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Abstract

This work presented the design and test of a double-arm actuated compliant piezoelectric microgripper based on three-
stage amplification mechanism, which can also perceive the gripping displacement and force simultaneously. Developing a
proper structure for the microgripper to achieve large amplification ratio in a compact space and to ensure sufficient natural
frequency is a fundamental and challenging task. Firstly, the structure of piezoelectric microgripper was designed and the
kinematic principle of the amplification mechanism was analyzed. Meanwhile, theoretical and simulation analysis of the
statics and dynamics were carried out. Then, the calibration methods for both force and displacement sensors are presented.
The calibration coefficients are 0.163 mN/mV and 0.040 um/mV, respectively. Finally, a series of experiments were
performed to verify the performance of the designed microgripper. The test results show that the displacement amplifi-
cation ratio of the microgripper is 16.8, and the maximum output displacement of 102.30 ym and the maximum gripping
force of 227.70 mN can be reached when applying a sinusoidal input voltage with the frequency of 0.10 Hz and the
amplitude of 100 V. The closed-loop experiment shows that the peak-to-valley errors of both gripping displacement and
force are less than 0.49 um and 3.74 mN respectively. The obtained natural frequency of 215.1 Hz. The micro-gripper
achieves excellent static and dynamic performance in clamping accuracy, natural frequency, clamping range, and dual
finger independence.

1 Introduction

As the end-effector of micro-assembly systems (Wang
et al. 2021a), the performance of a microgripper (Fard-
Vatan and Hamedi 2020) (Chen et al. 2017) often greatly
affects the success or failure of the assembly task because it
directly contacts the manipulated object during the
assembly operation (Lyu and Qingsong 2021). How to
accurately grip, carry and release the operated object is the
key point to the micro-assembly task (Chang et al. 2020)
(Wang et al. 2021b). In the process of gripping, it is
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necessary to accurately detect and control the finger dis-
placement and force of the microgripper so as to avoid
excessive gripping force damaging the operated object or
too small gripping force causing the operated object to fall
off in the process of gripping. Therefore, it is of great
practical significance (Zhang et al. 2018) (Liang et al.
2018) to design a microgripper with sound structural
characteristics, large gripping range, and the ability to
accurately detect and control the finger displacement and
gripping force of the microgripper to promote the devel-
opment of micro-assembly and micro-manipulation tech-
nology and micro-electro-mechanical system (Ding et al.
2019).

The piezoelectric microgripper takes advantage of the
inverse piezoelectric effect (Han et al. 2015) of piezo-
electric ceramics to realize the gripping and releasing
operation. Due to the advantages (Aabid et al. 2021) of fast
response, high resolution and large driving force of
piezoelectric ceramics, microgripper driven by piezoelec-
tric actuator is the most widely used (Wang et al. 2021c;
Zheng and Weijie 2022). By using the lever mechanism
and parallel quadrilateral mechanism to amplify and
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transfer the displacement, Nah and Zhong (2007) devel-
oped a piezoelectric microgripper which can grip the metal
wire with a diameter of 500 um. And the achieved
amplification ratio is 3 and the maximum gripping range is
170 pm. Zubir et al. (2009) developed an asymmetric
piezoelectric microgripper with an overall size of 50 mm x
30 mm, which is made of advanced aluminum alloy and
processed by precision wire cutting technology. The test
results show that the actual amplification ratio of the
designed microgripper is 3.8, and the maximum output
displacement of the finger tip is 100 yum. Several research
works (Liang et al. 2017; Koo et al. 2015) have been
reported on the mechanical design of microgrippers with
different specifications. However, the sensing of gripping
force and displacement is another important aspect to
improve the gripping performance.

Due to the existence of hysteresis nonlinearity (Wang
and Rao 2015; Ren et al. 2020) of piezoelectric materials,
it is necessary to control or compensate for the nonlinear
characteristic based on different sensing methods when it is
used in high-precision gripping operation. Yuguo and
Yaoxiang (2015) developed a piezoelectric microgripper
based on a flexible lever amplification mechanism, which
uses a resistive strain gauge to measure the finger dis-
placement and gripping force. This microgripper has the
advantages of compact structure, translatable finger and
high gripping sensitivity. Yang et al. (2015) developed a
compliant piezoelectric microgripper with integrated dis-
placement and force sensors by using a bridge amplifica-
tion mechanism. The microgripper is driven by two driving
power supplies, and it can synchronously control the finger
displacement and gripping force. Wang et al. (2013)
developed a monolithic compliant piezoelectric micro-
gripper by using compliant parallelogram mechanism and
lever amplification mechanism to transfer and amplify
displacement. The displacement and force sensors inte-
grated can detect the output displacement and gripping
force. Although the above designed a piezoelectric
microgripper and obtained a large displacement amplifi-
cation ratio, the dynamic characteristics of the microgrip-
per have not been presented.

In order to improve the efficiency, quality and cost of
micromanipulation and assembly, and realize the simulta-
neous sensing of gripping force and displacement, this
paper presents the structure design, modeling analysis,
optimization, manufacturing and experimental testing of a
new piezoelectric actuated microgripper with a three-stage
compliant amplification mechanism. Different from the
existing works (Chen et al. 2019), the feature of this paper
is to design a compact piezoelectric microgripper with
simple mechanism, low cost, high precision and perceptive
force/displacement, which can be used for accurate detec-
tion and control of finger displacement and gripping force.
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2 Mechanism of the microgripper

Figure 1 shows the mechanism of the proposed symmet-
rical double-arm compliant piezoelectric microgripper
based on a three-stage displacement amplification. The
microgripper consists of PZT actuators, strain displacement
sensor, strain force sensor, preloaded bolts, gasket and
base. Wherein, Aj, Ay, As, A4, C, Dy, D, are single-notch
right circular flexure hinges which are very precise in
keeping the positions of the rotation centers (Zhang and Hu
2009), E and F are double-notch right circular flexure
hinges (Yong et al. 2008), and B is a rectangular flexure
hinge. The microgripper adopts a symmetrical structure
configuration, where two piezoelectric actuators are
installed symmetrically inside to make full use of the
space. The three-stage amplification mechanism consists of
the first-stage lever amplification mechanism (F-E-D)), the
second-stage triangle amplification mechanism (D;-C-D,),
and the third-stage lever amplification mechanism (A3z-B-
Aj). In addition, the parallelogram mechanism (A;-Aj-Ajz-
A4) can ensure complete translational motion of the grip-
ping action.

The motion transmission of the microgripper is carried
out as follows. Under the action of driving voltage, the left
piezoelectric actuator produces an input displacement to
push the linkage D;-F to rotate clockwise around the hinge
F, thus driving the linkage D;-C to make the hinge C move
clockwise around D,. linkage BC moves to the right and
drives linkage Aj-Ajz to move clockwise around the hinge
Aj through hinge B. Because A;-Aj-A3z-Ay4 is a parallelo-
gram mechanism, linkage Aj-A; can achieve translational
movement to the right, while the symmetrical right
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Fig. 1 Mechanism of the proposed microgripper
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structure will translational to the left. And then the relative
movement of the left and right clamping arms will achieve
the gripping action of the object. When the power is
switched to OFF, the piezoelectric actuator shrinks to its
initial position, causing the clamping arm to open and
release the object being manipulated. The displacement
sensor is pasted on the outside of the flexible hinge A4 to
detect the output displacement, and the force sensor is
pasted on the root of the clamping arm to detect the grip-
ping force. The microgripper has the advantages of small
size, simple structure, large gripping range and transla-
tional gripping.

3 Modeling, optimization, and analysis
3.1 Kinematic principle

It is assumed that the elastic deformation of the micro-
gripper only occurs at the flexure hinge, and other parts are
regarded as rigid bodies. In addition, the flexure hinge can
only bend and the rotation angle is very small without any
expansions or contractions. According to the pseudo-rigid
body theory, the flexible three-stage amplification mecha-
nism of microgripper designed in this paper can be regar-
ded as a rotating pair connecting two rigid bodies, as shown
in Fig. 2, where ¢, ¢,, @3, @4, @5 is the initial angle of the
linkages AB, BC, BE, FE and DC, « and f are the angles
between AF and AD and the positive direction of x axis
respectively, and d;, and d,, are the input and output
displacements respectively.

The mechanism of the three-stage amplification micro-
gripper can be decomposed into two closed planar four-bar
linkage mechanisms, namely, A—-B—-C-D and A-B-E-F.
The position equations of the two four-bar linkage mech-
anisms can be established by using the vector method:

—_— = — —
AB + BC —DC —AD =0 (1)
—_— = = —

AB + BE — FE — AF =0 (2)

Rewrite equations (1) and (2) in the plural form as follows:
Iape'” + Ipce' = lepe'?s + Lype™ (3)
lABei(p' + lggei% = lApeia + lpEeiW (4)

where, lag, Igc, lep, lap, Ige, laF, LpE represents the length
of the linkages AB, BC, CD, AD, BE, AF and FE,
respectively.

Based on Euler’s formula, let the real and imaginary
parts of (3)—(4) are equal, and then the following expres-
sions can be obtained:

941
Iap cos @ + Ipc cos @, = lcp cos @5 + lyp cos fi (5)
lag sin @ + Ipc sin @, = Icp Sin @5 + Iap sin (6)
Iag cOS @ + lgg cos 3 = lap cOS o + [pp cOS @y (7)
Iag sin @) + lgg sin @3 = lap sin o + [pg sin @, (8)

Differentiating the four formulas from (5) to (8) with
respect to time, and the following relationship can be
achieved:

Aw = Bws )

where, A=
lapsing, Ipcsin @, 0 0
lapcos @ Ipccos o, 0 0
lap sin @, 0 Ipesin@;  — lppsin @y
lap cos @, 0 lpgcos @3  — Ilppcos @y
i lep sin s
B— lep cos @5
w3 0
Wy 0
And then the displacement amplification ratio 4 of the
microgripper can be obtained as follows:

) =

dowr _ W4lpy . Ly
= ~ =A"'B(4,1)—
din wSZin ( ’ )lin
_ lepler sin(@y + @3)sin(@, — ¢s)
2rgliy sin @, cos @, sin(@; — @)

(10)

where, [p; is the length of the linkage FI, and [;, is the
distance from the input to the flexure hinge D.

By substituting the dimension parameters of the
microgripper into formula (10), the theoretical amplifica-
tion ratio of the microgripper can be obtained as 23.0. In

X

Fig. 2 Pseudo-rigid-body model of the three-stage amplification
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this calculation, each connecting part of the microgripper is
regarded as a rigid body, and only the geometric motion
relationship is analyzed without considering the material
properties. Therefore, this is a preliminary estimation of the
amplification ratio, which will be furtherly calculated by
finite element analysis (FEA) and experimental test
respectively.

3.2 Static modeling

In this subsection, the pseudo-rigid-body-model (PRBM)
method is used to establish the static model to describe the
force—deflection relationship of flexible hinges and then the
input stiffness of the microgripper can be obtained. By
replacing the flexible segments with an equivalent rigid
joint and a torsional spring, the microgripper can be
regarded as a rigid body mechanism. This method is
helpful to further study the performance of the microgrip-
per to obtain some key design parameters.

When a small input displacement from the piezoelectric
actuator is applied to the input end of the microgripper, the
relevant rotational angle of the flexure hinges from A to I
can be calculated as follows:

din

ba = |'71|T (11)
din

bp=1In — ’72|T (12)
din

dc = bnp — 115" (13)

d;

bp =" (14)
din

D = bt — 15| - (15)

din
br =g =y = 1:"74|T (16)
Where’ m :A_IB(17 1)’}12 :A_]B(27 1)7713 =

A7'B(3,1),n, =A7'B(4,1).

According to literature (Awtar 2013; Paros and Weis-
bord 1965), the rotational stiffness of various flexure hin-
ges can be estimated by the following formula:

2Eb?
Kiz‘[il'izA,B,c,F...l (17)

9mr; /2

2Ebe)?
Kp ="+ (18)

Onr /2

D
Ebd?
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where, r; and ¢; are the radius and thickness of the relevant
flexure hinge, respectively, E is the elastic modulus of the
used material, and b and d are the thickness and width
respectively, yo is the characteristic radius coefficient of
the relevant flexure hinge, K¢ is the stiffness coefficient of
flexure hinge, [ is the length of the relevant flexure hinge.

According to Castigliano’s first theory (Oden et al.
1982), the input force F, that comes from the piezoelectric
actuator and acts on end of the microgripper can be
expressed as:

ou

Fin ==
adin

(20)

where, U is the elastic deformation potential energy, and
can be expressed as

1 1
U=-) K;p* 21
2; ?; (21)

Substituting (11)—(19) into (21) yields

Kan® ,  Kslm—m)® ,  Kelp =17 ,
U= d: s +—— g
21’2,' in + 2[[2’1 in + 2[[2’1 in
Kp ,  Kelm—nm) , 4Ken ,
d: 4 d:
+ lezn n + 2112” n + 2112’1 in
(22)

Then the input F;, force can be expressed as:

2
F. = ou _ Kani> | Kp(i — 1)
" odyy 2, I8
Ke(m — 1) Kp  Kg(ny —n3)*  4Ken]
n c(m2 ) Ko, E(n22 ) M g,
L [; L l;
m mn m m
(23)
Then input stiffness of the microgripper can be obtained as
Kan®  Kg(my — 1) Ke(ny — 1)
K, — A2771 i B(’?l2 1) + C(’712 )
lin lin lin
5 5 (24)
Kp , Kg(n, —n3)” | 4Kpn;
et 2

From (24), we can see that the input stiffness of the
designed microgripper is related to its geometric
parameters.

3.3 Dynamic modeling
In this subsection, the Lagrange’s equation is used to

establish the dynamic characteristics of the microgripper.
The Lagrange’s equation can be expressed as follows:
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d (0T or ov
dl(a%> o o 77 )

where, T and V respectively denote the total kinetic energy
and potential energy of the entire system, g; represents the
generalized coordinate of the system, ¢; represents the
generalized velocity of the system, Fp; represents the
generalized nonconservative force of the jth generalized
coordinate of the system, N is the number of generalized
coordinates.

The kinetic energy of the microgripper can be expressed
as:

1 2 1 2 1 2 1 2
T = *.]ABCOI +*JBCa)2 +*-,CDU)5 +7-,BE(03

2 2 2 2
; o . (26)
+ 5 (JFI + JGH)(’U4 + Em()m‘d out

where, Jap, Jpc, Jep, I, Jrr and Jgy respectively repre-
sent the moment of inertia of the linkages AB, BC, CD,
BE, FI and GH, and m,,, represents the mass of the output
end.

The potential energy of the microgripper can be
expressed as:
1
2
1

1 1
2 2 : 2
— ¢ —+ = Kmb
2 EYE 2iF !

1 1 1
V=2Kadi +5Kpdy +5Kede +5Kndp

(27)

Substitute Equations (26) and (27) into Equations (25),
then the dynamic model of the designed microgripper can
be expressed as:

M,(./.)S + KI(/)5 = linFin — ’74lF1Fout (28)

where, F,,; denotes the output force of the microgripper,

M and K respectively represent the equivalent mass and
equivalent stiffness of the microgripper, and can be
expressed as:

/ 2 2
K =Kan> +Ks(n, —m)” +Kc(n, — 1)

! i (29
+ Kp + Ke(ny —n3)" + 4Kpn;

M = Japn >+ Tpeny® +Jep

(30)
+ IpEns” + 20”4 Mowlpyns®

Therefore, the working mode frequency of the microgrip-
per can be obtained:

_1 /K (31)
f”"zn M

Finally, the natural frequency of 243.5 Hz is calculated
using the above formula and the designed parameters. This

result is on the basis of simplified analysis and needs to be
verified by finite element method and experimental test.

3.4 Optimization design

In order to obtain an optimal microgripper structure, the
following constraints and influencing factors (i—v) must be
considered.

(i) The key dimensional parameters that affect the
performance of the microgripper are limited
within a certain range.

(i) Input stiffness of the microgripper is limited by
PZT stiffness.

(iii)) The equivalent stress of the critical part of the
microgripper is limited by the yield strength of the
material used.

(iv) The natural frequency affects the speed perfor-
mance of the microgripper.

(v)  Other manufacturing and safety factors.

In this work, the optimization objective of the design is to
maximize the amplification ratio and the output displace-
ment. In addition, during the optimization process it is
necessary to ensure that the strain at the strain gauge
sticking is large enough, and the overall structure of the
microgripper should be compact. Finally, the designed
parameters of the microgripper can be found by stochastic
search optimization (Wang et al. 2015) based on the Ansys
parametric design language programming.

3.5 Characteristic analysis

This section will conduct the characteristic analysis of the
optimized microgripper using the Ansys finite element
software, including statics-based amplification ratio anal-
ysis and dynamics-based natural frequency analysis. These
results can provide a quick insight into the performance
evaluation of the microgripper.

In general, the results of a static FEA analysis on the
mechanism have high precision and confidence level
compared to other types of finite element analyses (Jalili
et al. 2022a). Nevertheless, we still need to analyze the
influence (Jalili et al. 2022b, c) of the mesh at the location
of the strain gauges. By using 5 different mesh numbers
(12,008,158, 12108143, 12208167, 12308154, 12408193),
we conducted a grid independence test. The obtained
results are shown in Fig. 3a in the revised manuscript. It
can be seen that with different grid densities, the results of
strain distribution where the strain gauges are pasted have
little difference, all of which are less than 1%. Given the
small size of the model and the short computation time, a
relatively fine meshing was chosen to obtain accurate
results. In order to calculate the final model, the grid
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system of 12308154 was chosen and the specific mesh
diagram are added in Fig. 3b. In order to accurately ana-
lyze the displacement amplification ratio of the micro-
gripper, an input displacement of 10 um is applied to the
microgripper and the obtained maximum output displace-
ment of the left arm is 189.73 um, and the maximum output
displacement of the right arm is 189.64 um. The output
displacements of the two arms are basically the same. It is
reasonable to think that the displacement amplification
ratio of the microgripper is 19.0. This value of ratio
obtained by FEA is smaller than the theoretical value of
23.0, because the displacement loss arising from the
bending and stretching will cause the actual amplification
ratio to be smaller than the ideal one. The maximum stress
of the microgripper is concentrated at the rectangular
flexure hinge B, which is 81.5 Mpa, far less than the yield
strength of 503 MPa, so the microgripper will not yield
failure in the actual use. Furthermore, Fig. 3c presents the
output displacement diagram of the arm of the microgrip-
per. As can be seen from the figure, the output displace-
ment of the arm gradually increases from top to bottom.
The maximum output displacement is 189.64 um at the
root of the clamping arm, and the minimum output dis-
placement is 189.36 um at the top of the clamping arm.
Only 0.28 um translational error is generated in the whole
clamping arm, indicating that the designed microgripper
has good translational performance and can achieve
translational gripping of the operating object.

To verify the dynamic performance predicted by for-
mula (31), Ansys-based modal analysis was conducted as
shown in Fig. 4. The relevant properties of 7075 aluminum
alloy material are density of 2.81 g/cm?®, Modulus of 71.7
GPa and yield tensile strength of 503 MPa. The mesh
model is established by 20-node element SOLID186. The
natural frequencies of the first 6 orders obtained are 265.2
Hz, 265.7 Hz, 525.3 Hz, 526.7 Hz, 1109.3 Hz and 1109.8
Hz respectively. The frequencies of the first and second
order are basically the same, indicating that the parallelo-
gram mechanism drives the two clamping arms to move in
reverse and in the same direction in the plane of the
microgripper respectively. The frequencies of the third and
fourth order are basically the same, representing the same
and reverse torsional motion of the two clamping arms
respectively. The frequencies of the fifth and sixth orders
are basically the same, indicating the reverse torsional
motion of the two clamping arms. Compared with the
analytical calculation result (31), the deviation of the cal-
culation result of the first order natural frequency is about
8%, which is caused by the simplified treatment in theo-
retical analysis.
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Fig. 4 The first 6 modes and
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4 Preliminary tests

4.1 Prototype manufacturing and experimental
setup

Figure 5 shows the prototype of the designed microgripper,
which was fabricated by wire EDM to ensure the required

accuracy and was made from AL7075 with highly elastic,
high yield strength, and light mass. In this work, the body
of the microgripper is made of aluminum alloy AL7075,
which is is processed by Wire EDM (Electric Discharge
Machining) technology. Nowadays, this is a relatively
mature manufacturing process. In order to ensure the
function of flexible deformation, PSA should be fully pre-

@ Springer



946

Microsystem Technologies (2023) 29:939-952

Fig. 5 Prototype of the developed microgripper

tightened during assembly. The challenge of this work is
how to design a proper structure for the microgriiper to
achieve large amplification ratio for displacement and force
in a small or compact space and to ensure sufficient natural
frequency.

Figure 6 shows the experimental setup consisting of the
developed microgripper, piezoelectric driver (MK-V500),
data acquisition card (PCI-6221 from NI, Inc.), capacitive
displacement sensor (D100 from PI, Inc), piezoelectric
actuators, strain sensor, and the computer. The basic
operation process of the experimental system is as follows:
First, the control signal sent by the computer is applied to
the piezoelectric driver through the D/A port of the
acquisition card to activate the piezoelectric actuator to
produce a certain movement. Changing the control signal
can make the microgripper produce various, continuous
gripping and releasing movements. Then, the strain gauges
glued on the microgripper body can sense the movement of
the microgripper, and the strain signal will be transmitted
to the computer through A/D port of the acquisition card

Capacitive sensor

Fig. 6 Experimental setup

@ Springer

for post-processing. The capacitance displacement sensor
is used to calibrate the output signal of strain sensors.

4.2 The calibration of sensors

The strain sensor for gripping force measurement is cali-
brated by using some high-precision weights. The specific
implementation steps are as follows: First, place the
microgripper side down, and place weights of 1, 2, 5, 10
and 20 gs at the tip of the clamping arm of the micro-
gripper respectively. Then, the gravity of the weights is
regarded as the gripping force, and the corresponding
voltage value from the strain force sensor was collected.
Finally, the calibration coefficient of the strain force sensor
can be obtained by fitting the voltage and weight gravity.
Figure 7a shows the fitted curve, with correlation coeffi-
cient of 0.9980, and then the calibration coefficient of
strain force sensor is 0.163 mN/mV.

The strain sensor for measuring the gripping displace-
ment is calibrated by the capacitance displacement sensor.
Firstly, a variable driving voltage was applied to the
microgripper to make it produce movement, and the elec-
trical signals generated by the strain gauge pasted on the
microgripper were recorded. At the same time, capacitance
displacement sensor was used to record the output dis-
placement of the clamping arm. Then, the calibration
coefficient of the strain displacement sensor can be
obtained by comparing the values measured by the two
sensors. After that, different driving voltages are used to
compare the output curves of the calibrated strain sensor
and the standard capacitive sensor. The obtained calibra-
tion coefficient can be considered correct if the two curves
are in good agreement. Figure 7b shows the measurement
results of the two sensors. It can be seen that the dis-
placement curves measured by the calibrated strain sensor
are in good agreement with those measured by the standard
capacitive sensor. And the corresponding calibration
coefficient of the strain displacement sensor is 0.040
um/mV.

4.3 Characteristic test

In order to test the real displacement amplification ratio of
the developed microgripper, a sinusoidal input voltage with
0.1 Hz and 100 Volts, which means a maximum input
displacement of 6.10 um, is applied to the microgripper,
and the recorded maximum output displacement is 102.30
um. Thus, the resulting amplification ratio is 16.8, which
can meet the design requirements. A same input voltage is
applied to the microgripper when the gripping tip is fixed,
we can get the maximum gripping force of 227.70 mN.
Compared with the FEA simulation results, there exists
a small error. The reason is that the displacement of the



Microsystem Technologies (2023) 29:939-952

947

180 |

160 |

140 |

120

100 |

80

Gripping force (mN)

60 |

40

20 F

0 0.2 0.4 0.6 0.8 1 1.2
Strain sensor output (V)

(a) Force calibration

Fig. 7 The calibration of strain sensors

Strain sensor output (V)

0 50 100 150 200 250 300
Frequency (Hz)
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piezoelectric actuator is directly used as the input in the
simulation, and thus the unconsidered coupling effect
between the piezoelectric actuator and mechanical struc-
ture produced this small error. It should be note that, it is
normal to have errors between the theoretical, simulated
and measured values of the displacement amplification
ratio. This is because the theoretical value is a geometrical
approximation and material properties were not taken into
account, while the simulated value is also an approxima-
tion of the actual microgripper and the presence of piezo-
electric ceramics was not considered. What we need to
make sure is that the final measured displacement ampli-
fication ratio is within a reasonable range.

In order to test the resonant frequency of the developed
microgripper, a sinusoidal sweep voltage with relatively
small amplitude from 0.1 to 300 Hz is applied to the

40

Capacitive sensor

— = = Strain sensor

Output displacement (4 m)

0 0.5 1 1.5 2 2.5 3
Time (s)

(b) Displacement calibration

microgripper, and Fig. 8 shows the recorded output dis-
placements. It can be seen that the first-order natural fre-
quency of the microgripper is about 215.1 Hz, which is
smaller than the result of FEA simulation. The reason is
that the mass of piezoelectric ceramics is not considered in
the FEA simulation.

5 Experiments
5.1 Displacement tracking experiments

In this subsection, the tracking performance of the motion
trajectories of the developed microgripper is explored
firstly based on open-loop operation. A periodic triangular
voltage with 0.1 Hz, which corresponds to a reference
displacement with an amplitude of 50 um, is applied to the
piezoelectric actuator of the microgripper whose dis-
placement responses are recorded accordingly. Figure 9a, b
shows the corresponding open-loop experimental results
including the reference and real displacements and the
errors, which reveals obvious phase lag and displacement
error due to the inherent piezoelectric hysteresis and other
disturbances. In order to improve the position tacking
performance, a proportional-integral (PI) controller is
designed to alleviate the tracking error based on closed-
loop operation. The constant gains of the PI controller are
tuned and finally set as ki, = 12 and ky; = 0.3. With the
same displacement reference commands as the tracking
objective trajectories, the obtained real displacement
responses and errors of the developed microgripper under
the PI control strategy are shown in Fig. 9c, d. The Peak-
to-Valley (PV) error of the displacements in open-loop
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Fig. 9 Displacement tracking experiment

operation is 5.10 pum accounting for 10% of the full
tracking range, and the corresponding Root-Mean-Square
(RMS) error is 1.92 um. The PV error of the displacements
in closed-loop operation is 0.49 um accounting for 1% of
the full tracking range, and the corresponding RMS error is
0.19 pum. It can be concluded from the above results that
(i) the displacement tracking performance of the micro-
gripper under open-loop mode is poor due to the relatively
big error and phase lag of position output. (ii) the dis-
placement tracking performance under closed-loop mode is
good, because the reference and actual displacements
coincide with each other and the position output lag is
improved. (iii) the PI controller can effectively eliminate
the inherent hysteresis and nonlinearity of the microgripper
and realize the precision control of the gripping
displacement.
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5.2 Force tracking experiments

In order to verify the performance of the gripping force,
similar force tracking experiments under open and closed
loop modes were performed respectively. A varied ampli-
tude triangular voltage command denoting the reference
force is applied and then the actual gripping force mea-
sured from the force sensor is recorded. Figure 10a, b show
the reference force command and the actual force and the
errors, respectively. We can see that the PV error of grip-
ping force is 18.07 mN accounting for 9% of the full scale
range, and the corresponding RMS error is 5.76 mN.
Obvious phase lag and tracking error can also be found
from the results. Similarly, another PI controller was
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Fig. 10 Force tracking experiment

designed in order to improve force tracking performance.
The constant gain parameters are set as ki, = 25, and
ki; = 0.18. Under this closed-loop control strategy and
with the same reference force command, the actual grip-
ping force and the corresponding error can be obtained as
shown in Fig. 10c, d. The PV error of gripping force in
closed-loop operation is 3.74 mN accounting for 2% of the
full scale range, and the corresponding RMS error is 0.65
mN. It can be seen that the reference force very coincides
with the measured force, deeming that the force tracking
performance under closed-loop mode is greatly improved.
Thus, the force tracking in closed loop mode can effec-
tively eliminate nonlinearity and control the gripping force
effectively and accurately.
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5.3 Closed-loop gripping experiments

In this subsection, the gripping performance of the
microgripper in closed-loop operation mode is verified
through the “grasp-hold-release” operation. The experi-
mental curves of force/position switching tracking are
shown in Fig. 11. There exist two independent PI control
loops in the system. One control loop is used for accurate
tracking and monitoring of the displacement, the other one
is for precise control and monitoring of gripping force. The
specific process of the force/position switching control is as
follows:

Step 1: (approaching stage) Keep the tracking of dis-
placement, which is divided into fast approaching and slow
approaching to reach the gripping object. At the same time,
persistently monitoring the holding force. If the gripping
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Fig. 11 Closed-loop gripping experiment

force varies from O to a small set value, start the force
tracking action.

Step 2: (holding stage) Keep the tracking of the gripping
force, and meanwhile keep monitoring the displacement.

Step 3: (releasing stage) Keep the monitoring force and
displacement. If the gripping force decreases, and both
force and displacement reach zero, terminate the
experiment.

5.4 The performance comparison
and discussions

The features of the designed piezoelectric microgripper
include simple mechanism, compact size, high precision,
perceptive force/displacement. The design advantages
include: (1) Large clamping range can be achieved by a
large displacement amplification ratio through simple
structure; (2) High resonant frequency is realized through
the compact size, which is conducive to the controller
design to achieve large clamping speed; (3) Accurate lin-
earization of clamping force and displacement is realized
by closed-loop control-based hysteresis elimination. (4)
Translational gripping action can be ensured in principle by
the designed symmetrical structure. (5) The simultaneous
self-sensing of force and displacement can enhance the
clamping performance and avoid the damage of the
clamping object.

In the work of Yuguo and Yaoxiang (2015), the largest
range of clamping displacement is 78.35 wm, and the
holding force is 9.24 uN at a maximum voltage of 150 V.
In our work, the designed gripper can reach a maximum
output displacement of 102.30 wm and the maximum
gripping force of 227.70 mN at a sinusoidal voltage of 100
V. Thus, the designed gripper can reach a larger clamping
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range and greater gripping force under a lower driving
voltage. This is mainly due to the superiority of the design
structure. In the work of Yang et al. (2015), an amplifica-
tion ratio of 16.4 and a natural frequency of 157.5 Hz are
obtained based on a gripper of almost the same size level.
In our work, the displacement amplification ratio is 16.8
and the natural frequency is about 215.1 Hz. Thus, the
microgripper designed in this paper can achieve faster
clamping, because the larger natural frequency is advan-
tageous to achieve better control performance. Compared
with the work of Wang et al. (2013), Chen et al. (2019),
the two fingers of the microgripper designed in this paper
have the ability to move independently, which increases
the freedom of motion and control. We can conclude that
the designed microgripper has relatively superior perfor-
mance among similar devices.

It will be helpful for the interested readers to differen-
tiate the basic mechanism of electrostatic and piezoelectric
grippers. Electrostatic microgripper is driven by the Cou-
lomb force, and can be divided into parallel-plate type and
comb type. This kind of microgripper has the characteris-
tics of small size, simple structure, high precision, so it is
widely used in MEMS systems. The piezoelectric micro-
gripper uses the inverse piezoelectric effect to realize the
clamping and releasing operation, and it has the advantages
of fast response speed, high resolution and large driving
force, so piezoelectric microgripper is also widely used.
However, the application areas of these two kinds of
grippers are different and overlap. Generally speaking, the
gripping object of electrostatic microgripper is smaller. For
example, literature (Chen et al. 2010) gives a comb type
electrostatic microgripper with integrated vacuum pipe.
This microgripper realizes the pickup and release of tiny
objects through the electrostatic driving force generated by
the comb structure and the auxiliary air pressure of the air
pump. The microgripper is made by silicon processing, and
the vacuum pipe is constructed by bonding technology.
Compared with piezoelectric microgripper, the electrostatic
microgripper has geometric similarities in mechanical
structure, but the manufacturing process has great
differences.

6 Conclusions

In this paper, a novel three-stage magnification based
symmetrical piezoelectric micro-gripper 1is reported.
Firstly, the mechanical structure and working principle are
demonstrated. Secondly, the modeling, optimization and
analysis for kinematic, static and dynamic characteristics
are presented. After that, the sensor calibration for the
clamping force and displacement and open and closed-loop
performance testing are carefully conducted based on a
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series of experiments. The key performance indicators,
including amplification ratio of 16.8, clamping range of
102.30 um, natural frequency of 215.10 Hz, are verified.
The design advantages include large clamping range, high
resonant frequency, translational gripping action, accurate
linearization and simultaneous self-sensing of clamping
force and displacement. The designed microgripper has
relatively superior performance among similar devices.
Our next step will be to further optimize the micro-gripper
and to improve its control methods to adapt to different
working conditions. How to design the microgripper to
achieve a performance balance between static index
(stroke) and dynamic index (natural frequency) will also be
a future research focus.
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