. The results indi-
cated that cases the strain, displacement, first natural fre-
quency and the stiffness without the damper are lower than
those with the damper. It could be concluded that the stiff-
ness of the platform is reinforced by the PDMS and as a
result, the frequency of the platform is increased.

In addition, the dynamic model of the platform was estab-
lished using the Lagrange principle. And then, the design
parameters were optimized using the differential evolu-
tion algorithm to simultaneously maximize the frequency
and range of motion. The results revealed that the platform
possesses a high frequency of 345.2 Hz and a large range
of motion of 860 um with an infinite fatigue-life cycle of
5.67 x 107. The sensitivity of the developed sensor was
determined by the calibrations and the analytical model with
an error of 4.3 %. It revealed that the platform is capable
of realizing the displacement measurement via the embed-
ded strain gauge. The platform has potential applications
in micro-positioning manipulations, microindentation and
microscratch testing, as well as in situ micromechanical test-
ing. In the future work, a much smaller compliant micro-
positioning platform will be developed by the proposed tech-
nology, which will have a big impact on many applications.
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