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Abstract: Microgrippers can be effectively applied for handling, positioning and
assembling of the micro components. In the present study, a new design of a
U-shape electrothermal microgripper was fabricated and developed with the
voltages correspond between 1 to 10 volts. The microgripper was made of silicone
with thickness of 25 microns, and pieces between 460 to 480 microns. The
proposed microgripper has a simpler design and more facile fabrication comparing
to most reported electrothermal microgripper. The behavior of the microgripper
was simulated in COMSOL software to measure the displacement of the arms
which hold and heat generations during the voltage changes. The present
microgripper has more thermal and voltage tolerance comparing to other
electrothermal microgripper. Furthermore, the obtained amount of tip displacement
for voltage changes is acceptable. Another simulation method based on a three
layer artificial neural network model (ANN) was carried out. Feed forward back
propagation algorithm was employed as training algorithm to predict the
displacement. The obtained results from both models proved that ANN model had
better estimation due to the mean absolute percentage error of 1.024% and
determination coefficient of 0.9995. Moreover, they confirm higher capability and
accuracy of ANN in prediction of arms displacement compared to FEM.
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1 INTRODUCTION

In recent years, actuation, storage, and displacement
techniques of MEMS (Micro Electro Mechanical
System) have been deeply noticed [1-3]. Microgrippers
and microsensors are some applications of MEMS
[4-8]. Microgrippers have many applications in
positioning and assembly of micro components [1], [6].
Therefore, different types of microgripper i.e.
electrostatic  [9], [10], electrothermal [11-13],
electromagnetic [14-16] and piezoelectric [17]
microgrippers have been considered. Hamedi et al.,
[18] designed and fabricated an electrostatic
microgripping system using comb drive mechanism
which predicted the displacement of the rotor and
multi-field simulation of the electrostatic comb finger
of the comb drive which was performed using finite
element method. Bazaz et al., [19] presented a novel
electrostatically actuated microgripper integrated with
capacitive contact sensor. In order to investigate the
mode shapes and natural frequencies of the
microgripper, finite element analysis of the
microgripper was performed in COVENTOR-WARE
and the results were compared with analytical model.
Thermal actuators have considerable advantages such
as greater displacement at low voltages, robust
structure, large output force, easy operation and easier
fabrication compared with the other actuators.
Nevertheless these actuators suffer from relatively high
power consumption and low speed as the deflection
[20], [21]. These actuators use the Joule heating and
thermal expansion of materials to obtain mechanical
actuation. Microgripper with electrothermal actuator is
comprised of two micro-actuators (hot or thin and cold
or wide arm actuator) therefore, when the voltage is
applied to the structure, the passing electric current
heats a thin arm and reclines to the wide arm [22].

Artificial neural network is one of the most applicable
models for nonlinear analysis used in different aspects
of MEMS and NEMS [23-27]. In recent years, ANN
has been widely applied in different fields. Mehrabian
and Aghil proposed a novel approach to optimize the
location of piezoelectric actuators for vibration
suppression of flexible structures. A flexible fin with
bonded piezoelectric actuators was considered. Three
multi-layer perceptron neural networks were employed
to perform surface fitting to the discrete data generated
by Finite Element Method (FEM). Invasive Weed
Optimization (IWO), a novel numerical stochastic
optimization algorithm, was utilized to maximize the
weighted summation of Frequency Response Function
(FRF) peaks. Results indicated an accurate surface
fitting for the FRF peak data and an optimal placement
of the piezoelectric actuators for vibration suppression
was achieved [28]. Rabenorosoa et al., attached a
piezoelectric microgripper with four degrees of
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freedom to a precision robot in order to enhance its
dexterity and align the beam splitter to arcsecond
angular tolerance. The modelling and control of the
microgripper, and the alignment algorithm utilizing a
novel spot-Jacobian servoing technique were discussed.
Experimental results demonstrated the advantage of
using the microgripper for optical alignment of the
microspectrometer [29]. Ton presented a Radial Basis
Function (RBF) neural network to predict rate-
dependent hysteresis hybrid for piezoceramic actuator.
The proposed hybrid hysteresis model consisted of
hysteresis-like non-linearity in series with a dynamic
RBF neural network used for implementing non-linear
transformations of the phase lag and non-linear
magnitude. The results indicated that the new
modelling approach was very effective and have higher
precision under a decayed input signal with the varying
frequency [30]. Dong et al. investigated a new method
for the identification of rate-dependent hysteresis in
piezoceramic actuators. Both a so-called generalized
gradient of the output with respect to the input of the
hysteresis and the derivative of the input which
represented the frequency change of the input were
introduced into the input space. Moreover, the
multilayer feed-forward neural network method was
applied for modeling of the rate-dependent hysteresis.
The experimental results on a piezoelectric actuator
demonstrated promising results of the proposed
approach [31].

In this research, U-shape microgripper with electro-
thermal actuators was fabricated based on the chemical
etching and vertical etching method. Then, COMSOL
Multiphysics 4.4 software was applied for modeling
and prediction of microgripper. Due to the high
manufacturing costs and complex boundary conditions
of the MEMS actuators, Multi physics powerful finite
element software (COMSOL) was applied to simulate
the microgripper behaviour and the performance of the
fabricated microgripper such as displacements of arms
hold and heat generations were evaluated. The obtained
results showed good agreement between the
experimental displacements of each micro-gripper arms
and simulated displacements in COMSOL. Atrtificial
intelligent simulation based on the neural network
model was utilized for displacement prediction. Then,
the results acquired from both models and experimental
tests were compared in term of applied voltage.

2 MATERIALS AND METHODS

2.1. Microgripper Fabrication and Dimensions

Fabrication of microgripper consists of several steps
that must be performed on both sides of the silicon
wafer. Si<100> was used to fabricate microgripper,
which comparing to other kinds (such as nickel) has the



Int J Advanced Design and Manufacturing Technology, Vol. 10/ No. 2/ June — 2017 73

advantages such as lack of back bending [32]. Another
advantage of the proposed silicon (compared with
metals) microgripper is later oxidation at high
temperatures which lead to protect the structural
function [32]. In this study, to fabricate the micro-
electro-mechanical devices, Photo-lithography
technique was used. According to this method,
microgripper fabrication process consists of several
steps, starting with chemical etching of the back side of
Si wafer using Si3N4 mask and front side with vertical
etching wusing Cr mask. Fig. 1 shows the
photolithography masks used for both sides of the
microgripper and Fig. 2 shows fabrication flowchart for
microgripper. Fig. 3 represents the microgripper after
completion of the etching process.
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)

a)

Fig. 1  Photolithography masks for a) chemical etching —
back side of Si wafer and b) vertical etching — front side of Si
wafer

a)
Dicing the Si wafer
b) Deposition of SiO, by dry oxidation
and SisN, by LPCVD (Low-
Pressure Chemical Vapor
Deposition) process
c)
Deposition of Cr by E-beam
evaporation on top of silicon wafer
[
d)

Deposition of positive photoresist by
Spin coating

6) Etching of positive photoresist by
lithography mask and SizN, by
RIE (Reactive-ion etching).
Chemical etching of SiO, using
HF etchant and back side of Si
using KOH etchant (475um)

f) - -

Chemical etching of Cr and vertical
etching of front side of the Si
wafer using Cr (25um)

- Cr SisNa - SiO»
Si | Positive Photoresist

Fig. 2  Fabrication flowchart for microgripper

Fig.3  The view of U-shaped microgripper after
completion of the etching process
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Fig. 4.  The various components of the U-shape microgripper coupled in 2D

Table 1 Transitions selected for thermometry

Design Hot arm
Parameter

Wide(cold) arm

Flexure End Connection

Anchors

Length Width Length Width

Value[um] 2860 100 2230 390

Length Width Length Width Length Width

630 110 600 180 6230 3760

The various components of the microgripper are
indicated in Fig. 4 and Table 1 summarizes final
dimensions of the microgripper arms.

2.2. Finite element simulation

The COMSOL Multiphysics 4.4 software was used to
analyze the U-shape microgripper based on the finite
element analysis method. One of the advantages of
using this software in comparison with the other
simulation software is that the module of MEMS which
is a collection of physics interfaces and predefined
models, is incorporated in this package [33]. Schematic
of the microgripper mesh model in finite element
software is shown in Fig. 5 (a).

In this analysis, three different boundary conditions of
structural, thermal and electrical conditions need to be
investigated. Since the thermal boundary condition is
more important and had a significant influence on the
results, thus thermal analysis was considered in the
simulation. In order to achieve the steady state,
electrothermal actuators dissipate all of the electrical
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power of the input. At low temperatures, a significant
amount of heat which is produced at the actuator,
transmit through the pads to the substrate. But at higher
temperatures (above 500 K), heat transfers by radiation
and convection can play an important role [34]. This
effect is more important when the desired actuator sizes
are small. Fig. 5 (b) schematically shows the applied
boundary conditions.

2.3. Material Properties

The structural material of the model is considered to be
<1 0 0> oriented Si with 25 um thickness. In finite
element simulation of the desired actuator the
mechanical properties and thermo-physical properties
of the material (that are listed in Table 2 and Table 3)
should be carefully selected and imported in to the
models. Since the operating temperature of
electrothermal actuators is high and the material
properties are efficiently affected by the temperature,
the properties such as thermal conductivity and thermal
expansion coefficients must be considered as time-
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varying variables. As Table 3 shows, the value of the
coefficient of thermal conductivity of silicon changes
significantly with the increment of the temperature.
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Convection
( Scale and temperature dependant Coefficients )
Bulk temperature — 300 k
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Fig.5 a) Schematic of the microgripper mesh model
b) Thermal boundary conditions applied in the finite element
model

2.4. Artificial Neural Network

An ANN is a parallel processing network that has
particular performance characteristics in common with
biological neural networks [36]. The role of ANNs is to
determine the complex nonlinear relationships between
the parameters and to predict the output variables.
ANN has generally three layers; input, hidden and

output which interconnect parallelly. In ANNSs, the
input layer represents independent variables of the
process and the output layer represents dependent
variables of the process. Between them, hidden layers
can be located. The number of neurons in input/output
layers is the same as number of input/output variables,
but the number of neurons in hidden layer should be
obtained by trial and error [37], [38]. Fig. 6 shows the
architecture of artificial neural networks. The input of
each layer multiplies by special value to be called
weight. These weights are selected randomly. The
output of each layer is calculated by Eq.(1) [39].

Table 2 Thermophysical properties used in the simulation

[34], [35]
Property value

Heat capacity at 678[J/(kg*K)]

constant pressure 45
Relative permittivity 2329[kg/m~3]
Density 8200[S/m]
Electrical onductivity 169e9[Pa]
Young's modulus 03
Poisson's ratio 400[w/(m?K)]
Heat transfer See Table. 3

coefficient See Table. 3

Thermal expansion
Thermal conductivity

Table 3 Variation of coefficient of linear thermal expansion o
and thermal conductivity kt for Si in terms of temperature

[34]

o ki Temperature
(um/ (Wi (K)
mK) mK)

2.568 146.4 300
3.212 98.3 400
3.594 73.2 500
3.831 57.5 600
3.987 49.2 700
4.099 41.8 800
4.185 37.6 900
4.258 345 1000
4.323 314 1100
4.384 28.2 1200
4.442 27.2 1300
4.500 26.1 1400
4.556 25.1 1500
Y=f(XX, W, +b) 6
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Where Wj; is the weight of the connection between
each neuron (j) in input layer and each neuron (i) in
hidden layer, and also between hidden and output layer.
X is the value of the input (j) at the input layer, f is the
transfer function and b is the bias.

TN
&/U\% Qe
e

Input Hidden Output

Fig. 6  Architecture of artificial neural network

In this study tan-sigmoid and purline function were
used for hidden and output layers as transfer functions
respectively. The equation of tan-sigmoid transfer
function is as follow [40]:

1
1+expl—x)

flx) = 2

Feed forward back propagation (FFBP) was used as
training algorithm in the applied artificial neural
network. All computations are carried out with
MATLAB (version 7.10.0.499) mathematical software.
Applied voltage was used as input variable and
displacement of arms hold was used as output variable.
100 experimental points were employed to feed the
model.

The data set was derived to training and test sets which
contain 90 and 10 percent of data points respectively.
According to the Eq. (3), all data points were to be
scaled into the (-0.9,0.9) due to the use of the
tan-sigmoid transfer function [40].

X, =18 > 2min

noTm

— 09 3)

Fmax~Emin

2.5. Statistical analysis

In order to analyze the obtained data, the paired t-test
was applied in which the P-value of less than 0.05 was
considered significant.

© 2017 IAU, Majlesi Branch

3 RESULTS AND DISCUSSION

Due to the direct correlation between the displacement
of the tip of the microgripper for the different values of
the applied voltage and the designed range of the
actuator, the simulated (OR predicted) results were
limited to the calculation of the displacement of the
holder tip of the arms. In other words, for different
parts in the range of microactuator, various
displacements are required which are proportional to
the input voltage. Hence, the input voltage can be
achieved by understanding the amount of displacement
required for hold operation. Due to the high working
temperature of electrothermal microactuators, the
temperature of the actuators used in the microclamping,
especially in cases where the binding position of the
parts are sensitive to high temperatures, must be
precisely considered and determined. The results of the
finite element solution for an input voltage of 10 V are
shown in Fig. 7. As shown in the figure, the maximum
displacement of the tip of the microgripper, for each
armis 10.072 pum.

v=10 Surface: Total displacement (m)

A 1.01x107°
x107®
10

20—

x10™
-20 5

0
vo

Fig. 7  The displacement of the actuator before and after
applying voltage

In the design of the microclamps, the piece is hold from
the place where two sides are in contact with the wide
arms. Due to the high sensitivity of the pieces given
position to the temperature, wide arm applied more
force compared to thin arm to grab the pieces. In this
state, because the pieces are in contact with wide arm,
the temperature of the pieces will be equalized with the
temperature of the environment and nor affected from
the temperature of the thin arm.
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The variation of temperature with voltage is plotted on
the Fig. 8. As shown, the temperature increases non-
linearly with voltage. The temperature of thin
microgripper arm will be enhanced progressively
proportional to the increment of the input voltage. This
temperature will be led to the serious damage to the
components that should be moved or positioned with
the microgripper.

540

490

440

390

Temperature (K°)

340

290

)

4 5 6 7 8 9 10
Voltage (v)

Fig. 8. The variation of temperature with voltage

The input variable of trained ANN is applied voltage
and the output ones is displacement of arms hold.
Topology of ANN is illustrated in Fig. 9. The number
of layers, neurons of each layer and how to
interconnect neurons between the layers are clearly
shown in the present topology. The aim of training the
ANN is to obtain the best weights with minimum
values of prediction error. Table 4 illustrates the train
data set which was implemented in training step.
Optimized ANN by considering minimum prediction
error was obtained by changing the number of neurons
in hidden layer, transfer functions and repetition of
training step. In order to find the best number of
neurons in hidden layer various topologies have been
studied. Fig. 10 shows the error of each topology by
changing the number of neurons in hidden layer. It can
be seen that artificial neural network with 12 neurons in
hidden layer has minimum value of mean square error
(MSE). The equation of MSE function is as follow
[41]:

1 oy 2
MSE =~ L (Y,0e — You) )

Where ¥,., is the experimental output, ¥,,.. is the

network output and IV is the number of data points.

Innut Hidden Outnut

( ) Dicnlacama,

Fig.9  The topology of optimized artificial neural network

MSE (%)
(=)

¥

(=]
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6 8 10 12 14 16

Number of Neurons in Hidden Layer

Fig. 10 The mean square error based on variation of
neurons in hidden layer
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Fig. 11  MAPE of ANN and FEM versus experimental data
points
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The accuracy of ANN was examined by random
selection of data from experimental data using test data
set (Table 5). The values of absolute percentage error
(APE) of each output reveal that the ANN was trained
successfully and produced more accurate results.
Moreover, the mean absolute percentage error (MAPE)
of ANN and FEM were acquired 1.02 % and 9.58 %
respectively which demonstrate high accuracy of the
ANN model. Fig. 11 shows absolute percentage error
of ANN and FEM models Vis-A-Vis experimental data
set. The APE of predicted values by FEM model is
more than ANN model, so the accuracy of ANN is
higher than FEM model which is due to the high ability
and potential of the ANNSs to simulate and predict the
nonlinear and non-model base relations.

= Exp

10 ——ANN »

Displacement (um)

(%)

Voltage (v)

Fig. 12 The displacement of the arm hold versus applied
voltage for experimental, ANN, and FEM results

As shown in Fig. 12, the displacement values of the
arm hold illustrate versus applied voltage based on
experimental, artificial neural network, and finite
element results. Due to the small variations of the
displacement in low voltages (i.e. less than 5 volts), the
values of the displacement of the arms did not change
significantly. However, for the voltages higher than 7 V
(=7 V), the displacement of the tip of the arms
increases effectively with about the rate of 2
micrometers/volt.

As expected, the displacements of each arm in the finite
element solution method (Except for three cases) are
greater than the amount of experimental investigation
which could be due to the following reasons:

a) Since in the solution of finite element analysis,
structural mass (and damping of the air) is neglected,
therefore structural displacement in the experimental
condition will be less than the value obtained by the
finite element method.

b) Manufacturing mistakes, lack of uniformity in the
use of silicon and the changes of silicon properties due
to the manufacturing process, are the main reasons of
the mismatch of two graphs.

The amount of P-value (less than 0.05) indicates the
good performance between the simulation and
experimental results. The equipment setup is shown in
Figure 13 and the results of t-tests are shown in table 6.
The microgripper has more thermal and voltage
tolerance  compared to  other  electrothermal
microgripper [22], [42], [43]. Furthermore, the obtained
amount of tip displacement for voltage changes is
acceptable [43].

Table 4 Train data points

Voltage Displacement (tm)

%)

1 0.015 0.045 0015 0.005 0.005 0.005 0.015 0.005 0.02 0.015
2 0.74 0.765 0.75 0.765 0.75 0.74 0.755 0.87 0.765  0.795
3 0.765 0.765 0.865 0.74 0.745 0.74 0.74 0.82 0.72 0.82
4 1.848 1.792 1.792 0.172 0.177 0.172 0.228 0.228 1.853 0.152
5 1.384 1.217 1.207 1.016 2.628 1.217 122 2.636 2.428 2.033
6 2532 1923 2864 3.928 3.848 2.93 3.65 3.64 3.64 3.6
7 3.124 4.280 4.690 4.17 3.495 3.44 3.853 3.46 3.22 3.65
8 5.69 5236 5960 6.014 5.028 5.72 5.604 5498 5823  4.89
9 7.68 7.693 7.78 8.003 7.936 7.722 7.794 7.47 7.53 7.83
10 9.205  9.425 9.2 9.2 9.205  9.425 9.3 9.205 9.205  9.37
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Table 5 Comparative results of the experiment and predicted values by ANN for test data set

Factor Displacement

No. Voltage Exp ANN APE (%) FEM APE (%)
1 1 0.015 0.015 1.38 0.016 10.34
2 2 0.770 0.768 0.19 0.673 12.54
3 3 0.772 0.779 0.91 0.687 11.01
4 4 0.841 0.844 0.31 0.915 8.75
5 5 1.699 1.718 1.14 1.929 13.56
6 6 3.256 3.269 0.39 2.942 9.65
7 7 3.738 3.800 1.65 4.179 11.79
8 8 5.546 5.650 1.87 5.897 6.32
9 9 7.744 7.800 0.73 7.995 3.24
10 10 9.274 9.430 1.68 10.072 8.60

MAPE (%) 1.02 9.58

both experimental and simulated results, with the
increment of the applied input voltage, the total
displacement of the arms grow moderately.

Table 6 T-test: Paired Two Sample for Means

Experimental FEM
Mean 3.36585 3.54220
Variance 10.31990034 11.60591862
Observations 10 10
Pearson Correlation 0.996455705
Hypothesized Mean 0
Fig. 13  Experiment equipment for measuring deflection Difference
df 9
In this study, the measurement of the temperature
distribution of the microgripper arms could not be t Stat -
achieved experimentally by variation of voltage. The 1.642154995
reason refers to very small dimensions of arms, lack of P(T<=t) one-tail 0.067487018
a suitable non-contact temperature measurement device B )
and also any touching of the probe with the t Critical one-tail 1.833112933
microgripper arms to measure the temperature of the P(T<=t) two-tail 0.134974037
arms, may lead to the damage of the arms. For the same t Critical two-tail 2262157163

reasons, the optical and laser measuring devices cannot
be used. Finally, a specified and exact temperature for
arms cannot be considered. Consequently, the
simulation of the temperature of the microgripper arms
can be very useful. The movements of the tip of the
microgripper arms are influenced by the selected
thermal boundary conditions. As shown in Fig. 13, in

4 CONCLUSIONS

In this work, a U-shape microgripper with
electrothermal actuator was fabricated using vertical
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and chemical etching methods. Then, the numerical
solution of the microgripper arms displacements has
been performed using COMSOL Multiphysics
powerful finite element software. In this simulation, the
maximum displacement of the end of the microgripper,
for each arm was 10.072 um. Moreover, the maximum
temperature in hot (thin) arm was 497°K in the voltage
of 10 V. The microgripper has more thermal and
voltage tolerance compared to other electrothermal
microgripper. Furthermore, the obtained amount of tip
displacement for voltage changes is acceptable.

To verify the performance of the microgripper and the
results of the simulations, the movements of the
microgripper arms were tested experimentally and
finally using paired t-test, good agreement between
simulation and experimental investigation was
obtained. Artificial neural network was applied
successfully to predict the process with mean absolute
percentage error of 1.02% and the determination
coefficient (R2) of 0.9995. The results obtained from
ANN and FEM showed that ANN model was more
powerful and capable than FEM in prediction of arms
hold displacement due to the lower mean absolute
percentage errors, time consuming and low cost
condition.
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