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Abstract: A piezoelectric-driven microgripper with three-stage amplification was designed, which is
able to perceive the tip displacement and gripping force. The key structure parameters of the
microgripper were determined by finite element optimization and its theoretical amplification ratio
was derived. The tracking experiments of the tip displacement and gripping force were conducted
with a PID controller. It is shown that the standard deviation of tracking error of the tip displacement
is less than 0.2 pm and the gripping force is 0.35 mN under a closed-loop control. It would provide
some references for realizing high-precision microassembly tasks with the designed microgripper
which can control the displacement and gripping force accurately.

Keywords: microassembly; microgripper; PID controller; tip displacement; gripping force

1. Introduction

With the rapid development of micro-electromechanical systems (MEMS), microassembly and
micromanipulation as the key technologies have become a hot research topic at home and abroad
gradually [1]. The microgripper is an end effector for precision micromanipulation systems [2—4],
the performance of which will affect the quality and accuracy of micro-operation process directly [5,6].
Therefore, it is of great practical significance to research on efficient and reliable microgripper.

According to different driving modes, microgrippers can be divided into six major
types: The electrostatic-driven microgrippers [7,8], electrothermal-driven microgrippers [9],
electromagnetic microgrippers [10], piezoelectric-driven microgrippers [11-13], shape memory alloy
microgrippers [14,15] and vacuum microgrippers [16]. The piezoelectric stack actuators are used in
various high precision microgrippers due to the advantages of fast response, high resolution, and large
driving force [17-19].

The output displacements of piezoelectric stack actuators are usually ten or more micrometers,
however the sizes of objects manipulated are generally several hundred micrometers, so a displacement
amplifying mechanism is required to amplify and transmit the displacement from the actuator to the
gripping jaws. Based on compliant mechanism, Cui et al. [20] designed a two-stage amplification
microgripper and tested the tip displacement and gripping force. Yang et al. [21] devised a piezo-driven
microgripper with bridge-type mechanisms and parallelogram mechanisms, in which the gripping
range is 0.345-328.2 um, the amplification ratio is 16.4, and the natural frequency is 157.5 Hz. In addition,
by applying right circular leverage mechanisms, Wang et al. [1] proposed and analyzed a compliant
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microgripper. The maximum output displacement is 150 um and the corresponding amplification
ratio is 16.

In many micro-operation tasks, due to the irregular shape of some objects manipulated, the gripper
tips and the micro-objects have a tendency to slip, which affects the efficiency and precision of the
micro-operation process, and makes the control of the microgripper more complicated. Parallel grasping
can avoid the problem effectively [19]. In addition, it is necessary to regulate both the tip displacement
and the gripping force precisely because the objects manipulated are small and can be readily damaged.
The resistance strain sensors were used to detect and control the tip displacement and the gripping
force due to the properties of high resolution, simple mechanism, low price, and mature technology.

2. Structural Model Setting-Up and Finite Element Analysis

2.1. Structural Model Setting-Up and Analysis

The mechanical structure of the piezoelectric-driven microgripper designed consists of a three-stage
amplification mechanism, piezoelectric stack actuator (PSA), tip displacement sensor, force sensor,
gripping jaw, preload bolt, and gasket, as shown in Figure 1. A1, Ay, A3, A4, C, Dy, D5 are single-notch
flexible hinges, E, F are double-notch flexible hinges, and B is a rectangular flexible hinge. In order to
get a large tip displacement, a three-stage amplification mechanism including a triangular amplification
structure and two leverages amplification structures were designed. In view of the symmetric
characteristic, the left half of the kinematic diagram of mechanism of the microgripper is depicted in
Figure 2. The motion principle of microgripper is: Under the actuation of piezoelectric stack actuator,
the link D4 F rotates clockwise around hinge F and drives link D;C to make hinge C move clockwise
around D,; link BC moves to the right and drives link A;Aj to rotate clockwise around hinge As
through hinge B; since Aj—Ay is a parallelogram mechanism, the translational motion to the right of
link AjA; can drive the gripping jaws.

Gripping jaw

Force sensor

Tip displacement sensor

Preload bolt

Figure 1. Mechanical structure of the microgripper.



Micromachines 2020, 11, 121 3of11

dout

A1Kc>—o A2

Is

A4}

Figure 2. Kinematic diagram of the microgripper.

The aluminum alloy was adopted as the material of microgripper by reason of well comprehensive
mechanical properties, namely low density, high elasticity, good toughness, and moderate strength.
With finite element optimization, the relevant parameters of the microgripper were determined,
as listed in Table 1. In Table 1, ra, rc, rp, 1, I represents the radii of the flexible hinges A, C, D, E,
F, respectively and tp, tc, tp, tg, tp the thicknesses; d is the width of the rectangular flexible hinge B;
1;-14 are the lengths of each part in Figure 2; vy is the angle between link D;C and the y-axis negative
direction; h is the thickness of the gripping jaw, and b is the thickness of the microgripper.

Table 1. Parameters of the microgripper.

Parameters Values Unit Parameters Values  Unit
I 4 mm Iy 1 mm

I 8 mm ta 0.3 mm

I3 4 mm tc 0.5 mm

I 8 mm tp 04 mm

I5 40 mm tg, tp 0.8 mm

lg 24 mm b 5 mm

Y 12 ° h 1 mm

TA, TC 2 mm d 0.4 mm
D, T'E 0.8 mm 1 4 mm

The three-stage amplification mechanism is built. Figure 3 shows the pseudorigid-body model of
the three-stage amplification mechanism.
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Figure 3. Pseudorigid-body model of the three-stage amplification mechanism.

Based on the geometric and motion relationships, the following formulas can be obtained:
ZABEi(pl + lBCe‘i(PZ = lccei(ps + ZAGEiﬁ 1)

ZABEi(Pl + l]g}ge‘i(p3 = ZADEm + ZDEEi(P4 2)

where o and 3 are the angles between links AD, AG, and the x-axis positive direction, I3, Igc, I, IaD,
IpE, lcc, Lac are lengths of links AB, BC, BE, DE, CG, AG, respectively, @1, 92, ¢3, ¢4, @5 are the initial
angular positions of links AB, BC, BE, DE, CG, respectively.

Formulas (2) and (3) can be rewritten based on Euler’s formula, namely:

Iap cos @1 + Ipc cos oy + i(lap sin gy + Ipc singy) = log cos @5 + Iag cos B+ i(leg sings + lagsinf)  (3)

Iap cos @1 + Ipp cos 3 + i(lap singy + Ippsin@s) = lap cosa + Ipg cos oy + i(lapsina + Ippsingy)  (4)

Differentiate Formulas (3) and (4) with respect to time and let the real and imaginary parts be
equal. The following formula can be obtained:

Aw=Bws 5)
ZAB sin P1 lBC sin P2 0 0
where A — lap C(-)S @1 Ipccos 0 0.
Iop sin @ 0 Igpsings —Ipgsingy
Iop cos @1 0 Ippcos s Ippcos @y
w1 lCG sin P5
W= w7 B= ZCG COS @5
w3 0
Wy 0

Where wi—ws are the initial angular velocity of links AB, BC, BE, DE, CG, respectively.
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The amplification ratio of the microgripper can be computed as follows:

1o out Vo _ walDF _ A_lB(4,1)lD_F _ leclor Si.n(q?z +¢3) S?n(q?z ) ©)
din &d a)5lm lin ZlDElin Sin @2 COs @2 sm((p;:, - (P4)

where [pr is the length of link DF, I;;, is the distance between the input end and hinge G.

2.2. Finite Element Analysis of the Microgripper

In order to verify the theoretical amplification ratio of the microgripper, finite element analysis
(FEA) was performed using the ANSYS Workbench. The material properties of the microgripper are
shown in Table 2.

Table 2. Material properties of the microgripper.

Material Young’s Modulus (GPa)  Density (kg/m®)  Poisson’s Ratio  Yield Limit (MPa)
Aluminum alloy 71.7 2810 0.33 503

A 10 pm input displacement was imposed on the microgripper and the displacement cloud
diagram and stress cloud diagram are shown in Figure 4. It was shown in Figure 4a that the maximal
output displacement of the gripping jaw is 191.25 um, that is, the amplification ratio of the microgripper
is about 19.1. The theoretical result of the amplification ratio calculated with Formula (6) is 23.5, namely,
the relative error is 23%. The deviation arose because the models used for theoretical calculation were
idealized. It was found from Figure 4b that the stress of the microgripper was concentrated on the
flexible hinge, in which the maximal stress on the flexible hinge D; was 90.7 MPa, which was much
smaller than the yield limit of the material. Therefore, there is no yield failure in actual use.

B: Static Structural
Equivalent Stress

B: Static Structural Type: Equivalent (von-Mises) Stress

Total Deformation Unit: MPa

Tyge: Total Deformation Time: 1

=G 2018/11/12 11:18

Time: 1

2018/11/12 11:08 90,663 Max
0.18125 Max §0.589
017 70.515
0.14875 60442
0.1275 50.368
0.10625 40.295
0.085001 30.221
0.063751 20.147
0.042501 10.074
0.02125 2.7912e-10 Min
0 Min

(a) (b)

Figure 4. The displacement cloud diagram and stress cloud diagram of the microgripper.
(a) The displacement cloud diagram; (b) the stress cloud diagram.

In order to verify the translational gripping effect of the microgripper, a 10 um input displacement
was imposed on the microgripper. The output displacement of the left gripping jaw of the microgripper
increases gradually from the tip to bottom. The maximum output displacement was 191.25 um at the
bottom of the gripping jaw and the minimum 190.82 um at the tip. The translational error produced
by the left gripping jaw is only 0.43 pm, which indicated that the microgripper has fine translational
performance, and can achieve the translational gripping of the operating object. Figure 5 shows the
displacement cloud diagram of the left gripping jaw of the microgripper.
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Figure 5. The displacement cloud diagram of the left gripping jaw.

3. Results and Discussion

3.1. Experiment Platform

In order to test the performance of the microgripper, an experiment system including the
microgripper, driving power, data acquisition card (PCI-6221 from NI Corp, Shanghai, China with
D/A and A/D modules), capacitive sensor, piezoelectric stack actuator (AE203D08F from Thorlabs
Corp, Shanghai, China), strain signal conditioning circuit, strain gauges (BFH120-3AA-D100 from
Xintai Corp, Shenzhen, China, the resistance 120 ohms and sensitivity coefficient 2.0% + 1%) and the
computer was established. The working process is as follows: A digital signal with certain waveform
was generated by the computer with MATLAB software, and then was converted into an analog signal
by the D/A module on the data acquisition card; the analog signal was amplified to 0-100 V by the
driving power, and then to actuate the piezoelectric stack actuator; the voltage signal detected by
the strain gauges integrated on the body of the microgripper was amplified with the strain signal
conditioning circuit and then transmitted to the low-pass filter created by Simulink in the computer for
filtering through the data acquisition card. The experimental platform is shown in Figure 6.

] Strain gauges
Data Signal . (Force sensor)
-t acquisition [ conditioning [« Hiilf-_cbil?tge
card circuit
Data Capacitive
-t acquisition [ displacement —[@—— O O
card sensor
PC ?
D/A L
»
> onverter p| Driving power J -
Cl VoD
PSA
Data ?iig“al Half-brige
l—| acquisition [eg— conditioning | R 1
— card circuit circuit /
/
Strain gauges V O O

(Tip displacement sensor)

Figure 6. Experimental test system.

3.2. The Test of Tip Displacement and Gripping Force of the Microgripper

The piezoelectric stack actuator was applied a sinusoidal driving voltage with the frequency of
0.1 Hz and amplitude of 100 V, and the output displacement and gripping force of the microgripper
can be obtained, as shown in Figure 7. We can see that the maximal output displacement of the
microgripper was approximately 102.3 um, and the corresponding input displacement was 6.1 um,
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so the amplification ratio of the microgripper can be derived, as 16.8. It can also be found from
Figure 7b that the maximal gripping force of the microgripper was 227.7 mN.

E 16 250
=2 —
= Z 200
E 121 é
£ " 150
@ 84 e
= S
= < 100
B 4l 2
: S )
=
(@) 0 . i ‘ . . 0
00 05 10 15 20 25 3.0 0 1'0 2‘0 30
Time #(s) Time #(s)

(@ (b)

Figure 7. The output displacement and gripping force of the microgripper under a sinusoidal driving
voltage. (a) The output displacement; (b) the output gripping force.

3.3. PID Feedback Control of the Microgripper

In order to improve the accuracy of displacement and force for the microgripper, the PID controller
was used. The controlling discipline of the PID controller is shown in the following Formula (7).
The PID controller is divided into there parts: The proportional part, integral part, and differential part.
The functions of the three parts are as follows: The proportion regulator can speed up the response
speed and improve the regulation accuracy of the system; the integration regulator is conducive
to eliminate the steady-state error and improve the control accuracy of the system; the differential
regulator can improve the dynamic performance of the system effectively.

t
u(t) :k,,><e(t)+kixf0 e(t)dt+kdx% ?)
where e(t) is the deviation; k;, is the integral coefficient, and k4 the differential coefficient.

The PID controller was used to realize the closed-loop feedback control of the microgripper,
including controlling the tip displacement and gripping force precisely, eliminating the influence of
the hysteresis nonlinearity of piezoelectric ceramic, and making the outputs (the tip displacement and
gripping force) linear with the input voltages. Figure 8 shows the schematic diagram of the closed-loop
control. Where e is the displacement or force error; r is the given reference displacement or gripping
force; z is the actual tip displacement or gripping force caused by strain gauges.

P PID controller —® Drivingpower —® Microgripper

Strain gauges [«

Figure 8. The schematic diagram of the closed-loop control.

In order to verify the actual control effect of the PID controller on the tip displacement, the sinusoidal
signal was used as reference input signals in the position tracking experiment. The position tracking
curves of the sinusoidal signal with the frequency 0.1 Hz and amplitude 50 um in the condition of
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open-loop and closed-loop are shown in Figures 9 and 10, respectively. The results obtained from
Figures 9 and 10 were as follows. The control system has obvious hysteresis nonlinearity and the
position tracking error was 4.949 um in the condition of open-loop. In the closed-loop case, the actual
output displacement signal and the reference signal are coincident basically, and the significant
hysteresis nonlinearity was compensated and reduced to a negligible level. Since the position tracking
error was random and obeyed a normal distribution, the standard deviation could be used to show
the magnitude of the random error. The standard deviation o of the position tracking error in the
condition of closed-loop was 0.184 um, which was only 0.37% of the peak-to-peak amplitude of the
reference signal.

=50
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14 \ |- Reference z 4 =
S 40 \ i £ z
5 \ A | T2 § 30
£ 30 3 ‘ g g
g . 50 220
= ] 2 2
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£ 10 / \ 2. £
& c oo
) \ Y \ 0 10 20 30 40 50
0 10 . 20 30 '60 10 20 30 Input voltage U(V)
Time £(s) Time #(s)
@ (b) ()

Figure 9. The output results of open-loop control of the sinusoidal signal for the tip displacement.
(a) The reference signal and output response; (b) the error; (c) the hysteresis curve.
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Figure 10. The output results of closed-loop control of the sinusoidal signal for tip displacement.
(a) The reference signal and output response; (b) the error; (c) error histogram; (d) the hysteresis curve.

In order to testify the actual control effect of the PID controller on the grapping force, the sinusoidal
signal was used as reference input signals for the position tracking experiment. Figures 11 and 12
show the force tracking curves of the sinusoidal signal with the frequency 0.1 Hz and amplitude
100 mN in the case of open-loop and closed-loop, respectively. It was indicated that the hysteresis
nonlinearity was evident in the open-loop condition and the tracking error was 9.71 mN. In the
closed-loop case, the hysteresis nonlinearity was controlled availably. The standard deviation o of the
force tracking error was accounted to be 0.225 mN, which was about 0.225% of the maximal amplitude
of the reference signal.
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Figure 11. The output results of open-loop control of the sinusoidal signal for the grapping force.
(a) The reference signal and output response; (b) the error; (c) the hysteresis curve.

100

80 [
60 / o
40 | \ | \ / \
20 | \/ /' \

0 10 20 30 0 10 20
Time #(s) Time #(s)

Output force F(mN)
Force error(mN)

=

(a) (b)

2000 100
-0.0897+0.441
8

1500

1000

Count

500

Output force F(mN)

=]
w
of
af
—}

03 0

.0

0 10 20 30 40 50
Error(mN)

Input voltage U(V)

(c) (d)

Figure 12. The output results of closed-loop control of the sinusoidal signal for the grapping force.
(a) The reference signal and output response; (b) the error; (c) error histogram; (d) the hysteresis curve.

It was demonstrated from the above results that due to the hysteresis nonlinearity of the
piezoelectric stack actuator, there is a larger error on the tip displacement and gripping force in the
open-loop condition. In the closed-loop case, the hysteresis nonlinearity was restrained validly and the
closed-loop displacement and gripping force errors obeyed the normal distribution. The standard
deviations of the closed-loop displacement errors of the sinusoidal signal do not exceed 0.2 pm and the

gripping force errors 0.35 mN. Thus, the PID controller can control the tip displacement and gripping
force of the microgripper accurately.

3.4. Actual Gripping Test of the Microgripper

A triangular driven voltage with the frequency 0.1 Hz and amplitude 100 V was applied to the
piezoelectric stack actuator to manipulate a micro-shaft (® 0.9 X 8 mm), and the tip displacement and
gripping force of the microgripper changed with time, as shown in Figure 13. It was well known from
Figure 13a that the tip displacement increases continuously with the increase of driving voltage and
reaches the maximum at 5 s, and then the tip displacement decreases to zero with the decrease of the
driving voltage. It was found from Figure 13b that the gripping force is zero before the gripping jaws
contact the micro-shaft; the gripping force increases with the driving voltage enhancing after contact
and reaches a maximum 64 mN at 5 s, and then decreases with the driving voltage reducing; finally,
the gripping jaws and the micro-shaft move away from each other, the gripping force returns to zero.
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Figure 13. The actual gripping process. (a) The tip displacement; (b) the gripping force.

4. Conclusions

A three-stage displacement amplification microgripper based on the compliant mechanism
was designed. The theoretical magnification analysis of the microgripper was deduced, and the tip
displacement and gripping force were simulated with finite element simulation and, then, the open-loop
and closed-loop performances of the microgripper were investigated based on an experimental platform.
It was illustrated that the magnification of the microgripper was 16.8. A sinusoidal driving voltage
with the amplitude of 100 V was imposed on the piezoelectric stack actuator, and the maximal output
displacement of the microgripper was 102.3 um and the maximal gripping force was 227.7 mN,
respectively. It was found that the hysteresis nonlinearity of the piezoelectric stack actuator was
eliminated effectively with the closed-loop control. The standard deviation of the displacement
closed-loop error was no more than 0.2 um and the gripping force 0.35 mN. This development of
the piezoelectric-driven microgripper can provide some insights to the design and manufacture of
micro-electromechanical systems.
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