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Abstract

This article presents the conceptual design of a novel compliant microelectromechanical systems (MEMS)-based gripper with
integrated electrothermal actuator and electrothermal force sensor. By this design solution, the device possesses some
unique characteristics including a small and compact footprint size, and a large driving force by the thermal actuator. Owing
to the use of a compliant rotational bearing, a large gripping range is obtained. The sensing arm has a capability of detecting
the force transmitted from the left arm so as to prevent the damage of the grasped object. Analytical models are developed
to evaluate the statics and dynamics performance of the gripper. Simulation results show that the thermal actuator produces
sufficient gripping force to execute the gripping operation with a range of 80 um under a low input voltage of 6 V. Moreover,
the results of the established theoretical models match well with the finite element analysis (FEA) simulation results, which
verifies the feasibility of the proposed gripper design.
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Introduction the property of the used material elastic deformations.’
Therefore, the compliant mechanism can realize the smooth
and repeatable motion of the microgripper. For this reason,
the compliant structure has been popularly applied in
MEMS devices, especially for the applications which need
ultra-high precision motion.® Hence, the gripper structure is
designed using a compliant mechanism in this work.

The actuator is a necessary tool to generate the desired
displacement with a proper input force. MEMS grippers have
some requirements, like a sufficient large driving force and
displacement. Generally, the actuation approaches are mainly

MEMS-based microgrippers have been employed in some
application areas, such as micromanipulation, microassembly’
and material characterization.” It plays an important role in
executing the process of grasping and releasing biological sam-
ples like cells and bacteria.’ In the previous work, various types
of microgripper were introduced, which propose different
mechanical structures, actuation methods and sensing princi-
ples. This article presents the design and simulation of a novel
microgripper, which exhibits a compact structure with an inte-
grated thermal type of actuation and force-sensing capabilities.

Structure design, actuator design, and sensor design are
the major design issues for a MEMS microgripper. A com-
pliant mechanism (a mechanism which is compliant) is  University of Macau, China
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categorized into four classes in terms of electrostatic actua-
tor,”® electromagnetic actuator,’ piezoelectric actuator, 9and
electrothermal actuator.!! As for the electrostatic actuator,
two main problems are the small range of the displacement
and a relatively high driving voltage. Electromagnetic actua-
tors have shortcomings such as: a complex fabricating pro-
cess, high-power dissipation, large gripper dimensions
because of the needed external magnetic field. A piezoelectric
actuator calls for a sophisticated control technique to realize a
precise grasping process due to the hysteretic nonlinearity of
displacement output. Speaking of the electrothermal actuator,
it provides some unique capabilities, such as supplying a large
force and displacement with a relatively low voltage.'*"?
Also, much attention has been paid to thermal actuators in
recent years, which have been demonstrated to be more com-
pact and stable.!! Actually, electrostatic and electrothermal
actuators are two main means of creating in-plane motion
in MEMS devices. Compared to an electrostatic actuator, a
thermal actuator can easily achieve the output force of 1
mN at the excitation voltage of 5-10 V,'* while it is impos-
sible for the electrostatic actuator to generate such a force
scale under a low voltage. Hence, the thermal actuator is
selected for the gripper actuation in this work.

Another design issue of the microgripper is sensor
design. During the process of grasp-handle-release of the
object, the force experienced by the gripper should be mea-
sured to ensure the microobject’s safety.'® Force sensing is
of great importance to detect the gripping force exerted on
the samples. Various types of sensors have been reported in
the literature. Chen et al.'® demonstrated that a piezoresis-
tive force sensor can provide real-time information of the
gripping force. However, its performance is limited by the
complicated assembly process. Capacitive sensors are low
cost and easy to fabricate; however, their large dimension is
a big obstacle to compact design. In this article, a thermal
sensor is employed because it exhibits merits such as high-
precision force detection, as well as compact size.

The motivation of this article is to design a compact
microgripper which is equipped with an electrothermal
actuator and electrothermal force sensor. As compared with
existing designs of microgrippers,'’!° the proposed grip-
per structure achieves a larger force and displacement with
a relatively low voltage. Also, it offers a precision force
measurement in a very small footprint. The following parts
of this article are organized as follows. In the following
section, the details of the mechanism design of the micro-
gripper are presented. FEA simulation studies are con-
ducted in the section “FEA Simulation Results” to testify
to the effectiveness of the parameter design and analytical
modeling. The next section discusses some capabilities of
this gripper, followed by our concluding section.

Design of the gripper

A sketch diagram of the microgripper is presented in
Figure 1. This gripper consists of a series of Z-shaped
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Figure |. Parameters of of the MEMS microgipper.

thermal actuators in the left arm and the thermal force sensor
in the right. There are four actuation flexures to support the
thermal actuator, which is connected to the rotational bear-
ing of the left arm. The output force produced by the actuator
is translated by the rotational mechanism, and then the input
displacement is amplified at the left tip. The thermal sensing
arm is also supported by four flexures. It is notable that the
two ends of the Z-shaped central beam are connected by the
dielectric glue to ensure that the electric current only flows
in the actuator. With the rotational bearing, the input displa-
cement is easily transferred from the direction of the y-axis
to that of the x-axis. Due to the compliant mechanism design,
there exists some lost motion during the gripping motion. As
compared to the gripping range, the lost displacement on the
left tip is so small that it can be neglected.

Thermal actuator design

To execute the in-plane motion drive, the thermal actuator
works based on the principle of thermal expansion. There
are several popular configurations of the thermal actuators:
namely, a pseudobimorph thermal actuator,® the bent
beam (V-shaped) thermal actuator,>' the Z-shaped thermal
actuator.'! Each configuration of the actuator has specific
characteristics. Concerning the pseudobimorph type, it has
asymmetrical beams with different cross-section areas,
whose motion path is an arc produced by the thermal
expansion of beams. The V-shaped actuator uses the sym-
metric configuration of two slanted beams. By this scheme,
the central shuttle of the actuator can achieve rectilinear
motion in one direction. Hence, the V-shaped thermal
actuator has been widely used in many applications, such
as nanopositioners,22 micro engines,23 and nanoscale mate-
rial testing systems.**

However, there are two main restrictions of the V-shaped
thermal actuator. The first comes from the slanted beams,
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Figure 2. The diagram of a single Z-shaped thermal actuation
beam.

which lead to manufacturing problems in small features,
especially when fabricating the smooth sidepieces. It
decreases the resolution of photolithography for the beam
width. Relatively large stiffness (approximately 1000 n/m) is
another limitation of V-shaped beams. Due to the aforemen-
tioned problems, the V-shaped thermal actuator is not suit-
able for acting as a load actuator and sensor simultaneously.
To overcome these problems, a Z-shaped thermal actuator is
employed in the microgripper design. It has the merits of a
large range of stiffness as well as output force.

The diagram of a Z-shaped beam is illustrated in
Figure 2. It is a symmetric structure, which is composed
of two Z-shaped beams and a shuttle in the center of the
beams. The operating principle of this actuator is similar to
the V-shaped actuator. Due to thermal expansion, the cen-
tral shuttle is guided by the bending beams to generate a
rectilinear displacement. When the thermal expansion is
caused by a current flowing through the whole structure,
because of the Joule heating effect, the temperature of the
beams increases, culminating in thermal expansion. In
Figure 2, h represents the beam width and S is the length
of the long arm. At a given temperature, the increasing
length influences the output displacement proportionally.
With other parameters unchanged, the length of the central
beam s increases and the output displacement decreases.
The stiffness is only influenced by the thickness and the
number of multiple Z-shaped beams.

Analytical modeling

We consider the theoretical model by considering the cou-
pling of electrothermal and thermomechanical effects. To
analyze the latter, we adopt the following hypotheses: that
the central shuttle is inflexible and there is barely any ther-
mal deformation; that the short beam deformation of the
thermal expansion is neglected.”> When using the energy
method, three reaction forces/moments—the axial force F,
the virtual force G, and the moment AM—are considered
when solving?®
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where 6 is the coefficient of thermal expansion of silicon,
AT is the average temperature increase in the beams, S is

the length of the long beam (see Figure 2), and D represents
the output displacement from the thermal actuator. In addi-
tion, the elements of the aforementioned matrix are shown
as follows
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where E is Young’s modulus of the actuator material—
silicon, and s is the central beam length of the Z-beam (see
Figure 2). Additionally, N represents the cross-section area
of the Z-beam and / is the moment of inertia.

The stiffness K, of an entire Z-shaped beam can be
expressed by

c ER3t (s> + 2Sh? + 6Ss?)
T 88383 + hist + 16h2S* + 2h1Ss + 125452 + 6h3Ss?
3)
where 4 and ¢; represent the width and thickness of the
Z-shaped beam, respectively.

The average temperature increase AT on the Z-shaped
beam has a relationship with the excitation voltage V>’

1 Sheat V12
= T(x)dx = 4
Sheat/o ( ) 120 @

AT

where Shey 1S the entire length of Z-shaped beam, &, and o
are the thermal conductivity and the resistivity of the mate-
rial (silicon), respectively.

Mechanism design of actuator
The stiffness of the rotation arm bearing can be calculated
by referring to the literature®
El‘zh%rB
r = d3

®)
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where E, t,, and A, are Young’s modulus of silicon, thick-
ness of the gripper, and width of the torsional flexures,
respectively. In addition, » and B are inner radius and length
from the end of the rotary bearing to rotation axis point P,
respectively. The length of the arm beam flexures is repre-
sented by d.

The spring constant of the four actuation flexures can be
expressed by

. 4El‘2h§
= 13

(6)

where /, is the length of the flexures, and /3 is the width of
actuation leaf flexure.

Because of the parallel connection of the two spring
constants K, and Ky, and also considering the stiffness of
the Z-shaped beams K, so the overall stiffness of the left
arm can be expressed as*’

h3rB 4h§>

sRTE
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(7

K :Etz(

where B =r +d.
By combining (3), (4), and (7), the output force of
the Z-shaped thermal actuator can be calculated

as follows
Fin = KLDin (8)

In the view of (1), (2), (4), and (7) the driving displace-
ment can be computed by
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The displacement amplification ratio of the left tip can
be calculated by
R+L

C=——

R (10)

where R and L are the driving distance and arm length of
the gripper, respectively.

Then, the gripping displacement range of the left tip can
be derived as

D, = CDj,
oVIS(R+1L)
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It is notable that the gripping force has a relationship
with the driving force as follows
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Figure 3. Working principle of the thermal sensor.

Fg=F;,C™! (12)

Taking into account (10) and (12), the total stiffness in
the left tip can be derived below

I

Kf: C

(13)

Design of the sensing arm

In this research an electrothermal sensor is employed to
detect the force in the right tip exerted by the object grip-
ping operation. This thermal resistive sensor has been
recently used in the literature.'” The sensing principle is
illustrated in Figure 3. This kind of electrothermal sensor
not only has merits such as high resolution, but also offers a
large detection range, which can protect the manipulated
object very well.

It is observed that the sensor consists of two resistive
beams arranged in parallel, which are made of doped sili-
con. There is a heat sink plate, which is connected to the
sensing arm fixed by four flexures. It is placed near two
beams with an air distance of 2 pm. On applying the vol-
tage to the beams, the current through the beams leads to
the temperature change in the heat sink plate. When the
plate stands steady in the middle of two thermal resistors,
the heat fluxes in the sensors do not vary. In other words,
temperature and resistance are equal for each sensor. Once
the sensing arm induces a displacement, the heat sink plate
is moved forward in the displacement direction (+y-axis).
And then, the flux increases in the right sensor (R,). By
contrast, the flux of the left sensor (R;) is decreased. The
resistance change follows the same regulation of the flux
changing. Hence, the displacement measurement of the
sensing arm can be conducted by detecting the different
values between the two resistors. When a force is generated
on the right arm, it leads to a displacement in the moving
plate. The current diversification in two resistors caused by
the displacement difference is converted into the output
voltage signal, which is conducted via a half-Wheatstone
bridge integrating with an instrumentational amplifier.
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Principle of sensor

Four leaf flexures are used to fix the sensing tip. The over-
all stiffness can be computed by

. 4Et2hi

K ==

(14

where A4 and [; represent the width and the length of leaf
flexures connecting to the sensing arm.

Based on (12) and (14), the displacement of the right tip
can be expressed as follows

(15)

Assume that the temperature distribution 7" from each
resistor beam is uniform. The resistance and temperature
values Rm(c? ,V2)and T, (0?, V) are calculated by referring to
previous work>®

L+ 1+

. ReKoy
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where R, represents the resistance of a resistor with a con-
stant temperature 7,. The resistance of the resistor changes
along with the temperature degree diversification due to the
v effect, which is called the coefficient of constant tem-
perature. In addition, thermal conductance is O

Ql(ﬁi) = (Qmax - Qmin)C2 + Qmin (18)
Q2(5?) = (Qmax - Qmin)(l - d) + Omin (19)

where d is the ratio between the displacement Ad of the
sink plate with the length /, of each resistor beam. Which is
to say, d= %. O max and Q iy are the maximum and min-
imum values of the thermal conductivity of each resistance.

Dynamic modeling

To determine the natural frequency of the microgripper,
dynamic analysis is induced in this part. First, based on the
pseudo-rigid-body (PRB) method, the stiffness of a leaf
flexure can be computed by*
E

K = 2)Kq TT
where A\ = 0.85 is the optimal value of the characteristic
radius, Ko, = 2.67 is the stiffness coefficient, / is the length
of leaf flexure and 7 represents the area moment of inertia,
which can be expressed as

(20)

R

T
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where ¢ and % are thickness and width of the flexure,
respectively.

The kinetic energy function for the actuation system can
be derived as follows

1?2 1?2 1?2
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where ¢ is the displacement of the central beam of
actuator in working direction, m, represents the mass
of central beam, m; is the mass of the leaf flexure, m,
is the quality of the rotating bearing, my, m, and m;
express the masses of left arm, the leaf flexure con-
necting to rotational bearing and the Z-shaped actuator,
respectively.

The potential energy of the actuation system can be
calculated as follows

1 1
v, = 4<2K15% +2K25§) + 6K563

_ <K1 + 3K3 K> 23)

2
" 128d2>q

where §; and 6, are the deformations, and K; and K,
are the stiffnesses of the flexures which are linked
to the actuator and rotational bearing, respectively.
In addition, K3 is the overall stiffness of Z-shaped
beams.

By considering Lagrange’s equation, the relationship
between kinetic energy and potential energy can be estab-
lished as follows
4 <8—7) T, (24)
dt \ 0q q q

In order to calculate the natural frequency of the micro-
gripper, the external force F¢ is set to be zero. The
dynamic model is derived as follows

MG+ K,qg=0 25)

where the equivalent mass M, and stiffness K, of the left
actuating system are expressed as

13my, m. my 6lm, 13m,

My=mot 6 6a 768 T2 @9
CKi+3K K
E=="0""as @7)

Hence, the natural frequency (in units of Hertz) in one
working direction of the gripper can be derived as
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Table 1. Material properties of the gripper.®'

Parameter Value Unit
Young’s modulus 160 GPa
Poisson’s ratio 0.28 /
Resistivity 5.0x1075 Qm
Coefficient of thermal expansion ~ 2.5x107® K-
Thermal conductivity 146 Wm ~' K !
1 /K
=—, | 28
Ty 2w \| M, (28)

Following the same principle, the natural frequency in
the sensing direction can be calculated by considering the
kinetic and potential energies. The kinetic function during
sensing motion can be expressed as

N N 2
T, = %quz +2m, (%) + %mh (%) + 4rgﬁ (29)
where my, mg and m;, represent the masses of the right arm
and leaf flexure, which are linked to the sensing arm and
the move-plate respectively.
The potential energy V, in the sensing process is com-
puted as follows

1
V= 4(51(453) (30)
where K} is the stiffness of leaf flexure which is connected
to the sensing arm.

Substituting 7, and V; into Lagrange’s function (25), the
natural frequency (in Hertz) in the sensing direction can be

calculated below
1 /K,
= [ 1
S 27T\/ M. (€29)]

where the equivalent mass and stiffness are shown below

My =my + 75+ 20 (32)
3 8
K,
L= 33
T672 (33)

FEA simulation results

Simulation results of the actuator

To simulate the performance of the Z-beams thermal actua-
tor, ANSYS 16.2 software is employed to conduct multi-
physics simulation in this work. This electro-thermal
actuator needs an analysis environment of a coupled field,
including electric, thermal and mechanical fields. The para-
meters of the employed silicon material are listed in Table 1.

For a simulation study, the boundary conditions need to
be considered. Regarding the thermal conditions, zero

Figure 4. Simulation of output displacement of the thermal
actuator by applying a voltage of 6 V.

Figure 5. Simulation of temperature distribution on the thermal
actuator by applying a voltage of 6 V.

temperature change is applied to anchors. In addition,
mechanical boundary conditions are applied by fixing the
support of the anchors. An electric boundary condition is
considered by applying the voltage to the anchors. As the
result of our multiphysics simulation, the displacement
and the temperature distributions of the actuator are
obtained. As the input voltage increases, the correspond-
ing maximum displacement increases as well. In this
work, to generate an operational gripping range of 80 pm,
only 6 V is enough for the drive. The simulation results are
illustrated in Figures 4 and 5. Moreover, the relationships
of the input voltages, output displacements, and the num-
ber of Z-beams are obtained as shown in Figure 6. The
overlapping curves indicate that increasing the number of
Z-shaped beams does not influence the output displace-
ment, and it only contributes to the increase of the stiffness
for the whole structure.

Simulation results of the structure

To ensure the authenticity of the FEA simulation process, it
is indispensable to take into account the thermal actuator.
In this article, ANSYS software is used for both static and
modal simulation studies. The main parameters of the grip-
per are listed in Table 2.
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Figure 6. The influence of the number of Z-beams on the output
displacement by applying different voltages.

Table 2. Main parameters of the microgripper.

Symbol  Parameter Value Unit
L Length of arm 1850 pm
l Length of actuating flexure 810 pm
s Length of sensing flexure 450 pm
d Length of rotary bearing flexure 500 um
r Inner radius of rotary bearing 310 um
R Driving distance 970 um
t Thickness of actuator 30 pum
t Thickness of gripper layer 50 pm
h, Width of Z-shaped beam 10 pm
hy, hy Width of actuating and sensing flexure 7  um
h3 Width of rotary bearing flexure 5 um
S Long beam length of Z-shaped beam 400 pm
s Central beam length of Z-shaped beam 10 pm

Static analysis. In order to simulate the real working condi-
tion of the gripper, the stiffness of Z-shaped beams is also
considered. Thus, by referring to the simulation result of a
sole actuator, the input force Fj,, that guarantees the
operation gripping range of 80 pm, can be computed as
6575 uN. This force is applied at the actuation end of the
gripper. The results of static simulation are shown in
Figure 7(a). From the simulation results of the deforma-
tions in x and y-axis directions, the stiffness K of left arm
and the displacement amplification ratio C of the lever
amplifier are calculated. Similarly, by executing a gripping
force F; = 1 pN on the right tip, which is calculated via
(12), the stiffness of the right tip can be computed from the
simulation results, as shown in Figure 7(b).

Modal analysis

To check and verify the dynamic performance of the struc-
ture, a modal analysis is carried out. The results of the

2e+003 (um)
Te+003

e

0 2e4003 {um)
Te+003

(b)

Figure 7. Simulation results of static analysis: (a) the actuation
arm is driven by an input force of 6575 pm; (b) the sensing arm is
exerted by a | pN gripping force.

modal analysis simulation are shown in Figure 8. The two
concerned resonance frequencies of the gripper are 4487.70
Hz and 4654.30 Hz, which occur at the actuating and sen-
sing arms, respectively. The simulation results show that
the gripper has a good dynamic performance in terms of
resonant frequency, which predicts that the gripper has
some fine features: such as, applicability and stability.

Discussion

The comparison of the analytical and FEA simulation
results is shown in Table 3. Taking the simulation results
as a benchmark, it is seen that the maximum errors between
the analytical model and simulation results for the stiff-
nesses of the actuating and sensing arms are below 10%.
In view of the natural frequencies of the gripper system, the
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Figure 8. Simulation results of the first resonance mode for:
(a) The actuation arm and (b) the sensing arm.

Table 3. Comparison of analytical model with simulation results.

Simulation  Model
Symbol (Unit)  Analytical model result result error
Ky (uWN/pm) 263 240 10%
Ks (WN/pm) 120 125 4%
C 29 295 1.6%
fy (Hz) 4213.70 4487.70 6%
fx (Hz) 4923.10 4654.30 5.7%

errors are lower than 6%. In addition, regarding the displa-
cement amplification ratio of the actuation arm, the analy-
tical model result is very close to the simulation result with
a deviation of less than 2%. The discrepancies between the
modeling results and simulation results may come from the
established analysis models, which only consider bending

deformations, while the simulation study takes into account
every kind of deformation. More accurate analysis models
will be derived in future work. Moreover, it is observed that
the stiffness of the sensing arm is relatively higher than the
stiffness of the actuating arm, which indicates that the sen-
sing arm is stiffer and experiences a smaller deformation
during the grasp operation.

It is notable that Z-shaped beams are connected to the
gripper structure by using insulation adhesive against the
current flow through other parts of the gripper. In this work,
it is assumed that the glue does not influence the stiffness of
the whole actuating part.

In practice, a high natural frequency of this gripper is
desirable. The simulation study verifies the accuracy of the
established analytical models. In addition, the relatively high
natural resonant frequencies of 4487.70 Hz and 4654.30 Hz
are attributed to the actuation and sensing arms, respectively.
It is known that a high frequency enables a large bandwidth
of control. Hence, in future work, when the control system is
added, this high frequency should contribute to the genera-
tion of acceptable performance for the control system. The
analytical and simulation results reveal that the gripper exhi-
bits a good dynamic performance when it is fabricated and
used in real work. Moreover, the analytical result is consis-
tent with the simulation result, which provides a good basis
for further work on the optimal design of a gripper structure.

Compared to the existing microgrippers, the superiority
of this design is obvious. For instance, the grippers as pro-
posed in the literature' " deliver gripping strokes of 15 pm,
60 um, and 85 pm from high input voltages of 60 V, 100 V,
and 80 V, respectively. In this article, a large gripping stroke
of 80 um can be easily achieved by a relatively low excita-
tion voltage of 6 V, which is contributed by the prominent
capability of the employed Z-shaped thermal actuator along
with a new structure design. There are also some MEMS
grippers actuated by thermal actuators in previous work. For
instance, a microgripper with integrated V-beam thermal
actuator is reported in the literature.** This actuator generates
a force in the y-axis direction, and the force is transmitted
from the y-axis to the x-axis direction by using a displacement
amplification flexure. While this flexure causes a relatively
large displacement loss in the vertical direction, it is not so
accurate when executing a grasping operation. In the pro-
posed work, a rotary guiding flexure mechanism provides
good performance in reducing the unwanted loss in displace-
ment. In addition, an electrothermally actuated gripper can
be found in the literature.*® This gripper has a simple
working principle. However, the complex mechanical struc-
ture complicates the manufacture process. By comparison,
the Z-shaped thermal beam presented in this article has
the merits of easy fabrication, and less influence of manu-
facture error on the functionality of the gripper.

As for the initial open condition, the clearance between
the two tips of the gripper is set at 100 um. It is notable that
the gripping range of 80 um is obtained by a relatively low
voltage (6 V). If a larger gripping displacement is needed, a
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higher voltage can be applied. In addition, the clearance
between the two tips can be redesigned to be any size to
satisfy the grasping requirements of different sized micro-
objects. Meanwhile, the compact design of the microgrip-
per with the integrated thermal actuator and sensor exhibits
a small footprint of 3.22 mm x 3.77 mm, which contributes
to the cost reduction of the microfabrication. It is notable
that the footprint can be further reduced by adopting the
optimal design of the gripper architecture.

Conclusion

A novel compact microgripper has been designed in this
work, consisting of: A compliant mechanism structure, an
electrothermal actuator, and an electrothermal sensor.
Benefiting from the new design concept, the footprint of the
entire gripper is only 3.22 mm x 3.77 mm. At the same time,
with a less than 10 V driving voltage applied to the Z-shaped
thermal actuator, a large output force from the actuator is
obtained. It is easy to execute the gripping displacement
range of 80 um at a low voltage of 6 V. In order to prevent
the grasped object from damage, a thermal force sensor is
designed for the sensing arm which has the merits of high
resolution and large measurement range. Our simulation
results verify the feasibility of this proposed MEMS gripper
design. In future work, the gripper will be fabricated and the
control system will be developed to further verify the func-
tion of the microgripper through experimental studies.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship and/or publication of this article: This
work was supported in part by the Macao Science and Technology
Development Fund under Grant No. 090/2015/A3 and 052/2014/
Al, and in part by the Research Committee of the University of
Macau under Grant No. MYRGO78(Y1-L2)-FST13-XQS.

References

1. Dechev N, Cleghorn WL and Mills JK. Microassembly of
3-D microstructures using a compliant, passive microgripper.
J Microelectromech Syst 2004; 13(2): 176—189.

2. Kim K, Liu X, Zhang Y, et al. Mechanical characterization of
polymeric microcapsules using a force-feedback MEMS
microgripper. In: Proceeds of the 30th annual international
IEEE EMBS conference, Vancouver, BC, August 20-25,
2008, pp.1845-1848, New Jersey, US: IEEE.

3. Ansel Y, Schmitz F, Kunz S, et al. Development of tools for
handling and assembling microcomponents. J Micromech
Microeng 2002; 12: 430-437.

4. Howell LL, Compliant mechanisms, New York: Wiley, 2001.

5. Gao Z and Zhang D. Conceptual design, performance visualiza-
tion and dimension improvement of a flexure parallel

10.

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

manipulator. In: Proceedings of the 11th IEEE international con-
ference on control & automation (ICCA), 2014, pp.261-266.

. Piriyanont B and Moheimani SOR. MEMS rotary microgrip-

per with integrated electrothermal force sensor. J Microelec-
tromech Syst 2014; 23(6): 1249-1251.

. Kalaiarasi AR and Thilagar SH. Design and modeling

of electrostatically actuated microgripper. In: Proceeds of the
IEEE/ASME international conference on mechatronics and
embedded systems and applications, 2012, pp.7-11.

. ZhangY, Chen BK, Liu X, et al. Autonomous robotic pick and

place of microobjects. JEEE Trans Robot 2010; 26: 200-207.

. Kim DH, Lee MG, Kim B, et al. A superelastic

alloy microgripper with embedded electromagnetic actuators
and piezoelectric force sensors: A numerical and experimen-
tal study. Smart Mater Struct 2005; 14: 1262—-1272.

Xu Q. Adaptive discrete-time sliding mode impedance control of a
piezoelectric microgripper. [EEE Trans Robot 2013;29: 663—-673.
Henneken VA, Tichem M and Sarro PM. Improved thermal
U-beam actuators for micro-assembly. Sens Actuator A: Phys
2008; 142: 298-305.

Yang Z, Wang P, Shen Y, et al. Dual- MWCNT probe thermal
sensor assembly and evaluation based on nanorobotic manip-
ulation inside a field-emission-scanning electron microscope.
Int J Adv Robot Syst 2015; 12: 1-7.

Kim K, Liu X, Zhang Y, et al. Nanonewton force-controlled
manipulation of biological cells using a monolithic MEMS
microgripper with two-axis force feedback. J Micromech
Microeng 2008; 18: 055013.

Guan C and Zhu Y. An electrothermal microactuator with z-
shaped beams. J Micromech Microeng 2010; 20: 085014.
Jia Y, Jia M and Xu Q. A dual-axis electrostatically driven
MEMS microgripper. Int J Adv Robot Syst 2014; 11: 1-9.
Chen T, Chen L, Sun L, et al. Design and fabrication of a
four-arm-structure MEMS gripper. [EEE Trans Ind Electron
2009; 56(4): 996—1004.

Piriyanont B, Fowler AG and Moheimani SOR. Force-
controlled MEMS rotary microgripper. J Microelectromech
Syst 2015; 24: 1164-1172.

. Amjad K, Bazaz SA and Lai Y. Design of an electrostatic

MEMS microgripper system integrated with force sensor. In:
Proceeds of the IEEE/ICM international conference on
microelectronics, 2008, pp.236-239.

. Piriyanont B, Moheimani SOR and Lai Y. Design, modeling,

and characterization of a MEMS micro-gripper with an inte-
grated electrothermal force sensor. In: Proceeds of the IEEE/
ASME international conference on advanced intelligent
mechatronics, 2013, pp.348-353.

Ivanova K, Ivanov T, Badar A, et al. Thermally driven micro-
gripper as a tool for micro assembly. Microelectron Engs
2006; 83: 1393-1395.

Butefisch S, Seidemann V and Buttgenbach S. Novel micro-
pneumatic actuator for MEMS. Sens Actuator A: Phys 2002;
97: 638-645.

Chu LL and Gianchandani YB. A micromachined 2D posi-
tioner with electrothermal actuation and sub-nanometer capa-
citive sensing. J Micromech Microeng 2003; 13: 279-285.



International Journal of Advanced Robotic Systems

23.

24.

25.

26.

27.

28.

Que L, Park JS and Gianchandani YB. Bent-beam electro-
thermal actuators: Part I. Single beam and cascaded devices.
J Microelectromech Syst 2001; 10: 247-254.

Zhu Y and Espinosa HD. An electro-mechanical material
testing system for in situ electron microscopy and applica-
tions. Proc Natl Acad Sci 2005; 102: 14503-14508.

Zhu Y, Corigliano A and Espinosa HD. A thermal actuator
for nanoscale in situ microscopy testing: design and charac-
terization. J Micromech Microeng 2006; 16: 242-253.
Huang Q and Lee N. Analysis and design of polysilicon ther-
mal flexure actuator. J Micromech Microeng 1999; 9: 64-70.
Hickey R, Kujath M and Hubbard T. Heat transfer analysis
and optimization of two-beam microelectromechanical ther-
mal actuators. J Vac Sci Tech A 2002; 20: 971-974.

Xu Q. Design of a large-range compliant rotary microposi-
tioning stage with angle and torque sensing. [EEE Sensors J
2015; 15: 2419-2430.

29.

30.

31.

32.

33.

Xu Q. Design, fabrication, and testing of an MEMS micro-
gripper with dual-axis force sensor. [EEE Sensors J 2015; 15:
6017-6026.

Zhu Y, Bazaei A, Moheimani SOR, et al. A Micromachined
nanopositioner with on-chip electrothermal actuation and
sensing. [EEE Electron Device Lett 2010; 31: 1161-1163.
Ouyang J and Zhu Y. Z-shaped MEMS thermal actuators:
Piezoresistive self-sensing and preliminary results for feed-
back control. J Microelectromech Syst 2012; 21: 596—604.
Ali N, Shakoor RI and Hassan MM. Design, modeling and
simulation of electrothermally actuated microgripper with
integrated capacitive contact sensor. Proceedings of the
14th IEEE international multitopic conference (INMIC),
2011, pp.201-206.

Hoxhold B and Biittgenbach S. Easily manageable, electro-
thermally actuated silicon micro gripper, Microsyst Technol
2010; 16: 1609-1617.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


