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Abstract

This paper presents a compact flexure-based microgripper for grasping/releasing tasks. The microgripper is based on a
double-stair bridge-type mechanism and consists of a bridge-type mechanism for amplifying the input displacement and the
integrated parallelogram mechanisms for linearizing the motion at the microgripper jaws. The displacement transmission,
amplification, linearization are accomplished in a single-stage. Stiffness modeling is established to characterize the output
displacement, the displacement amplification ratio, and the input stiffness of the mechanism. The right-angle flexure hinges
are utilized in the displacement amplification and transmission mechanisms to maintain the input stiffness of the mechanism.
The structural design of the microgripper is optimized in such a way that a large output displacement can be achieved. Finite
element analysis and experiments are conducted on the microgripper to verify the results of the analytical modeling. The
proposed microgripper achieves a large output displacement of 543.8 um with a displacement amplification ratio of 19.3.

The experimental results indicate that the microgripper will be able to accommodate a grasping/releasing task.

Keywords Compliant mechanism - Piezoelectric actuator - Right-angle flexure - Microgripper

1 Introduction

A microgripper is required to perform pick, hold, and
release operations. Microgrippers utilize angular grasping
and parallel grasping techniques for micro-object handling
tasks [1-3]. Due to the inherent advantages of parallel
grasping techniques such as smooth grasping of a micro-
object, no slippage, the microgrippers based on parallel
grasping techniques are preferred in pick-hold-release
operations.

Microgrippers have been widely used in many fields
such as micromechanical assembly, microsurgery, precise
robotic manipulation, and many more [4-8]. The micro-
gripper and the multi-DOF (multiple degrees of freedom)
mechanism perform together as a micromanipulator in many
applications [9—12]. The microgripper plays a vital role in
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micro-object handling operations. The flexure-based micro-
gripper must possess high precision, no mechanical fric-
tion, no backlash, repeatable motion, vacuum compatibility,
and many more. These characteristics of the flexure-based
mechanism improve the quality of micromanipulation oper-
ations. The mechanism of such flexure-based microgrippers
is widely driven by piezoelectric actuators due to high
force to weight ratio, fast response, high precision motion,
high resonant frequency, and compact size. Further, there
are other actuators such as electrostatic, electromagnetic,
shaped memory alloy (SMA), electroactive polymers, and
voice coil to perform micromanipulation tasks [13—15].
Further, piezoelectric actuated flexure-based mechanisms
provide the required capability in achieving high precision
motion and high frequency of the microgripper [16]. On the
other hand, the piezoelectric actuator generates small output
displacement roughly 0.1 % of its own length [17].

Prior research efforts on flexure-based microgrippers
have used displacement amplification mechanisms to
achieve large output displacement. Microgrippers are usu-
ally developed using symmetric and asymmetric structural
design [18, 19]. Zubir et al. [20] developed a high preci-
sion flexure-based microgripper with the bias spring, which
achieved a maximum output displacement of 100 um with
an amplification ratio of 2.85. Chen et al. [21] designed a
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microgripper driven by hybrid actuation using a one-stage
displacement amplification mechanism and achieved an
amplification ratio of 3.31. Xing et al. [22] proposed asym-
metric levered parallelogram mechanism-based microgrip-
per, which obtained a displacement amplification of 4.16
and output displacement of 249.39 um with a corresponding
maximum voltage of 150V. Further, the microgrippers with
multi-stage amplifications were reported to obtain large out-
put displacement. Zhang et al. [23] proposed a monolithic
compliant microgripper using two lever-type mechanisms
sequentially and obtained a displacement amplification ratio
of 6.0. Sun et al. [24] presented a double amplification
mechanism incorporating lever-type mechanism and Scott-
Russel mechanism in the microgripper and obtained a maxi-
mum jaw displacement of 134 um with a high amplification
ratio of 15.5. Liang et al. [25] proposed a monolithic piezo-
electric actuated microgripper for wire clamping with an
amplification ratio of 20.1 and output displacement of 140
um, and the motion resolution of 0.2 xm. Shi et al. [26]
developed a flexure-based microgripper using two ampli-
fier beams and angular grasping technique and achieved a
displacement amplification ratio approximately 20. Wang
et al. [27] proposed a three-stage amplification mechanism
based on an angular grasping technique and achieved max-
imum jaw motion of 190 um with an amplification ratio
of 22.6, and the motion resolution of +0.4 um. However,
most of the reported microgrippers use a multi-stage ampli-
fication mechanism, which induces high stiffness at the
input end of the mechanism due to the stiffness of sequen-
tially connected amplification mechanisms. Further, multi-
stage displacement amplification mechanism occupies a
considerable space [28]. Consequently, it limits the nomi-
nal displacement of the actuator and hinders in obtaining

Fig.1 a Single-stair, b
double-stair, ¢ triple-stair
bridge-type mechanism
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a compact design. The single-stair bridge-type mechanism
has the potential to obtain large output motion [29]. The
double-stair, triple-stair, and multi-stair bridge-type mecha-
nisms have the characteristics of displacement amplification
and the linear output motion, as shown in Fig. 1.

In this paper, the double-stair bridge-type mechanism is
utilized to develop a flexure-based piezoelectric actuated
microgripper. The microgripper accomplishes the displace-
ment amplification and linearizes the output motion in a
single-stage. The analytical modeling is established and
computational analysis is conducted to investigate the effect
of the key design parameters on the characteristics of the
microgripper. The microgripper design is optimized to pro-
vide a better understanding in terms of the displacement
amplification ratio and the output displacement. The exper-
imental studies are conducted to verify the characteristics of
the microgripper.

The remaining sections of this paper are organized
as follows. In Section 2, the structural design and the
mechanism of the proposed microgripper are described.
The characteristics of the microgripper are evaluated by
analytical modeling in terms of output displacement,
stiffness, stress and natural frequency in Section 3.
In Section 4, the design optimization is performed to
provide the better characteristics of the microgripper. In
Section 5, computational analysis verifies the characteristic
parameters obtained from analytical modeling. In Section 6,
the FEA and analytical modeling results of the microgripper
are compared to gain knowledge and understanding of the
influence of the key design parameters. The experimental
results of the designed microgripper are presented in
Section 7. Finally, the conclusions are drawn for the
proposed microgripper in Section 8.
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2 Mechanical design of the microgripper

Most microgrippers are designed based on configuring the
displacement amplification mechanism and parallelogram
mechanism serially [22, 30]. The displacement amplifica-
tion mechanism magnifies the output displacement of the
piezoelectric actuator. The parallelogram mechanism lin-
earizes the output of the displacement amplification mech-
anism. The displacement amplification mechanism with
a high amplification ratio usually generates low output
stiffness. These types of displacement amplification mecha-
nisms can not drive a parallelogram mechanism effectively
to obtain large output displacement. There are microgrip-
pers that avoid the use of a parallelogram mechanism, thus
neglecting the rotation of the microgripper jaws [31, 32].
In this paper, the double-stair bridge-type mechanism is
utilized to design a compliant microgripper. The mech-
anism consists of the properties such as amplifying the
input displacement and linearizing the motion at the out-
put ends. Figure 2 shows the CAD drawing of the proposed
microgripper. The bridge-type mechanism amplifies the dis-
placement at the input end and generates output in two
directions. The parallelogram mechanisms linearize the out-
put motion. The microgripper jaws are connected with the
output ends of the mechanism. The microgripper jaws move
in a closing direction while the force applied to the input end
of the mechanism. This design accomplishes its grasping
process on a single-stage amplification.

Further, the microgripper uses sixteen right-angle flex-
ural hinges. The structural design of the microgripper can

Parallelogram Gripper Jaws
Mechanism
\\ < Input end

[
T
PEA
-

L/Bridge-type
Mechanism
1= Fixation
L~
Q C)‘ Hole

Fig.2 CAD drawing of the microgripper design

utilize both circular and right-angle (leaf-type) flexural
hinges. In order to avoid high input stiffness of the micro-
gripper mechanism, the right-angle flexures are used instead
of circular flexural hinges. Two types of flexural hinges
with their coordinate axes namely right-angle and circular
flexural hinges are shown in Fig. 3i, and Fig. 3ii, respec-
tively. A short right-angle flexure hinge and the Pseudo
Rigid Body Model are presented as shown in Fig. 3iii and
Fig. 3iv, respectively. The radius of the circular flexure (r)
is considered as 1 mm which is half of the length of the
right-angle flexure (/). The in-plane thickness (#) and out-
of-plane thickness (b) of the flexure hinges are considered
as 0.3 mm and 5 mm, respectively. The translational stiff-
ness in the x, and y-directions and rotational stiffness about
the z-axis of each flexural hinges are compared in Table 1.
The translational and rotational stiffness of the right-angle
flexural hinge is smaller than circular flexural hinge for the
same amount of applied force and moment. Thus, the input
stiffness is kept low to use a small piezoelectric actuator to
drive the mechanism effectively.

3 Analytical modeling

Stiffness modeling is established to calculate input stiffness,
displacement amplification ratio of the microgripper. The
Matrix method is applied to obtain the input stiffness
and the displacement amplification ratio. Stress analysis is

Rigid link

Revolute joint

A

7 N\
\ Nl
v

(iii)

(iv)

Fig.3 iRight-angle (leaf-type), ii circular flexure hinge, iii short right-
angle flexure, and iv Pseudo Rigid Body Model (PRBM) of the short
right-angle flexure
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Table 1 Translational and rotational stiffness of each right-angle and
circular flexure hinge

Stiffness Right-angle flexure Circular flexure
ky, N/pum 0.3025 1.1365

ky, N/um 53.75 86.08

koz, Nm/rad 0.4033 1.25

performed to find equivalent stress and safety factor of the
mechanism. Simple bending theory is utilized to find the
equivalent stress. Dynamic modeling is developed to obtain
the working mode frequency.

3.1 Stiffness modeling
3.1.1 Input stiffness

The input compliance and stiffness matrix of right-angle,
circular, wire flexural hinges are explained to determine
the translational and rotational deformation due to the
applied load and moment [33]. Initially, input compliance
of the microgripper at point A is calculated considering
the compliance of each right-angle flexure as shown in
Fig. 4a. The architectural parameters of the microgripper are
presented in Table 2. The set of forces and moments, the set
of translational and rotational displacements are expressed

Fig.4 a Microgripper
architectural design b deformed
and undeformed shape of
quarter of the mechanism

Table 2 Architectural parameters of the microgripper design

Parameter ¢ b1l I L Iz Iy 15 g Iy I3

Unit,t mm 03 5 2 123 06 125 34 44 123 5.65 143

as F and D, respectively. According to the elastic theory, the
deformation twist and the loading wrench can be written as
follows:

D=CF (D

F=KD ()

where C is the compliance matrix, K is the stiffness
matrix and both matrices are inverse of each other. The
set of translational and rotational displacement D =[d,
dy d; 6; 0y 6.]1" and the external forces and moments
F=[F, Fy F, M; M, M_]" . The superscript T represents the
matrix transpose.

The compliance matrix for a right-angle flexure can be
written as follows [34]:

fep 0 0 0 ¢7 07
0 ¢ 0 —cg 0O

0 0 ¢35 0 0O
3 3)

0 —cg 0 ¢4 00O
c7 0 0 0 ¢ O
L0 0 0 0 0 ¢
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The compliance factor ¢;, (i = 1 — 8) in the compliance
matrix depends on the material’s mechanical properties
such as Young’s modulus, Poisson’s ratio, and right-angle
flexure’s architectural parameters such as thickness, width,
and length. The compliance can be transferred and rotated
from O; coordinate frame to O; coordinate frame [35].

¢/ =1/ci1))" )

where Ti/ is the 6x6 adjoint transformation matrix and it
can be expressed by:

. J i\ pJ
Ti] _ |:Ri S(r; 3_Ri :| 5)
0 R;

where Rl.j and ri] are the rotation matrix and position vector.
The skew-symmetric matrix S(r) for a vector r =[ry ry rZ]Ti S
given by:

0 —r; ry
Sry=| r; 0 —r, (6)
—ry ry 0

The microgripper mechanism is symmetric. First, the
compliance of the quarter of the design is calculated with
respect to Point B. Each quarter consists of two links. The
compliance of the link O; — O, and O3 — 04 with
respect to point B can be obtained by:

Clima =TPC1THT + T Cou(TH)T 7

Clima =T C(THT + T Co(TP)T (3)
where Ci, Cp, C3, and Cy are the compliance matrix of
flexure hinges. These compliance matrices are obtained by

rotating the compliance matrix C for 90 degree counter-
clockwise about x-axis.

Cr=T/CT), k=1,..4 )

The combined compliance of both links with respect to
point B can be derived by:

Clnpin = (CLuD "+ (™! (10)

Due to the symmetrical structure, the compliance of other
links with respect to point B can be obtained by:

Climss = Ra(m)CPp (R ()T (11)
where
R () = [Rx(g”) R (Zn)} (12)

Transferring the compliance of all the links from point B
to point A.

A A B A\T
Crinki2 =Tg Crink12(Tg) (13)

A A B ANT
Clinkza = T CLinksa(Tg) (14)

The compliance of the left side of the microgripper
mechanism can be obtained by:

A A
Cfefz = ClLink12 T ClLink34 (15)

Due to the symmetry about the y-axis at point A, the right
side compliance can be derived by:

Chignt = Ry(m)Cilyp (Ry ()" (16)
where
Ry () = [R”é”) Ry(zn) } a17)

Thus, the input compliance can be obtained by adding the
stiffness of both sides and taking inverse as follows:

Cin = ((CLor) ™" + (Chign) ™! (18)
The input stiffness at point A can be obtained as follows:

Kin = (Cin) ™" (19)
3.1.2 Displacement amplification ratio

The amplification mechanism is symmetric to the left and
right with respect to point O and about the y-axis, and the
left side of the mechanism is symmetric to up and down and
about the x-axis. Therefore, a quarter of the mechanism is
considered for finding the displacement amplification of the
amplification mechanism, as shown in Fig. 4b. Assuming
the base with fixed support, the output compliance at point
B is obtained by:

Climz = (CLuD) ™+ (Cliu ™! (20)

where C ftnk ,and C fm 1 are the compliance of the link 1
and 2 with respect to the point B. The displacement of the
point B in the x and y direction due to the force in the y
direction can be obtained by:

dpy = CP. 102, 1) 1)

diy = CP i1 2.2) (22)

The amplification of the mechanism on the left side can
be obtained by:
dour _ CfinklZ(z’ D

)\amp = d_

= (23)
i 2C€ink12(2’ 2)

3.2 Stress analysis

The applied force at the input end of the mechanism creates
a bending moment in the right-angle flexure rotation axis.
Bending stress is induced due to the moment about the
rotation axis of right-angle flexure. Applying the simple
bending theory and assuming no stress concentration at the
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outer edges of the flexure, the bending stress can be written
as follows [36]:

Et
op = —¢i (24)
21

where ¢ is the rotation of leaf-type flexure hinge. Assum-
ing a PRRP (P: prismatic, and R: revolute) mechanism and
the PRBM approach, a quarter of the mechanism can be pre-
sented, as shown in Fig. 5. The rotation angle of the flexure
hinges can be calculated as follows [37]:

lS - din/z) _

=0 — 0, = cos™"
b1 1 1 =cos ( 2

—1 1_8
cos (L) (25)

Further, maximum tensile stress is induced in the thinnest
portion of the leaf-type flexure when the translational
deformation occurs. The tensile stress can be obtained by:

F; _ Kindin
Amin bt

or = (26)
where A, is the cross-sectional area of the right-angle
flexure hinges. The safety factor of the mechanism can be
calculated from Eq. 27.

yield strength
= 27
nsF allowable stress @7

L
 Cacasa

Fig. 5 Rotation of the flexures hinge based on PRBM approach and
PRRP mechanism

@ Springer

3.3 Dynamical modeling

Dynamic modeling is established to predict the working
mode frequency of the microgripper. Lagrange’s equation is

given by:
v

d (T 8T+
dr \ 8¢ dg  dq

where q is the generalized parameters. 7 and V are the
kinetic and potential energies, respectively. F; is the non-
conservative force.

The kinetic energy equation of the microgripper can be
derived as:

Fi (28)

1 1 din\’
T = EdeiZ"JFEmF {(%) +d§u,} x 2

. 2 . 2
1 3d; ot 1.
+§mE{< 4,n> +< (,;) }X4+5159,2;x4

. 2 . 2
+%mG {(dT) N (d;ut) } x 4+ %I(;éé x 4
(29)
where the second moment of mass of the link is expressed as
I = ml—éz, the rotation angle can be presented aproxiamately
O = 0g = d‘g" , the output displacement is obtained from

input and output displacement relations as doys = Aamp X
din.
1

V =8x zk@(@% +62) (30)
where the rotational stiffness, kg = EIL; Substituting the
kinetic and potential energies Eq. (29) and Eq. (30) into
Eq. 28, the equivalent mass and stiffness can be obtained as
follows:

5 8., 1 2
M =mp+ (E + gkamp)mE + (E + 20 p)m F
‘ 16k 2.2,
L2

The natural frequency of the microgripper designed
microgripper can be obtained from Eq. 31.

1 /K

fom e G

4 Design optimization

The key design parameters of the microgripper are selected,
which influence the characteristics of the microgripper.
The design optimization is conducted to investigate the
effect of key design parameters of the microgripper. The
stiffness of the piezoelectric actuator has a high impact on
the microgripper design optimization. The properties of the
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piezoelectric actuator (model: PK4FYC2, from Thorlabs,
Inc.) are considered. The objectives and constraints for
optimizing the microgripper design are set as follows:

1) Maximize the output displacement and the displace-
ment amplification ratio

2) The architectural parameters to be optimized: /, ¢, I»

3) Subject to

a) Input stiffness < 20%K,

b)  Equivalent stress < o),

d) Parameter ranges: lmm < [
02mm <t <0.5mm; 0.5mm <1,

< 3mm;
< lmm
where K is piezoelectric actuator’s stiffness, oy is the
yield strength of the material Al 7075-T651. The parameter
ranges depend on the material properties, manufacturing
limitation, input stiffness, and safety factor. Applying the
analytical modeling for the microgripper the displacement
amplification ratio, input stiffness, natural frequency, and
equivalent stress are obtained. The equivalent stress value
remains lower than the yield strength of the material. The
optimum design is proposed with key parameters /=2 mm, ¢
=0.3 mm, /> = 0.6 mm. The total displacement amplification
ratio, input stiffness, and working mode frequency of the
microgripper are obtained as 20.44,4.136 N /um, and 402.8
Hz, respectively.

5 Computational analysis

The characteristics of the designed microgripper were eval-
uated using finite element analysis in ANSYS Workbench

Static Structural
Static Structural
Total Deformation
Type: Total Deformation
Unit: um

Unit um
Global Coordinate System

15.452 Max
15.435
15418
15.401
15384
15367
15349
15332

15315

301.89 Max
280.32
258.76

237.2

215.63
194.07
172,51

Directional Deformation Jaw

lepe Directional Deformation(Y A-xs)m

L1 150,94
4 12938

15.298 Min /

107.82
86.253
64.69

43.127
21.563
0 Min

i

(a) (b)

18.0. The physical and mechanical properties of Al 7075-
T651 material are utilized for the structural design of the
microgripper and to perform the finite element analysis.
The relevant properties of Al 7075-T651 material are den-
sity 2.81 g/cm?, modulus of elasticity 71.7 GPa and tensile
strength at yield point 503 MPa. The computational analysis
is conducted in terms of output displacement for deter-
mining the displacement amplification ratio in the grasping
direction. The material failure is estimated with equivalent
(Von-Mises) stress and sufficient safety factor is maintained
to handle repeated tasks of micromanipulation.

5.1 Output displacement analysis

The displacement amplification ratio of the microgripper is
obtained from input and output displacement relationship of
the mechanism. In static structural analysis, a displacement
of 30 um was applied on the input end of the bridge-
type mechanism of PEA position, and the deformed shape
of each jaw was obtained as shown in Fig. 6a. The
FEA result showed that the maximum deformation in
each jaw of the microgripper was 301.9 um. A total of
603.8 um displacement can be achieved for the two jaws
of the microgripper, which represents the displacement
amplification ratio of the microgripper is 20.1. Fig. 6b
shows that the parasitic motion along the y-axis is 15.45
pum. Thus, the maximum parasitic motion in the y-
direction is approximately 5.1% of the motion in the
x-direction. Further, there was a less significant amount
of rotation of jaw around z-axis, which was less than
8.41 x 107 radian. The microgripper can be used for

Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit MPa

134.79 Max
119.81

104.83

89.857

74.881

59.905

44,929

29.952

14.976
1.0156e-9 Min

Fig.6 a Displacement of gripper jaws, b parasitic motion of jaws, and ¢ equivalent stress
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Fig.7 Relationship between thickness 7, and a displacement amplification ratio, b input stiffness, ¢ natural frequency

coarse positioning a micro-object in micromanipulation
systems.

5.2 Stiffness analysis

In the stiffness analysis, 1 N force is applied at the input end
of the mechanism and the corresponding displacement is
obtained. The input stiffness of the mechanism is calculated
from the displacement and force relationship. The input
stiffness of the mechanismis 4.11 N/um.

5.3 Stress analysis

The stress analysis was performed in the FEA simulation.
The maximum equivalent (Von-Mises) stress of the micro-
gripper was 134.79 MPa while the displacement of 30 um is
applied at the input end of the mechanism. The Von-Mises
stress was significantly less than the tensile strength at the
yield point of the material. The stress induces in the mid-
dle section of each right-angle flexural hinges as shown in
Fig. 6¢. The safety factor of the microgripper is calculated
by using Eq. 27. The minimum safety factor was obtained as
3.73 in the worst-case scenario. Further, the working mode

frequency of the microgripper was found as 408.7 Hz from
the modal analysis.

6 Comparisons with analytical method

The results of the analytical modeling and finite element
analysis are compared in this section. Finite element
analysis is conducted on microgripper designs for varying
key design parameters of the microgripper. Further, the
results of the analytical modeling are obtained as discussed
in Section 3. The analytical and finite element analysis
results are provided through Figs. 7, 8 and 9.

Figure 7 shows that the displacement amplification ratio
decreases gradually with the increase of the thickness of
the flexure hinges. The input stiffness and natural frequency
rise sharply with the increase of thickness of the flexure
hinges. Figure 8 shows that the length of flexure hinges was
sensitive for the input stiffness of the mechanism. There was
a slight impact on the amplification ratio of the mechanism
while varying the length (/) of the flexure hinges. Figure 9
shows that the displacement amplification ratio and input
stiffness of the mechanism decreases gradually when the

o 12 10 :
© e = Analytical 500
c 10¢NI c 8 - ® =FEA N
2 3 T 400
g 2 g
= Analyti 17 o)

nalytical 3 > 300
g ° £ g Analytical
= - ® =FEA = £
[} - < 200 FEA
g 4 > 5
@ o3 2
Q = ot g
g 100
5 2
0
o

0 ‘ ‘ ‘ 0
01 15 2 25 3 1 15 2 2.5 3 1 15 2 25 3
Length |, mm Length I, mm

Length I, mm

(a)

(b)

(c)

Fig.8 Relationship between length /, and a displacement amplification ratio, b input stiffness, ¢ natural frequency
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Fig.9 Relationship between length />, and a displacement amplification ratio, b input stiffness, ¢ natural frequency

length (/) increases. The natural frequency has a negligible
effect on varying the length (/). The maximum deviation
of each parameter of the microgripper for entire ranges is
provided in Table 3.

Further, the results are presented in 3-dimensional coor-
dinates to illustrate the effect of two parameters variation
simultaneously. Figure 10 shows that the displacement
amplification ratio increases while the thickness (#) and
length (/) of the right-angle flexural hinge are reduced. The
natural frequency and the input stiffness of the mechanism
rise sharply with the increase of thickness (¢) and decrease
of length (/) of the flexure hinges. Figure 11 depicts that
the desired output such as the displacement amplification
ratio is increasing, and input stiffness of the mechanism
is decreasing while the thickness (¢) of the flexural hinge
and the length (/) between the flexural hinges are reduced
together. Conversely, the desired natural frequency reduces
due to varying the parameters for the same trend. Figure 12
illustrates that the desired output such as the displacement
amplification ratio and the natural frequency are increasing
while both the length (/) of the flexural hinge and the length
(I2) between the flexural hinges are reduced simultaneously.
Contrarily, the input stiffness also is increasing for the same
condition.

7 Experiments

The microgripper is fabricated from a piece of Al 7075-
T651 material using wire electric discharge machining

(WEDM), as shown in Fig. 13a. The experimental setup of
the microgripper was prepared for actuation tasks, control
computation, data acquisition and analysis in the real-
time system as shown in Fig. 13b—c. The piezoelectric
actuator is embedded in the microgripper design. The
experimental investigation was conducted for measuring
displacement with a two-axis laser interferometry-based
measurement system [38, 39]. Two high-stability plane
mirror interferometers (HSPMI) are positioned and aligned
with a beam splitter, fold mirror, and reflector to measure
the input and output displacement of the mechanism.

Open-loop experiment The embedded piezoelectric actua-
tor of the microgripper was driven with a periodic sine wave
with 0.2 Hz and an amplitude of 150V in the open-loop
experiment. The maximum output displacement of a jaw
can reach 271.9 um as shown in Fig. 14. The microgrip-
per achieves a total output displacement of 543.8 um for a
corresponding input displacement of 28.15 um. The exper-
imental results show that the microgripper has a displace-
ment amplification ratio of 19.3. The area efficiency of the
microgripper [40] is obtained as the ratio of the output dis-
placement to the area of the mechanism and is expressed as:

tput displ t
output displacemen 32)

Area efficiency =
area

The significance of the area efficiency is that the con-
tribution of one square millimeter area of the microgripper
to generate output displacement. According to this parame-
ter, the microgripper is as efficient as to generate 315.2 nm

Table 3 Deviation between
analytical and FEA results for

entire parameter range

Item/Deviation (%)/Parameter Thickness (¢) Length (/) Length (/)
Displacement amplification ratio 11.8 10.8 2.4
Input stiffness, N /um 34 11.5 35
Natural frequency, Hz 18 6.8 4.3
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output displacement from one square millimeter area of the
microgripper. Further, the hysteresis effect of the piezoelec-
tric actuator was apparent in the input voltage vs input and
output displacement relationship, as shown in Fig. 14.

Closed-loop experiment The closed-loop experiments were
conducted to examine trajectory tracking performance and
motion resolution of the microgripper. The Proportional
Integral (PI) control strategy was utilized to investigate
the tracking error and motion resolution. A periodic sine

N
(6]

N
o

Intput displacement, pm
s o

;]

0 50 100 150
Input voltage, V

(@)

N
(6]
o

N
o
o

150 1

100 |

Output displacement, pm

(6]
o

0 50 100 150
Input voltage, V

(b)

Fig. 14 a Input displacement vs input voltage, b output displacement
vs input voltage

wave with 0.2 Hz and an amplitude of 200 um was
implemented on the microgripper. The PI control scheme
parameters are K, = 0.00001, and K; = 0.05. The
results of the Proportional Integral (PI) control scheme are
displayed in Fig. 15. The mechanism of the microgripper
with the Proportional Integral (PI) control technique capable
of reducing the root mean square error (RMSE) to 215 nm,
which is 0.11 % of the amplitude of the sine-wave.

In order to achieve the motion resolution of the
microgripper, a small stair signal of 30 nm for 2 seconds
each step was provided to the PI control scheme. The
desired and actual step responses are presented in Fig. 16.
The steady-state error is maintained within & 15 nm. A
high precision motion resolution was achieved using the PI
control technique.

Grasping a micro-object A strain gauge was attached to
the surface of one jaw, as shown in Fig. 17a. It was
used as a force sensor to measure the gripping force.
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The strain gauge (model: KFGS-2-350-C1-23, Kyowa
Electronic Instruments Co., Ltd.) was calibrated using a
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Fig. 16 Motion resolution of step response
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Fig. 17 a Force sensor (strain gague) in the microgripper, b before
grasping the metal wire, ¢ while holding the metal wire, and d force
response plot

10.5 mN weight to the jaw. The resulted voltage was
recorded with a dynamic strain amplifier (model: YE3817,
SINOCERA Piezotronics, Inc.). The voltage and force
relationship was obtained as 2.352 mN/mV. A micro-object
(metal wire of 700 wm diameter) was utilized to grasp
and verify its ability to perform grasping/releasing tasks, as
shown in Fig. 17b—c. A force feedback control loop was

Table 4 Proposed microgripper’s characteristics

Parameter Analytical FEA Experiment
Total amplification ratio 20.44 20.1 19.3
Total output displacement (um) 575.39 565.82 543.8




J Micro-Bio Robot (2020) 16:79-92

91

Table5 Performance comparison of the piezoelectric actuated microgrippers

Reference Size Stage Amplification Output Area
mm X mm Ratio Displacement, pm Efficiency, nm/mm?
Zubir et al. [20] 50 x 30 single 2.85 100 66.67
Sun et al. [24] 40 x 35 two 15.5 134 95.72
Wang et al. [27] 50 x 27 three 22.6 190 140.74
Feng et al. [41] 80 x 35 two 20 202 72.14
Yang et al. [42] 110 x 58 two 21.4 213.9 33.53
This work 63.90 x 27 single 19.3 543.8 315.2

developed with a proportional-integral control strategy. The
constant gains of the proportional-integral control strategy
were set as K, = 1, and K; = 15. A trapezoidal reference
signal with an amplitude of 50 mN force was applied to
grasp the metal wire and the desired output force was
obtained, as shown in Fig. 17d.

The proposed microgripper characteristics are shown
in Table 4. The analytical modeling and FEA method
result of the total displacement amplification ratio and out-
put displacement deviates from the experimental result by
5.91% and 4.15 %, respectively. The proposed microgripper
derived from optimization is well estimated and the percent-
ages of the deviation are in the acceptable range. Further, the
performance of the microgripper is compared with the pre-
viously reported microgrippers, as presented in Table 5. The
developed microgripper shows good performance in terms
of the characteristics such as displacement amplification
ratio, the output displacement, and area efficiency. Fur-
ther, the characteristics of the microgripper indicate that the
proposed design can be applied in the micromanipulation
systems. To conclude, the compact design of the microgrip-
per outperforms in terms of large output displacement and
high displacement amplification ratio with a single-stage
displacement amplification mechanism.

8 Conclusion

A compact flexure-based piezoelectric actuated microgrip-
per is proposed in this paper. The mechanism of the micro-
gripper utilizes a double-stair bridge-type mechanism. The
microgripper achieved a large output displacement and high
displacement amplification ratio by a single-stage amplifica-
tion mechanism. The single-stage amplification mechanism
assists in achieving a compact design. The short right-angle
flexure hinges are used to form the displacement amplifica-
tion and transmission mechanisms. The analytical modeling
was established to optimize and to characterize the effect
of the design parameters of the microgripper. The computa-
tional analysis was used to compare and verify the analytical

model results. The experimental result showed that thepro-
posed microgripper achieved a large output displacement of
543.8 pm with a displacement amplification ratio of 19.3.
The microgripper achieved a high precision motion resolu-
tion of & 15 nm. It is anticipated from the analysis that the
microgripper will be able to perform repeated micro-object
handling tasks without failure.
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