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Abstract

In this study, a novel micro-gripper using a piezoelectric actuator was designed and improved by the design of experiments
(DOE) approach. Using a bending PZT actuator connected to the micro-gripper by a rigid wedge can be considered as a
novel approach in this field. Almost all of the similar grippers in this category were former actuated by a piezo-stack which
has some limitations and difficulties like fabrication in MEMS proportions. The basic design was borrowed from compliant
mechanisms that are suitable for MEMS application and easy to manufacture in micro-scale because of the intrinsic
integration characteristic. Since stress concentration is common in flexure hinge compliant mechanisms, our focus was to
consider strength as an important factor in our design. Finite element analysis tools were used to implement the DOE based
on two criteria; minimizing stress concentration and maximizing the output displacement in the micro-gripper structure as
much as possible with the consideration of the total size of the gripper. The experiment was performed to validate the
simulation results and experiment results agreed well with the simulation one. The slight geometrical discrepancy in
significant portions of structure like flexure hinges partially contributes to the accumulated error between the simulation

and the experiments.

1 Introduction

Gripping and manipulating of microscale objects is
required for a wide variety of significant applications such
as the assembly of micro-parts in miniature systems or
electronic equipment (Nah and Zhong 2007). An effective
mechanical manipulator should possess the ability to
accurately grasp objects with different shapes. Besides, the
manipulators should be able to control grasping forces to
avoid any damage to the small-size delicate objects which
are less than 1 mm in diameter (Nah and Zhong 2007).
In recent years, a variety of micro-grippers have been
developed for the manipulation of micro-sized objects.
Different mechanisms of actuation have been used for
micro-gripper applications such as piezoelectric (Ando
et al. 1990; Gao et al. 2006; Pérez et al. 2006), electrostatic
(Millet et al. 2004), SMA (Kyung et al. 2008; Kohl et al.
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2002; Zhong and Chan 2007) or electrothermal (Solano
and Wood 2007; Chan and Li 2003).

Over the years, micro-scale technologies have been
developed in micro-manufacturing (Aminzahed et al.
2017a, b), information technology (Uchino 2008), optics
(Li et al. 2014), Energy harvesting (Aminzahed et al.
2016), medicine and biology covering areas such as diag-
nostics, drug delivery, tissue engineering and minimally
invasive surgery (Nah and Zhong 2007). Micro grippers are
the tools for various micro-scale operations such as
assemblies of micro parts, manipulations of biological
cells, and handlings of living bodies for microsurgeries
(Jeon et al. 2007). Thus, conventional gripping tools are
consuming high power, and their sizes are too large to
handle micro-objects. Most of the previous micro grippers
used heavy actuating parts such as VCM (voice coil motor)
(Jeon et al. 2007). Liang et al. (2018) designed an asym-
metrical micro-gripper with piezoelectric in which just one
jaw is movable to grip objects. They used a novel con-
troller to optimize the gripping force to prevent failure in
the grasping process. Wang et al. (2019) introduced a new
design on a dual-axis micro-actuator using piezoelectric
based on the pseudo-rigid-body modeling method. Sun
et al. (2015) used a hybrid flexure structure to design a

@ Springer


http://orcid.org/0000-0003-3675-6574
http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-019-04696-6&amp;domain=pdf
https://doi.org/10.1007/s00542-019-04696-6

1564

Microsystem Technologies (2020) 26:1563-1571

micro-gripper with large displacement driven by PZT
actuator. They also implement experimental and FEM
analysis to calculate jaw displacement. Based on their
results the obtained maximum displacement for one jaw
was 86 um. Liang et al. (2019) designed a high precision
micro-flexure mechanism with two degrees of freedom
based on three Hooke’s joints. Wang et al. (2018) designed
a new actuator-internal micro-positioner with a piezoelec-
tric actuator with an error correction function in which the
positioning error of the coarse stage is compensated by a
novel amplifier with the shape of bridge based on a single
notch. In their other paper (Wang et al. 2016), they used a
three-stage flexure structure composed of the homothetic
bridge and leverage mechanisms to fabricate and control of
a novel micro-actuator to achieve accurate and robust
operations. Basically, finite element analysis is a useful
tool that was conducted in many of their work to compare
the modeling with experimental testing (Wang et al. 2014).
Lofroth and Avci (2019) designed a modular micro-gripper
based on PZT stack by combining bridge and lever
amplifying methods into their work. Their analysis showed
that their micro-gripper could have 154 pm jaw displace-
ment. Nachippan et al. (2018) designed a simple micro-
gripper and used three different materials i.e. Poly-si, Sil-
icon, and Silicon dioxide for the frame to investigate the
effect of material type on total tip displacement. Their
maximum obtained tip deflection was 0.085 pum. PZT-5H
was the actuator used in their study.

In our previous work (Mehrabi and Aminzahed 2019)
we used SMA to design and manufacture a novel micro-
gripper. In this study, we used a bending piezoelectric to
design a new micro-gripper. The piezoelectric micro
grippers have some advantages such as more precise
positioning of objects and considerably lower power con-
sumption than others. Multilayer bending PZT actuator is
single co-fired ceramic components with ceramic layers
and internal electrodes configured as to generate a bending
mode. This kind of PZT actuators is used in numerous
applications in optics, telecommunication, instrumentation,
automotive, valves (Kaplan et al. 2018).

We compared our proposed micro-gripper with a piezo
actuator manipulates micro-object with some micro-grip-
pers with any kind of actuators like piezoelectric or shape
memory alloy with the same. Our micro-gripper had much
larger deformation to grasp a larger range of objects. There
exist a linear property of piezo and linear response between
input and output displacement in micro-gripper that leads
to the set of micro-gripper with piezo actuator manipulates
micro-object with high precision compared to some micro-
grippers with other actuators like shape memory alloy.
Also, because of a layered structure in the bending type of
Piezo which makes it capable to be fabricated by chemical
solution deposition, RF-sputtering and pulsed laser
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deposition in micro-scale, the micro-gripper can be scaled
to very small dimensions.

One of the biggest concerns in previous works done by
other authors was about increasing tip displacement in
micro-gripper. In this study, an easily manufacturable
micro-gripper was designed by using bending PZT as an
actuator in a novel manner to have a large tip displacement
in jaws. By using the finite element method (FEM) the
maximum stress and the maximum displacement of the
gripper jaws were calculated. To validate the simulation
results, experimental tests have been carried out and the
results were compared to the corresponding simulation. In
bending PZT actuator, a negative and positive voltage can
be applied to transfer bending deformation directly to the
frame with the help of assembled wedge to open and close
micro grippers jaws. This feature cannot be applied in
micro-gripper with a piezo-stack actuator.

2 Design and principle operation

The initial design of micro-gripper was obtained based on
experience and intuition and the compatibility with bend-
ing PZT actuator. In addition in our design we considered a
combination of an integrated cantilever beam, arms, cor-
ners that creates spring structure which led to the schematic
design of the flexure hinge mechanism with an initial
dimensions.

To optimize the dimensions, design of experiments
(DOE) approach was used to achieve minimum stress
concentration and maximum output displacement. For this
purpose, main geometrical parameters are shown in Fig. 1
that have a major effect on output displacement are con-
sidered. Then by using different values (levels) for every
parameter and using of DOE method in Minitab software,
the optimum value for each parameter is obtained. This
software presented designed experiments with different

Fig. 1 The main geometrical parameters of micro-gripper
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parameters in different levels. Each set of variants was
used in finite element analysis to obtain output displace-
ment. By analyzing the results, the maximum output dis-
placement was regarding to these parameters A = 12 mm,
B=4mm, C=0.5mm, D=258° Finally Based on
Analysis of Variance table and Pareto chart the most
effective parameters in output displacement among 4
parameters was D and the second effective one was C.

Figure 2 shows a conceptual drawing of the micro-
gripper proposed in this study. The longest size of the
micro-gripper is 40 mm. Figure 3 shows different parts of
micro-gripper such as gripping jaws, bending PZT, flexure
hinges, and a wedge.

The bending PZT which is the actuator is composed of
two layers Lead Zirconate Titanate and a metal layer.
Table 1 show the physical properties of the bending PZT
used in this study.

The principle of operation of the proposed micro-gripper
is as follows: first, when the voltage is applied to bending
piezo, it is bent and it creates small displacements with a
high force capability. The created deformation is trans-
ferred to gripper by a wedge that is between bending piezo
and gripper that is shown in Fig. 3. The applied voltage to
the piezo causes to open micro grippers jaws and by dis-
connecting the voltage the piezo returns to its initial state
and leads to close the micro grippers jaws.

22

40

Fig. 2 Conceptual drawing of micro-gripper

Fig. 3 Different parts of micro-gripper

Table 1 Physical properties of the bending PZT (Systems 2017)

Part number D220-A4-303YB

Piezo material 5A4E
Weight (g) 2.7
Stiffness (N/m) 364
Capacitance (nF) 46
Rated voltage (Vp) + 90
Resonant frequency (Hz) 160
Free deflection (um) + 495

Fig. 4 The meshing of the mechanism
3 Structural analysis

Finite element analysis (FEA) was performed to analyze
the stress and deformation behavior of the compliant
mechanism. Solid 3D elements were used to model the
micro-gripper mechanism and predict, stress concentration
and displacements of the micro-gripper mechanism
(Fig. 4). The material properties used for the FEA of the
micro-gripper is aluminum alloy (7075) with Young’s
Modulus, E = 71 GPa, Poisson’s Coefficient = 0.3, Den-
sity = 2700 kg/m® and the Yield Stress = 450 MPa. Alu-
minum alloy (7075) was used as the base material for the
structure because it is a flexible, lightweight and a common
engineering material that is easy to be machined by EDM.

The modeling is performed by two methods; first is
using PZT directly in the model, and second is using
equivalent force of PZT instead of whole PZT model. In
the first method all of the characteristic of PZT such as
binding metal layer are modeled in Comsol Multiphysics
software (see Fig.5). In order to make sure that the
bending piezo model works well the second modeling is
done by calculating the actuating moment force of bending
piezo using mathematical methods then replacing the cal-
culated amount of equivalent moment force as an input
moment for the second simulation. Figure 6 shows the
correct place of applied equivalent moment force. This
equivalent moment is obtained by the mathematical cal-
culation in Sect. 3.1. The stress and displacement
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W, Wb = 13 mm PZT Layer

Al Layer

Fig. 5 The geometry of bending PZT

equivalent force of piezo

Fig. 6 The position of applying equivalent moment force of bending
piezo

distribution results from these two different methods are
discussed in the next section.

3.1 Modeling of piezo actuator

A pair of piezoelectric ceramics bonded on the top and
bottom surfaces of the flexible beam is used as the actuator
(Shahinpoor and Schneider 2008). The material properties
of the piezoelectric are assigned according to Table 2 in
this modeling. The forces induced by bonded piezoelectric
actuators can be modeled as a pair of moments at the
endpoints of the piezoelectric actuators. Neglecting the
geometric stiffness effects of the piezoelectric actuator on
the beam (these effects are later included in the dynamic
model for control implementation) and assuming a linear
strain distribution over piezoelectric actuator thickness, the
endpoint moment (M,) induced by an applied voltage V to

Table 2 Piezoelectric material properties used in modeling (Lutterotti
2016)

Description Constant ~ Value Unit
Volume density P 7500 kg/m®
Elastic module E, 62 GPa

Piezoelectric strain constant dija 274 x 10712 C/N
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the piezoelectric actuator can be obtain by Eq. (1)
(Shahinpoor and Schneider 2008):

y(1+1)
7+6(1420+32)

M, = (E,W,t.ty) (1)

where 7,y, A is calculated by Eq. (2—4), respectively.

~ th
t=— 2
o (2)
E, Wyt
= 3
V=W (3)
A:d31aV (4)
Ia

where Ey, tp, t,, Wy, and W, can be found in Table 3. Also,
Table 2 shows the piezoelectric material properties used in
the modeling. Based on data provided in these two
tables and replacing them in Egs. (1) through (4) the
amount of M, for input maximum voltage of 72 V (as an
example) is 0.77 x 107> N m that is considered as the
equivalent moment of piezo for maximum voltage (72 V).

Based on modeling results that are shown in Fig. 7 for
the first model the maximum stress obtained is about
72 MPa which is a smaller value than the yield stress of
aluminum alloy (Al-7075 yield stress is 450 MPa). Also,
the maximum displacement of the gripper’s jaws is
143 pm. For the second method (Fig. 8) that is used
analysis of the structure by direct simulation of micro-
gripper the obtained maximum displacement of gripper’s
jaws and the maximum stress in voltage of + 72 V are
143 um and 53 MPa. This stress amount is also much
smaller than the yield stress of aluminum alloy.

Figure 9 illustrates the comparison of results obtained
from two different modeling methods. The equivalent force
methods is compared with simulation of piezo directly in
Comsol software. The mean error between tip displace-
ments for these two methods is about 4% which is
acceptable so it demonstrates the convergence for two
different modeling methods.

4 Fabrication of the micro-gripper

Dimensions of the designed micro-gripper was small to
handle few microns objects and also large enough to
manipulate components with hundreds of microns dimen-
sion. The compliant mechanism moves solely by defor-
mation and by utilizing its flexural hinges instead of
conventional bearings, joints and gears. Aluminum alloy
(7075) was used as the base material for the structure
because it is a flexible, lightweight and a common engi-
neering material that is easy to be machined by wire-EDM.
The wire-EDM machines is chosen because it has accuracy
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Table 3 Indices of bending

Piezo actuator Description Constant Value Unit
The elastic module of the beam E, 70 GPa
The thick of beam (middle metal layer) tp 200 x 107° m
The thick of the actuator (Piezo) ta 90 x 1076 m
The width of the beam (middle metal layer) W, 13 x 1072 m
The width of the actuator (Piezo) W, 13 x 1073 m

41422

Displacement field, X componenet (um) Volume: von Mises stress (MN/mA2)

100
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\_ -100
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Fig. 7 Displacement and stress concentration in simulation by piezo for maximum voltage (72 V)
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Fig. 8 Displacement and stress concentration in simulation by equivalent moment of piezo for maximum voltage (72 V)

of 0.1 um to manufacture metal objects. Figure 10 shows 5 Experimental result and discussion
the fabricated micro gripper frame using EDM method.

The bending piezo set-up is glued to the gripper frame as  The experimental set-up is composed of designed gripper,
shown in Fig. 11. data acquisition, imaging devices, and voltage supply
instrument. Laser sensor, Optical images (Lee et al. 2002),
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Fig. 9 Tip displacement versus the applied voltage

Fig. 10 The fabricated micro gripper frame using the wire-EDM
method

Fig. 11 The bending piezo set-up glued to the gripper frame

Digital microscope (Chen et al. 2003) and Microscope with
a CCD camera (Hsu et al. 2009; Teyssieux et al. 2011)
attached are some usual ways for measuring the displace-
ment between two gripper jaws. As shown in Figs. 12 and
13 a digital microscope (model ISM-PM200S) was used to
measure the tip-displacement of gripper. Figure 14 graph-
ically illustrates two distinctive grasping clearances of the
gripper.

Based on our design for micro-gripper, an amplification
factor of 2 can be achieved. Figure 15 shows the proof for
this claim.

@ Springer

Fig. 12 The digital microscope used for experimental observation

Fig. 13 Transferring the obtained images from the microscope to
computer

Fig. 14 Various displacement modes of the micro-gripper

The experiments were performed to investigate and
validate the performance of the gripper during operation
and the experiment results agree well with simulation. The
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experiment was performed by applying the voltages 15, 30,
45, 60 and 72. Figure 16 shows the displacements obtained
for different voltages from simulation and experiment. The
maximum stroke of 150 um can be achieved in one the
microgripper’s jaw. Based on Fig. 16 the linear behavior of
PZT actuator can be figured out. This linearity make the
control of mechanism and manipulation of objects easier
with more accuracy. The error between results obtained
from simulation and experiment is shown in Table 4. The
main reason that is caused to create error between simu-
lation and experiment is the contact between piezo, wedge
and micro-gripper. In the practical experiment these three
parts stick to each other by glue and in the simulation they
are jointed to each other by definition of rigid joint
boundary conditions. Another highly potential error con-
tribution is associated to the application of wire EDM
microfabrication technique. According to principle of
operation in EDM and metal removing process, this tech-
nique imposes significant limitation to the performance of
the final product. Slight geometrical discrepancy in sig-
nificant portions of structure like flexure hinges partially
contributes the accumulated error between the simulation
and the experiments.

The grasping of micro object with the different size of
50, 70, 85, 100 pm are done to test the function of device.
All the size was successfully grassed without any damage
or fractal. The grasping force for these different objects are
shown in Table 5.

The characteristics of micro-gripper are investigated
using Comsol software based on finite element analysis
(FEA). The deformation behavior of the jaws, flexure
hinges and moving linkages under the maximum input
displacement of piezo actuator is calculated. The result
shows that the maximum displacement of a jaw can reach
143 um which can enable grasping operations of a large
range of micro-objects. The maximum stress obtained in
the flexure hinges and corners was 72 MPa and it is less
than the yield strength (Al-7075 yield stress is 450 MPa) of
the material.

A grasping force analysis was carried out to determine
the relationship of the grasping force versus input dis-
placement of micro-gripper displacement. The grasping
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Fig. 15 Tip displacement versus input displacement of micro-gripper
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Fig. 16 The tip displacements of the micro-gripper obtained from the
simulation and the experiment

Table 4 Experimental and simulation error calculation

Voltage (V) Experiment (pim) Simulation (pm) Error (%)
15 28 22.4 20

30 57 56 1.7

45 92 86 6.5

60 135 125 7.4

72 150 143 4.6

Table 5 The grasping force for these different objects

Grasping force (N) Object size (um)

511 50
621 60
748 70
863 85
945 100

force is calculated by FEM analysis and the results are
shown in Fig. 17. Before the jaws contact with the micro-
objects, the grasping force is zero, and the grasping force
increases linearly with the increase of actuator displace-
ment. The grasping force can reach up to 800 mN when the
input displacement of micro-gripper is 70 um. For general
micromanipulation, this micro-gripper can be actively

800
700
600
500
400
300
200
100

Grasping Force (mN)

Input Displacement of micro-gripper(um)

Fig. 17 The grasping force calculated by FEM analysis
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controlled to open and close their tips. Actively controlled
micro-grippers are well suited for grasping irregular
objects for both static and dynamic systems.

6 Conclusion

In this study, a novel micro-gripper using a piezoelectric
actuator was designed and manufactured. Using bending
piezo connected to the micro-gripper by a rigid wedge can
be considered as a novel approach in this field. Using
bending Piezo as the actuator is novel because the piezo-
electric actuators that have been used before are mostly
Piezo stacks type and according to their mechanism they
have some limitations in modeling, simulation, and micro-
fabrication in MEMS. Finite element analysis was used to
improve the design based on two criteria; having mini-
mizing stress concentration and maximizing the output
displacement in the micro-gripper structure as much as
possible with respect to the size. The structure analysis was
performed by numerical modeling and experimental.
Simulation results have proven the good performance of
the micro-gripper and the experiment results agreed well
with the simulation. The maximum stress that is occurred
around the flexure hinges is much smaller than the critical
stress of aluminum alloy and structure doesn’t have any
problem with elastic deformation. The microgripper is
capable of producing large gripping strokes up to 300 pm.
Due to the linear property of piezo and linear response
between input and output displacement in micro-gripper,
the set of micro-gripper with piezo actuator manipulates
micro-object with high precision compared to some micro-
grippers with other actuators like shape memory alloy. Due
to layered structure in bending Piezo that makes it capable
to be fabricated by chemical solution deposition, RF-
sputtering and pulsed laser deposition in micro-scale, the
micro-gripper can be scaled to very small dimensions.
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