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a b s t r a c t
This paper develops a monolithic compliant SPCA-driven micro-gripper for micro-assembly and describes
the mechanism design, kinematic model, static model, control strategy and experimental veriﬁcation of
micro-gripper. The paper includes the following points: (1) the MCM integrates the lever mechanism and
parallelogram mechanism so as to magnify the SPCA input and transform the linear input of SPCA into the
clamping movement of gripping jaw. In addition, the kinematic model of the MCM is established to
describe the relationship between the SPCA input and the output displacement of gripping jaw. (2)
The static model of movement jaw is established to analyze the inherent relationship between the
gripping force and the strain angle of ﬂexible hinge. (3) The control strategy based on the incremental
PID algorithm is applied to control the gripping manipulation of micro-gripper. The control strategy
selects the visual or force feedback signal according to the contacting condition between the gripping
jaw and clamped micro-object. Finally, a series of experiments were performed to validate the kinematic
model, static model and control strategy of micro-gripper. In addition, a glassy micro-tube with 150 lm
diameter was clamped non-destructively by the developed micro-gripper.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
It is widely recognized that high precision position systems are
required for many applications from micro-assembly to medical
instruments, and hence have received increasing attention by
many researchers. One of particular interests in this area is the
development of robust micro-grippers that can perform many
micro-scaled tasks ranging from micro-assembly processes to minimally invasive surgery [1–3]. Micro-gripper is the terminal manipulator contacting the micro-object directly, which can decide the
micro-assembly task successful or not. The primary requirement
of the micro-gripper in micro-assembly system is to be able to
grasp micro-object of different shapes and textures with high accuracy and controlled grasping force [4–6]. This is to ensure that the
micro-gripper is able to satisfactorily achieve the goal of grasping
without damaging the micro-scaled object which generally would
be sensitive to external perturbation and gripping force.
Various types of micro-grippers have been proposed in the
literature, such as piezoelectric, electrostatic, magnetic, electrothermal and shape memory micro-grippers [7–11]. As a typical
smart actuator, the stack piezoelectric ceramic actuator (SPCA)
has drawn great attention due to several intrinsic advantages
such as high force to weight ratio, fast response and high motion
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resolution [12–14]. Therefore, many researchers developed the
SPCA-driven micro-grippers to clamp the micro-object [1–5,15–
20]. In the above-mentioned micro-grippers, the monolithic
compliant mechanisms (MCM) based on the ﬂexible hinges were
generally utilized to amplify the SPCA input and transform the linear input of SPCA into the clamping movement of gripping jaw. The
researchers generally design the MCM by FEM, which can simulate
the output motion of the MCM under the SPCA pushing. Then
according to the simulation results, the designers spent plenty of
time in adjusting the geometrical parameters of the MCM repeatedly so as to achieve the expected clamping effect [18,19]. Moreover, the MCM generally adopts the symmetrical structure to
clamp the micro-object [5,18–20]. Namely, when SPCA drives the
MCM, two gripping jaws symmetrically clamp the micro-object.
However, it is difﬁcult that the output displacements of gripping
jaws are totally equal due to the fabrication and assembly error
of micro-gripper.
The clamped micro-object is generally delicate, so the gripping
force between the gripping jaw and micro-object should be measured so as to prevent the micro-object from damaging during
the clamping process. At present, there are two methods to detect
the gripping force: self-sensing method and afﬁxing strain gauges.
Timothy and Yuichi developed the piezoelectric tweezer-type
effector with self-sensing capability so that the piezoelectric
micro-grippers could be used as a sensor and an actuator simultaneously [21–26]. The piezo-electric self-sensing bridge circuit has
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been applied to measure the displacement of gripping jaw and
gripping force. However, the circuit requires exact capacitive
matching of piezoelectric actuator, which has been proven difﬁcult
in practice due to the capacitance variation [21,22]. In addition, the
self-sensing method was not appropriate for the micro-assembly
due to the charge error accumulation during the integration of
the current signals. Consequently, very few works refer to the
use of self-sensing method for the control of micro-assembly
[27]. In addition, some researchers afﬁxed the strain gauges on
the ﬂexible hinges of the MCM so that the gripping force was measured by detecting the strain angle of ﬂexible hinge [5,28–30].
However, the inherent relationship between the gripping force
and strain angle of ﬂexible hinge has not been discussed.
In the aforementioned micro-grippers, the micro-grippers were
controlled by the single feedback signal such as the input force of
SPCA, the input displacement of SPCA or the gripping force
between the micro-object and gripping jaw [5,31–33]. However,
in order to clamp the micro-object rapidly and safely, the control
strategy of micro-gripper should select the visual or force feedback
signal according to the contacting condition between the gripping
jaw and clamped micro-object so that the micro-gripper can
provide the micro-object with the desired gripping motion and
gripping force.
This paper describes the mechanism design, kinematic model,
static model, control strategy and experimental validation of a
SPCA-driven micro-gripper. The paper includes the following
points: (1) the MCM integrates the lever mechanism and parallelogram mechanism in order to amplify the SPCA input and transform the linear input of SPCA into the clamping movement of
gripping jaw. The MCM adopts asymmetric structure to clamp
the micro-object so as to improve the gripping accuracy. Moreover,
the kinematic model of the MCM is established to describe the
relationship between the SPCA input and the output displacement
of gripping jaw. According to the kinematic model, the designer
can calculate the magniﬁcation ratio by the geometrical parameters of MCM so as to avoid modifying the parameters repeatedly.
(2) The static model of movement jaw is established to analyze
the inherent relationship between the gripping force and strain
angle of ﬂexible hinge. According to the static model, the output
of gripping force can be adjusted by modifying the geometrical
parameters of movement jaw. (3) The control strategy based on
the incremental PID is applied to control the clamping manipulation of micro-gripper. The control strategy selects the visual or
force feedback signal according to the contacting condition
between the gripping jaw and clamped micro-object. Finally, a series of experiments were performed to validate the kinematic
model, static model and control strategy. A glassy micro-tube with
150 lm diameter was clamped non-destructively by the developed
micro-gripper.
The paper is organized as follows: Section 2 describes the
structure and principle of SPCA-driven micro-gripper. Section 3
discusses the kinematic model of the MCM, the static model of
movement jaw and control strategy of clamping manipulation.
Section 4 focuses on the experiments to validate the established
kinematic model, static model and control strategy. Section 5
summarizes the research and suggests the possible directions for
the future research.

2. Structure and principle of the SPCA-driven micro-gripper
The 3D model of developed micro-gripper consists of preadjustment screw, platform base, SPCA, SPCA cover, MCM and
strain sensor, as shown in Fig. 1. The functional description of various components is as follows. I. Pre-adjustment screw: provides
the SPCA with preload; II. Platform base: installs the MCM and

Fig. 1. 3D model of the SPCA-driven micro-gripper.

other units; III. SPCA: provides the MCM with input displacement;
IV. SPCA cover: connects the SPCA with platform base; V. MCM:
transforms the linear input of SPCA into the clamping motion; VI.
Strain sensor: measures the strain angle of ﬂexible hinge.
In general, the MCM is divided into two units: lever mechanism
(ABC) and parallelogram mechanism (EFGH), as shown in Fig. 2.
The lever mechanism (ABC) is composed of the corner-ﬁlleted ﬂexible hinge B, the rigid link AB and BC. When the voltage is applied
to the SPCA controller, SPCA drives the MCM at the point A. Then
the lever mechanism rotates around the axial center of ﬂexible
hinge B, which can amplify the linear input of the SPCA in accordance with the lever principle. The output movement of lever
mechanism (ABC) is transmitted to parallelogram mechanism
(EFGH) by the rigid link CD. The parallelogram mechanism includes
four rigid links: EF, FG, GH and HE. The connecting nodes of adjacent links E, F, G and H adopt the structure of single-notch ﬂexible
hinges, as shown in Fig. 2. When the rigid link CD drives the parallelogram mechanism (EFGH), the movement jaw moves toward the
stationary jaw due to the rotation of the ﬂexible hinge E, F, G and H
around their central axes [21–22]. The parallelogram mechanism is
able to further magnify the input motion of rigid link CD by
modifying the length of rigid link DE and DF.
3. Modeling and analysis of the micro-gripper
3.1. Kinematic model of the MCM
When establishing the kinematic model of the MCM, we
assume that: (1) the ﬂexible hinge is considered as two rigid links
and movable hinge with torsion spring; (2) the deformation on the
ﬂexure hinge is assumed to be pure rotation without expansion
and contraction and the rotational angle is less than 10[5]. Therefore, the kinematic model of MCM can be described by several rigid
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Fig. 2. The structure of developed MCM.

Movement jaw

39

D. Zhang et al. / Mechatronics 25 (2015) 37–43

links and ﬂexure hinges H1  H5, as shown in Fig. 3. Where din
denotes the SPCA input, dP and dG indicate the corresponding output of parallelogram mechanism and movement jaw respectively.
When the SPCA pushes the MCM, the ﬂexible hinges H1  H5
rotate around their central axes so as to achieve the clamping
manipulation of the micro-gripper. The solid lines indicate the initial position of the MCM, the dashed lines denote new equilibrium
position accordingly, as shown in Fig. 4. The parallelogram mechanism only exhibits one stable equilibrium position due to the small
rotational angle of ﬂexible hinges [34,35]. As shown in Fig. 4, the
point A denotes the contacting point between the SPCA and
MCM. When the SPCA provides the MCM with input displacement
0
din, the point A moves to A due to the rotation of ﬂexible hinge H1
around the point B (the center of ﬂexible hinge H1). DhB indicates
0
the rotational angle between the vector AB and A B. Correspond0
ingly, the endpoint of rigid link CD varies from the point C to C ,
the motion distance Ds (point C) can be calculated by the Eq. (1).

Ds ¼

dP

d in

o

y

l1

l2 þ l3

ð3Þ

Dh0

dP ¼ l5 Dh0

ð4Þ

Therefore, the theoretical magniﬁcation ratio k of MCM can be
deﬁned by the Eq. (5).

k¼

F
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Fig. 4. The kinematic model of the MCM.
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3.2. Static model of the movement jaw
The static model of the movement jaw is established to discuss the inherent relation between the gripping force and the
strain angle of ﬂexible hinge H3. Based on the static model,
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Fig. 3. The kinematic scheme of the MCM.

dP
(a)

ð2Þ

where xc and yc denote the initial coordinates of point C, x0 c and y0 c
indicate the new equilibrium coordinates. l1  l5 denote the size of
several rigid links. h0 indicates the original angle between the vector
OC and link HE. Dh0 denotes the rotational angle due to the position
variation of point A, which is generally far less than 10. So it can be
assumed that: cos(Dh0)  1 and sin(Dh0)  0.
According to the Eqs. (1) and (2), the SPCA input din can be indicated by and l1  l5 and Dh0, as shown in the Eq. (3). Additionally,
according to the geometrical structure of MCM, the output
displacement of parallelogram mechanism dP can be represented
by the Eq. (4).

din ¼

C'

θ o C Δθ o

H1

ð1Þ

DxC ¼ x0C  xC ¼ jOCj½sinðh0 þ Dh0 Þ  sin h0  ¼ l4 Dh0
DyC ¼ y0C  yC ¼ jOCj½cosðh0 þ Dh0 Þ  cos h0  ¼ l3 Dh0
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When the parallelogram mechanism rotates Dh0 around the
point O (the midpoint of rigid link EH), the corresponding displacement of point C along x and y axis can be calculated by the Eq. (2).
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Fig. 5. The grasping process of micro-gripper.

the output of gripping force can be calculated by measuring
the strain angle of ﬂexible hinge. Namely, the gripping force
of micro-gripper can be regulated by adjusting the geometrical
parameters of the movement jaw. The grasping process of
micro-gripper can be divided into three stages, as shown in
Fig. 5. The movement jaw can be equivalent to cantilever beam,
the clamped micro-object is assumed to be a cylinder. First, the
movement jaw does not contact the gripped micro-object, neither the gripping force nor the strain angle of ﬂexible hinge
H3 occurs. At this time, the displacement direction of dG and
dP is parallel, c denotes the original distance between the movement jaw and the micro-object, as shown in Fig. 5(a). Then
when the movement jaw initially contacts the micro-object,
the gripping force fG and the strain angle of ﬂexible hinge H3
are still zero, the output displacement of movement jaw
dG = c, as shown in Fig. 5(b). Finally, the parallelogram mechanism continues going forward with the increase of SPCA input,
however, the movement jaw is prevented by the clamped
micro-object. Therefore, dP is gradually greater than dG (d = dP
 dG) and the movement jaw rotates around the central axis
of ﬂexible hinge H3, as shown in Fig. 5(c). In this case, the
clamping force fG and the strain angle of ﬂexible hinge H3
appear. The micro-object is clamped tightly by the movement
jaw and stationary jaw.
Based on the cantilever theory, the static model of the movement jaw describing the inherent relationship between the gripping force and strain angle of ﬂexible hinge H3 is established in
the Eq. (6).

9pr 1=2 L
u ¼ pﬃﬃﬃ 5=2 f G
2 2Ebt

ð6Þ

where u indicates the strain angle of ﬂexible hinge H3 around the
central axis. r and t represent the radius and thickness of ﬂexible
hinge H3 respectively. b indicates the width of ﬂexible hinge H3. L
denotes the length of cantilever beam. E is the elasticity modulus
of aluminum alloy.
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3.3. Control strategy of the clamping manipulation

4. Experimental results and discussions

In order to clamp the micro-object ﬁrmly and safely, the
gripping force and the output displacement of movement jaw
should be controlled accurately. The increment PID algorithm can
avoid cumulative error and response rapidly according to the feedback signals. Therefore, the increment PID algorithm is adopted to
control the clamping manipulation of micro-gripper. The control
strategy of micro-gripper selects the visual or force feedback signal
according to the contacting condition between the gripping jaw
and clamped micro-object, as shown in Fig. 6. Where cini indicates
the original distance between the micro-object and movement jaw.
c(k) denotes the real-time distance between the micro-object and
movement jaw, which is acquired by extracting the feature of
movement jaw from captured microscopic-vision images. e(k) is
the difference between the cini and c(k), k is sampling number.
KP, KI and KD represent the proportional, integral and derivative
coefﬁcient respectively. T0 denotes the sampling period, Ti and Td
indicate the integral and derivative constant respectively.

4.1. Experimental setup

"
uðkÞ ¼ K P

k
1X
eðkÞ  eðk  1Þ
eðkÞ þ
T 0 eðk  iÞ þ T d
T i i¼0
T0

#
ð7Þ

First, when the movement jaw does not contact the microobject, the SPCA input is controlled according to the visual feedback. In this case, the clamping force f(k) = 0, the control variable
of SPCA controller u(k) is represented by the Eq. (7) according to
the literature [36,37]. Then when the movement jaw contacts the
micro-object, the clamping force f(k) is not equal to zero. In this
case, the control variable u(k) is calculated according to the clamping force f(k) which is measured by strain sensor afﬁxed on the
central axis of ﬂexible hinge H3. Finally, when the difference
between the maximum allowable gripping force fmax (Which is
determined by the material properties of clamped micro-object.)
and f(k) is less than the setting threshold, the ‘‘Switch’’ of clamping
manipulation is turned off so as to protect the clamped microobject.
In order to avoid the cumulative error of controlling variable,
the incremental input Du(k) is deﬁned to control the SPCA input,
as shown in the Eq. (8). Where integral coefﬁcient KI = T0/Ti, derivative constant KD = Td/T0. From the Eq. (8), we can see clearly that
the incremental input Du(k) only includes three proximate sampling value, which would effectively avoid the accumulation error.
Moreover, the clamping manipulation of micro-gripper is generally
slow so as to protect the clamped micro-object. Therefore, the
derivative adjustment can be ignored in the control algorithm of
gripping manipulation. So the increment input Du(k) of SPCA
controller can be represented in the Eq. (9).

The developed micro-gripper includes SPCA, MCM, strain sensor, SPCA cover and platform base, as shown in Fig. 7. The basic
operation of micro-gripper commences by applying the desired
voltage from the SPCA controller to the preloaded SPCA to activate
the output motion of movement jaw. The maximum travel and
motion resolution of SPCA (type: PI-P841.40) are 60 lm and
0.6 lm respectively. The MCM was made of aluminum alloy (type:
7075T6) which was very suitable for compliant mechanism due to
high ﬂexibility, and the MCM was fabricated by wire electrodischarge machining (EDM) technology. Strain sensor (type:
SAK120-1-C11-P003M-V2M, Gage Factor: 2.13 ± 1%, Gage length:
1 mm, Gage Resolution: 120 ± 0.5 OHM) was sticked on the central
axis of ﬂexure hinge H3 to measure the strain angle during the
clamping process.
4.2. Veriﬁcation of the kinematic model of the MCM
The experiment was performed to verify the kinematic model of
the MCM established in the Eq. (5). The input displacement of the
MCM was controlled by SPCA, and the corresponding output displacement of MCM could be calculated by extracting the edge of
movement jaw from microscopic-vision images captured by
microscopic lens (type: Navitar Zoom 6000) and CCD camera (type:
AVT GC2450). Fig. 8(a) demonstrated the original position of the
movement and stationary jaw. With the increase of SPCA input,
the movement jaw gradually approached the stationary jaw, as
shown in Fig. 8(b).
According to the geometrical parameters of the MCM listed in
Table 1, the theoretical magniﬁcation ratio was calculated by the
Eq. (5). In the clamping experiment, the SPCA input varied from
0 to 30 lm, the corresponding output displacement of MCM was
calculated by extracting the edge of movement jaw from the
microscopic-vision images. As shown in Fig. 9, the experimental
and theoretical results were indicated by the red and blue lines
respectively, the slope of lines denotes the magniﬁcation ratio. As
shown in Fig. 9, the experimental result of ampliﬁcation ratio
was approximately 6.0, the theoretical result calculated by the
Eq. (5) was 7.8. The theoretical magniﬁcation ratio was greater
than the experimental value. The reason arising from error
between the theoretical and experimental results: (1) when

SPCA cover

Platform base

DuðkÞ ¼ uðkÞ  uðk  1Þ
¼ K P feðkÞ  eðk  1Þ þ K I eðkÞ þ K D ½eðkÞ  2eðk  1Þ þ eðk  2Þg
ð8Þ
DuðkÞ ¼ K P ½eðkÞ  eðk  1Þ þ K I eðkÞ
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Fig. 6. Control strategy of gripping manipulation.
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Fig. 7. The developed micro-gripper.
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Fig. 8. The microscopic images of grasping process.

Fig. 10. The experimental setup to verify the static model.

Table 1
Geometrical parameters of the MCM.
Parameters

Value (mm)

Parameters

Value (mm)

l1
l2
l3

11.75
14.75
2.75

l4
l5

5
30

output displacement of movement jaw (μm)

250

Experimental
Theretical
200

150

100

50

0

0

5

10

15

20

25

30

input displacement of SPCA (μm)

force would be transmitted to the force sensor by vertical cylinder.
Therefore, the gripping force between the micro-tube and movement jaw could be measured accurately. In addition, the strain
angle under the gripping force was detected by the strain sensor
afﬁxed along the central axis of ﬂexible hinge H3. The experimental
result describing the relationship between the gripping force and
strain angle of ﬂexible hinge H3 was described in blue lines, as
shown in Fig. 11. Moreover, according to the geometrical parameters of movement jaw listed in Table 2, the theoretical relationship
between the gripping force and strain angle of ﬂexible hinge H3
was illustrated in red lines, as shown in Fig. 11.
When the strain angle of ﬂexible hinge was less than 2  103
rad, the theoretical value of gripping force calculated from static
model of the movement jaw generally tracked the experimental
result, as shown in Fig. 11. When the strain angle of ﬂexible hinge
was larger than 2  103 rad, the slopes of two curves were
approximately equal. Moreover, with the increase of strain angle,
the variation of experimental and theoretical values is identical.
Therefore, it can make a conclusion that the established static
model of the movement jaw can describe the inherent relationship
between the gripping force and strain angle of ﬂexible hinge H3.
The several factors arising from the errors between the theoretical
and experimental result: (1) the static model assumes the movement jaw to be a cantilever beam. When the bending angle of
movement jaw under the gripping force is tiny, the assumption
may be reasonable. However, with the increase of bending angle,

Fig. 9. Comparison of magniﬁcation ratio between experimental and theoretical
results.

4.3. Validation of static model of the movement jaw
The experiment to clamp the diameter of 150 lm was
performed to validate the static model of the movement jaw
established in the Eq. (6). The experimental setup mainly consists
of force sensor, vertical cylinder, strain sensor and micro-gripper,
as shown in Fig. 10. The vertical cylinder connected with the force
sensor (type: ATI Nano17, sensing range: Fx = Fy = 12 N, Fz = 17 N,
resolution: 3.9 mN) was in touch with the stationary jaw. When
the micro-tube was clamped by the micro-gripper, the gripping

Theoretical
Experimental

2.5
2

gripping force (N)

establishing kinematic model of the MCM, the ﬂexible hinges are
assumed to be pure bend without the expansion and contraction.
However, the ﬂexure hinges would expand and contract along their
axial direction and the rotation centres of ﬂexure hinges may deviate from the ideal position. (2) The SPCA does not lie in the central
line of the MCM, which can also lead to the error between the
experimental and theoretical magniﬁcation ratio.

3

1.5
1
0.5
0
-0.5

0

0.5

1

1.5

2

2.5

3

3.5

strain angle of flexible hinge (rad)

4

4.5

5
-3

x 10

Fig. 11. Theoretical and experimental relationship between the gripping force and
strain angle.
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Table 2
Geometrical parameters of movement jaw.
Parameters

Value (mm)

Parameters

Value (mm)

L
t

7
0.5

r
b

1
3

Output Displacement of Micro-gripper (μm)

120
100

80

Gripping Force of Micro-gripper (mN)

350
300
250
200
150
100
50
0

60
-50

40

0

20

40

60

80

100

120

140

Time (ms)
Fig. 13. The variation curve of gripping force.

20

0

-20

Micro-tube
0

10

20

30

40

50

60

70

80

Time (ms)
Fig. 12. The variation curve of output displacement.

the cantilever beam assumption is not suitable for the static model
of movement jaw. (2) The installation of strain sensor may cause
error. Ideally, the central axis of strain sensor should coincide with
the axis of ﬂexible hinge H3 so that the strain sensor can detect the
strain angle accurately. However, when the strain sensor is afﬁxed
to the ﬂexible hinge, an angle between two axes exists inevitably.
(3) The signal processing may result in the error. The signals of
strain angle need to be ﬁltered and ampliﬁed so as to perform
the subsequent processing, which can cause the deviation between
the theoretical and experimental values.
4.4. Characteristics of the control strategy
The control strategy of micro-gripper was veriﬁed by testing
motion precision of movement jaw and stability of gripping force.
First, an experiment to control the movement jaw to motion
100 lm was proposed to validate the motion accuracy of movement jaw. The input displacement of micro-gripper was controlled
by SPCA, the corresponding output of movement jaw was calculated by extracting the edge of movement jaw from microscopicvision images. According to the visual feedback acquired from
microscopic-vision images, the proportional constant KP and
integral coefﬁcient KI were adjusted repeatedly so that the output
displacement of movement jaw could be controlled accurately.
Ultimately the proportional constant KP = 0.1, internal coefﬁcient
KI = 0.8. The experimental result was shown in Fig. 12, when the
SPCA did not drive the micro-gripper, the output displacement of
movement jaw initially was zero. With the increase of SPCA input,
the output displacement of movement jaw reached 100 lm within
5 ms. Then the SPCA did not drive the micro-gripper further
according to the control strategy. In this case, the output displacement of movement jaw remained approximately constant, the
overshoot of output displacement was less than 5 lm. Therefore,
based on the proposed control strategy, the motion of movement
jaw could be controlled precisely and stabilized continuously,
which would prevent the clamped micro-object from damaging
on account of the output overshoot of movement jaw.

Fig. 14. The clamping manipulation of micro-tube.

Another experiment to clamp a glassy micro-tube with a diameter of 150 lm was performed to validate the stability of gripping
force. In this case, the controlling goal of gripping force was
300 mN, the proportional coefﬁcient KP = 0.05, internal constant
KI = 0.8. The experimental result was shown in Fig. 13, the variation
curve of gripping force was approximately divided into three
phases. First, when the movement jaw did not contact the
micro-tube, the SPCA input was controlled according to the visual
feedback and the gripping force was zero. Then when the movement jaw touched the micro-tube, the SPCA input was controlled
according to the feedback signals of gripping force. At this time,
the gripping force reached 300 mN within 3 ms. Finally, when
the gripping force reached 300 mN (the maximum allowable gripping force), the ‘‘Switch’’ of clamping manipulation was turned off
to protect the clamped micro-tube. At this time, the SPCA stopped
driving the MCM further, and the clamping force was stabilized at
300 mN, as shown in Fig. 13. Therefore, based on the proposed control strategy of micro-gripper, the gripping force between the
movement jaw and micro-tube could be controlled precisely and
stabilized continuously, which could avoid damaging the clamped
micro-object due to the overshoot of gripping force. The glassy
micro-tube with a diameter of 150 lm was clamped non-destructively by the developed micro-gripper, as shown in Fig. 14.
5. Conclusion and future work
This paper develops a monolithic compliant SPCA-driven microgripper for micro-assembly and describes the kinematic modeling,
mechanism design, static model, control strategy and experimental
veriﬁcation of micro-gripper. The paper includes the following
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points: (1) the MCM integrates the lever mechanism and parallelogram mechanism in order to amplify the SPCA input and transform the linear input of SPCA into the clamping movement of
gripping jaw. The MCM adopts asymmetric structure to clamp
the micro-object to improve the gripping accuracy. Moreover, the
kinematic model of MCM is established to describe the relationship
between the SPCA input and output displacement of gripping jaw.
(2) The static model of movement jaw is established to analyze the
inherent relationship between the gripping force and strain angle
of ﬂexible hinge. According to the static model, the output of
gripping force can be adjusted by modifying the geometrical
parameters of movement jaw. (3) The control strategy based on
the incremental PID is applied to control the clamping manipulation of micro-gripper. The control strategy selects the visual or
force feedback signals according to the contacting condition
between the gripping jaw and clamped micro-object. The ‘‘Switch’’
of gripping manipulation is utilized to protect the clamped microobject. Finally, a series of experiments were performed to validate
the kinematic model, static model and control strategy. A glassy
micro-tube with 150 lm diameter was clamped non-destructively
by the developed micro-gripper. In addition, the reasons arising
from error between the theoretical and experimental results have
been discussed.
The experimental results have showed that: (1) the integration
of lever mechanism and parallelogram mechanism can amplify the
SPCA input and achieve the gripping motion. The magniﬁcation
ratio of MCM calculated by kinematic model generally matches
the experimental result. (2) The static model of movement jaw
could reﬂect the relation between the gripping force and strain
angle of ﬂexible hinge H3. (3) The control strategy of micro-gripper
based on the incremental PID can satisfy with the demanding of
the gripping manipulation. The motion precision of movement
jaw and stable gripping force are achieved accurately.
In the future, the micro-gripper would be further explored for
downsizing, and hysteresis is also considered in control strategy
so as to improve the gripping manipulation. In addition, the developed micro-gripper serves as a foundation to research the dynamic
response so as to obtain more robust and industrially-oriented
design.
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