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Abstract. Artificial Neural Networks (ANN) are designed to evaluate the pull-in voltage of MEMS switches. The mathematical
model of a micro-switch subjected to electrostatic force is preliminarily illustrated to get the relevant equations providing static
deflection and pull-in voltage. Adopting the Step-by-Step Linearization Method together with a Galerkin-based reduced order
model, numerical results in terms of pull-in voltage are obtained to be employed in the training process of ANN. Then, feed
forward back propagation ANNs are designed and a learning process based on the Levenberg-Marquardt method is performed.
The ability of designed neural networks to determine pull-in voltage have been compared with previous results presented in
experimental and theoretical studies and it has been shown that the presented method has a good ability to approximate the
threshold voltage of micro switch. Furthermore, the geometric and physical effect of the micro-switch on the pull-in voltage was
also examined using these designed networks and relevant findings were provided.
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1. Introduction

Micro-Electro-mechanical systems (MEMS) have recently attracted the attention of many researchers and industries. This was
partially attributed to such major structures as high performance [1], order of magnitude [2], electrically controlled [3, 4], fast
response [5], possibility for batch fabrication [6], compatibility with CMOS fabrication [7], and very low energy consumption [8].

Most of the MEMS structures rely on the electrostatic actuation for their operation, due to the simplicity of the excitation
mechanism, the requirement for only few mechanical components, as well as small voltage levels for proper actuation [9, 10].
Other MEMS structures’ excitations include piezoelectric [11], pneumatic [12], electromagnetic [13], and thermal excitation [14].
Typically, in such structures, a beam or plate is suspended over a fixed surface or between two fixed surfaces. When an
electrostatic voltage is applied to a moving part, its elastic stiffness decreases, and at a specific voltage known as pull-in voltage,
the stiffness is lost and becomes unstable, with the moving part being affected by sudden and unpredictable displacements [9].
The pull-in instability is one of the most important phenomena usually observed in the majority of MEMS/NEMS structures and
numerous studies have been conducted in this area using different numerical approaches [15-20]. Correspondingly, experimental
analysis of determining the pull-in instability of MEMS structures were investigated and published in several references [21-24].
Jianxin Han et al. [25] studied the pull-in instability of MEMS actuators via a generalized one-degree-of-freedom discretized using
the differential quadrature method and then compared the results with a COMSOL Finite-Elements (FE) 2D model. Same
instability for different MEMS structures were investigated based on FE method and using IntelliSuite software in numerous
references [26-31]. Recently, significant studies have been conducted on the instability analysis of MEMS/NEMS structures by
considering stress-driven nonlocal integral models and couple stress theory [32-42]. For such modeling, the instability voltage can
also be determined using the Artificial Neural Network. The abovementioned experimental and numerical investigations
suggested that determining the pull-in voltage is a time-consuming process.

To this end, this work is considering designing Artificial Neural Networks schemes to determine the pull-in voltage of micro-
switches and actuators. The pull-in voltage is first to be determined for several samples assuming various physical and geometric
specifications using the method provided in reference [43]. Then, to train the ANNS, the physical and geometric specifications of
the structure are considered as the inputs to these networks. Training of the ANNs is performed assuming two and three layers of
different neurons. The accuracy of the designed neural network, the pull-in voltage of the micro-structures, whose pull-in states
had been provided in previous studies, will be examined. Generally, novelty of this work deals with the application of Artificial
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Neural Networks to obtain the pull-in voltage of electro-statically actuated micro-beam suspended between two stationary
conducted plates [43]. Thus, an in-depth illustration of the adopted ANNs design is supposed to be provided to increase the value
of the present work [43].

This study is organized as: In the next section studied micro switch is introduced and its geometric and physical features will
be presented. Section 3 overviews the theoretical modeling used to obtain of static deflection and pull-in voltage of the micro
switch subjected to electrostatic force. Section 4 deals with design of artificial neural networks to estimate of pull-in voltage and
presenting relevant results. Finally, Section 5 presents the concluding remarks of this paper.

2. Micro-switch Design

“Figure 1a.” shows the 2D schematic view of the assumed micro-switch in which a beam with length L, is suspended between
two stationary conductor plates. The relevant gaps between beam and stationary bottom and upper plates are both considered
the same and equal to Gi. The shown beam is to move toward lower or upper plates by applying DC voltages of Vi1 and Va,
respectively. The bending condition of beam in attraction towards the plates depends on magnitude of applied voltages. If V1 > V>
beam bends towards the lower plate and for Vi < V2 beam gets closer to upper plate. But for Vi = V,, beam settles in its primary
positions until reaching pull-in voltage. Schematic view of actuated MEM switch for the condition of Vi > V is depicted in “Fig. 1c.”
As shown in this figure the beam bends toward lower plate and its maximum deflection occurs in the middle with x = L/2. Also,
bending view of micro beam for Vi1 < V; can be observed in “Fig. 1d.” Furthermore, cross section area of micro-switch is depicted in
“Fig. 1-b.”. As can be seen from this schematic, its width and thickness are respectively equal with b and h and the moving beam
is assumed to be made from an isotropic material with modulus of elasticity E, cross section area of A and moment of inertia I.

3. Mathematical Modeling

3.1. Micro-beam static deflection governing differential equation

In this section the main formulation for extracting the micro-beam, “Fig. 1a.”, static deflections as well as its respective pull-in
voltage are presented. The governing equation of the static deflection of micro-beam will be first presented. Then, the numerical
approach to solve for the obtained governing equation and then acquire the static pull-in voltage will be presented. The static
deflection governing equation of the micro-switch of “Fig. 1a.” is obtained assuming a linear Euler Bernoulli beam theory and can
be written as follows [43]:

W _bey| V: V7 )
o' 2 (G, -w) (G, +w)

where U(x) represents the flexural deflection of the micro-beam with respect to the lower plate and ¢, =8.854x 10 ?C°N'm?
is the permittivity of vacuum. The right-hand side terms of “Eq. (1)” show the resultant electrostatic forces from lower and upper
plates, respectively, per unit length (q,,.(V,,V,,W)).

For convenience “Eq. (1)” can be rewritten in a non-dimensional form while exploiting the following non-dimensional
parameters:
w i % v,
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Therefore, considering these normalizing parameters, “Eq. (1)” can be re-written as follows:
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where o is the dimensionless parameter of the electrostatic force and equals with o = g,bL* / 2EIG; .
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Fig. 1. Schematic view of a beam-based MEM switch.
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3.2. Numerical Approach

As “Eq. (3)” contains nonlinear terms, the analytical solution methods may not be applicable to obtain the pull-in voltage
‘V,uin - Therefore, a Step-by-Step Linearization Method (SSLM) [43] together with a Galerkin-based reduced order mode (ROM) are
employed to find the micro-beam static deflection as well its respective pull-in voltage. The use of the static SSLM method is
mainly based upon gradually and smoothly introducing the nonlinear electrostatic forces governed by the applied voltages V,
and V, . These voltages are to be increased from zero to higher values assuming a smooth step-by-step process while satisfying
the quasi-equilibrium condition. It is worth nothing that, the final reached value indicates the pull-in voltage. For implementing
this method, the superscript ‘' refers to the iteration on the DC voltage step and w' represents the non-dimensional
displacement of the micro-beam, subjected to both V! and V] . By increasing the applied DC voltages Vi and V;, the
dimensionless deflection at (i+1)th step can be obtained as follows:

VP =Vi+6V, & VT=Vi+8V, = wl=w+éw (4)

Through applying an infinitesimal values for both 6V, and 6V,, the Sw will be small enough that the Taylor series
expansion can be assumed in each step instead of exact main excitation function. The equation for the ith and (i+1)th steps can
both be written respectively as follows:

dw' iy
dx4 = qelect (Vl’VZ’w ) (5)
d4wi-1 . ; .
dx4 = qelect (Vl 1’V2+1’w 1) (6)

Substituting w™', V"' and Vi*! in “Eq. (6)” and implementing a Taylor series expansion, the resultant equation can be
written in the following form:
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Subtracting “Eq. (5)” from “Eq. (6)” the required form for obtaining éw can be shown as:
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This above is a linear ordinary differential equation and can be solved using a Galerkin-based reduced-order method [43]
where §w can be expressed as:

bw = Z‘q,-w,- (x) )

where 1;(x) symbolizes the jth shape function which satisfies the boundary conditions of the micro-beam and for the fixed-fixed
micro-beam is presented as [44]:

M(Sin B;x —sinh ﬂjx) (10)

4;(x) = (cos 5x — cosh 5x) - sin 3, — sinh 3,
i j

where for j=1:4, §,=4.7300,7.8532,10.9956,14.1372 .

The unknown éw is approximated by truncating the summation series to finite number, N as follows:
N
bwy = quw,-(x) (11)
j=1

By substituting “Eq. (11)” into “Eq. (8)” and multiplying the outcome equation by 1,(x) as a weight function, and integrating
the outcomes from x=0 to 1, a set of algebraic equations will be extracted. Solving these set of equations, the deflection at any
given point under applied voltage and the pull-in voltage of the micro-beam can be obtained.

4. Artificial Neural Network for the Pull-in Voltage Estimation

Subsequently, the main structures for the neural networks used to estimate the pull-in voltage are provided. According to the
above equation governing the static behavior of the micro-switch, it is clear that the pull-in voltage is a function of the following
parameters: thickness h, length L, gap size Gi1, Young’s modulus E, applied voltages ratio p = V2/V1, the width b. Thus, the proposed
inputs to the ANNs will be the six above parameters. However, considering “Eq. (3)”, the normalizing parameter
a = g,bL* / 2EIG} = 6¢,L* / EN’G; is showing that the width parameter b has no direct effect on the pull-in voltage estimation of
beam with rectangular cross section, as previously recommended in [45]. Accordingly, we suggest to restrain the number of inputs
of the neural network to the following 5 parameter: h, L, g, E, p, nevertheless, and in order to validate the aforementioned
recommendation, we will consider the 6 input states as well.

The designed neural networks are illustrated in “Fig. 2a.” and “Fig. 2b.” As shown in both figures, the respective ANNs designs
consist of one input layer with 5 and 6 inputs, respectively, two hidden layers of 10 and 8 neurons, correspondingly, and an output
layer of one output (the pull-in voltage). Transfer functions of the first and second hidden layers and the output layer are "tanget
sigmoid", "log sigmoid", and "purelin", respectively [46].
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Fig. 2. Designed Neural network for estimating of pull-in voltage.

The number of neurons in each layer is determined based on trial and error, and the main criterion for selecting the number
of neurons is Mean Square Error (MSE) minimization. In this way, different configurations for the structure of the neural network
were analyzed and the most optimal configuration with 10 and 8 neurons in layers 1 and 2; has been selected. The maximum
number of neurons for trial and error process was considered 20 neuron in each layer. It is noteworthy that the high number of
neurons in a layer may causes of over fitting problem.

Selecting the number of ANN layers is the same as selecting the number of neurons, and is based on MSE minimization with
trial and error procedure. This process was performed for single-layer, 2-layer and 3-layer modes, and the most optimal mode for
this configuration was 2-layer mode. It should be noted that increasing the number of layers causes significant complexity of ANN,
increases of train time, as well as over fitting problem.

As stated earlier, the proposed ANN network learning process is based on the Levenberg-Marquardt method [46]. The training
included 280 samples with different and random values of the six input parameters as listed in Table (1). For the values
randomization, the following domains were considered: 0.5um<h<4um , 50um<L<800um , 0.5um<G,<5um |,
70GPa <E<170GPa, 2um<b<20um and, 0<p<1. These ranges are indeed suggesting reasonable values with respect to the
design and size selection of such micro-structures. Next, the pull-in voltage of each sample was provided using the process
presented in section (3) and tabulated in Table (1) as well. After the pull-in voltage was numerically estimated and the inputs and
outputs of the neural networks were provided, the neural network-based voltage determined is also shown in Table (1). In this
table, , and §, are the output of the ANN schemes 1 and 2 (ANN1 and ANN2), respectively. Moreover, the efficiency of the
neural networks is evaluated through determining the percentage of output error in form of e,%=|y—7y,|/yx100% and
e,% =|y—7¥,|/yx100% as summarized in Table (1). As seen in the table, the highest e, and e, values are respectively 5.71% and
9.89%. However, most of the errors e, and e,values are less than 1%. Also, the MSE value for neural networks 1 and 2, i.e,,
MSE = 1/Nx§ji8i(ei)2 are 1.4685x10* and 1.9791x10*, respectively. It is noteworthy that most of higher errors occur at
voltages of lower than 2 volts.

The number of data has significant impact in minimizing of MSE and matching ANN output with test data. If the amount of
data is less than specified limit; the above conditions are not well satisfied. In this paper, the number of data is considered as 280
samples. For ANN training, the number of data 100, 150, 230, 280, and 350 were considered, which values of 100, 150, 230 couldn’t
satisfy optimal condition. However, for the 280 and 330 samples, the optimality conditions were almost the same, but 280 samples
were considered for the final training. It is noteworthy that increasing of samples has little effect on the efficiency of the ANN and
may rises training time.

A general comparison of the maximum error and MSE indices indicates that ANN1 is slightly more capable than ANN2.
However, this does not hold true for all cases, and as Table (1) illustrates, ANN2 have produced, in some cases, better results than
those of ANN1. Also, the pull-in voltage and error percentage diagrams of 280 samples listed in Table (1) are schematically
illustrated in “Fig. 3.” and “Fig. 4.”.

Next, the results of both ANN1 and ANN2 pull-in voltage estimations with different micro-structure cases as summarized in
Table (2) are compared with the results published in references [43, 47]. Looking at the computed errors related to both neural
networks, the ANN1 is to a certain extent better than the ANN2 method in accurately predicting the pull-in voltages.
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Table 1. Microswitches specifications together with obtained pull-in voltages of micro-switches via numerical method and ANN1 and ANN2.

Obtained pull-in voltage

h (um L (um G, (um E (GPa b (um . (V v (V 9 9
Number of sample (pm) (1m) L (um) (GPa) (um) with Numerical Method (V) V) %(V)  e%  e%
1 3.8 736 3.8 125 3.9 0.85 48.17 4826 4832 018 031
2 14 50 1.1 76 188  0.65 263.81 264.14 26389 0.12 0.3
3 23 396 3.5 104 5.3 0.92 65.86 66 66.05 021 0.28
4 1.3 368 3.6 114 6.7 0.69 32.07 31.94 3207 04 0
5 22 395 2.4 75 163  0.58 26.28 2628  26.27 0 0.03
6 26 627 0.5 87 10.7 081 1.48 1.41 147 472 067
7 2.8 291 1.9 135 158  0.87 72.35 72.02 7236 045 0.01
8 1.8 638 2.4 102 9.1 0.98 10.53 10.48 1046 047 0.66
9 1.7 403 1.7 158 6.9 0 14.09 13.92 1399 12 07
10 0.6 181 41 167 141 061 59.77 59.73 584  0.06 229
11 3.5 591 2.4 123 9.7 0.98 36.48 3632 3631 043 046
12 3.6 405 44 139 101 052 174.51 17416 17413 02 021
13 3.2 164 2.2 168 129 047 345.01 34491 34511 0.02 0.02
14 0.8 305 3.9 98 3 0.8 24.49 2439 2438 04 044
15 14 505 2.2 111 7.6 0.22 8.39 8.34 843 059 047
16 1.6 193 41 116 159  0.49 186.04 186.44 18625 021 0.11
17 2.8 603 3.8 145 14.5 0.9 50.32 50.52  50.57 0.39 049
18 0.9 232 2.1 151 42 0.57 23.18 2307 234 047 094
19 3 738 14 79 43 0.84 5.99 5.89 607 166 1.33
20 0.8 251 4 87 3.6 0.73 34.38 3413 3435 072 0.08
21 2.7 624 47 105 2.1 0.58 46.44 461 4619 073 053
22 2.2 191 1.9 75 926 0.24 75.61 7529 7609 042 0.63
23 3.2 265 3.5 121 13.8  0.66 233.05 23267 23311 0.16 0.2
24 3 118 2.4 103 15 0.08 521.91 52133 522 011 0.01
25 3.6 482 42 87 115  0.62 92.87 9275 9269 0.12 0.19
26 3.6 562 3.9 90 3.9 0.66 62.66 6242  62.66  0.38 0
27 1.6 459 1.2 159 133 072 6.49 6.58 651 138 03
28 2.9 369 43 136 42 0.89 163.92 163.98 16401 003 0.05
29 1.1 533 4.9 116 44 0.98 22.37 2245 2229 035 035
30 0.6 535 2.8 160 3.7 0.76 3.95 3.9 406 126 278
31 3.1 559 44 80 45 0.58 56.38 55.93 5627 079 0.19
32 2.2 526 3.1 143 5 0.92 34.17 3432 3413 043 0.11
33 2.1 758 1.1 142 5.5 0.58 2.85 2.87 2.85 0.7 0
34 3.6 206 1.3 125 7.7 0.01 98.64 9826  99.58 0.38  0.95
35 26 581 2.3 88 7.6 0.12 15.09 15 1517 059  0.53
36 26 227 3.8 129 5.9 0.86 292.4 292.66 293.72 0.08 0.5
37 3.3 505 4 83 18 0.84 72.55 72.41 7264 019 0.12
38 2.5 387 1.9 91 14.6 0.2 24.57 2444 2459 052  0.08
39 1.1 394 2.9 158 12 0.55 18.02 17.79 1811 127 049
40 1.3 546 0.9 77 5.3 0.62 1.47 1.43 142 272 34
41 3.6 627 1 94 5.8 0.03 6.29 6.09 629  3.17 0
42 2.2 546 3.5 113 184 036 28.76 2873 2871 01  0.17
43 1 362 2.7 71 147 004 10.59 1056  10.62 028 0.28
44 3.9 681 1.3 158 12 0.48 11.89 11.49 1192 336  0.25
45 2.9 674 2.7 89 7.6 0.19 16.95 16.86 17.01 053 0.35
46 22 242 1.1 79 49 0.12 21.26 21.05  21.26  0.98 0
47 2.1 510 0.7 100 13.2 0.2 2.56 2.56 2.59 0 1.17
48 0.7 486 43 115 19.7  0.14 8.89 8.8 881 101 0.89
49 2.8 455 3 80 5 0.18 39.07 3899 391 02  0.07
50 0.6 702 46 168 6.6 0.04 4.47 4.42 456 111 201
51 0.7 248 3.6 102 9.1 0.63 25.97 2599 2615  0.07 0.69
52 2.3 288 3.1 99 3.3 0.28 85.37 8541 8541 0.04 0.04
53 0.8 139 41 76 143 053 103.46 102.72 10351 071  0.04
54 3.3 754 44 99 9.2 0.69 38.84 3867 3832 043 1.33
55 3.3 534 49 74 19.6  0.49 75.29 75.29 7531 0 0.02
56 3 409 0.5 120 9.2 0.53 4.65 455 455 215 215
57 1 529 43 145 131 044 14.66 14.68 1485 013 1.29
58 2.8 458 3.2 132 47 0.12 54.46 5434 5439 022 0.12
59 23 535 49 78 8.8 0.49 44.76 4461 451 033 075
60 3.9 457 2.8 78 4.9 0.85 64.9 6465 651 038 03
61 2.7 590 26 146 156  0.87 27.73 276 2813 046 144
62 3.3 441 41 159 17.6 027 120.51 12049 12061 001 0.08
63 2 795 15 122 8.3 0.2 3.38 3.41 344 088 177
64 2 214 2.7 80 143 056 95.14 948 9553 035 04
65 0.7 132 3 103 115 041 67.21 67.24 6721  0.04 0
66 0.9 97 43 99 16.9 0.2 299.9 300.09 300  0.06 0.03
67 1.1 353 3.8 143 12.7 094 36.97 3719 37.04 059 0.18
68 1.8 386 3.1 71 8 0.08 27.68 2758  27.75 036 0.25
69 34 324 1.6 74 7.3 0.1 38.59 38.43 3846 041 0.33
70 3.3 622 34 136 101 0.14 42.08 4196 4222 028 033
71 1.8 628 3.3 122 8.4 0.62 15.98 15.88 1592 062 0.37
72 23 749 34 142 12 0.57 18.17 17.97 1816 11  0.05
73 1.9 779 3.7 140 153  0.05 13.49 1322 13.19 2 2.22
74 15 572 3.9 138 42 0.73 20.68 2059 2074 043 029
75 2 120 3.1 125 2.4 0.06 443.01 44408 444 024 022
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Table 1. Continued.

Obtained pull-in voltage

h (um L (um G, (um E (GPa b (um \4 \% % %

Number of sample (1m) (um) 1 (um) (GPa) (1m) with Numerical Method (V) (V) () % e%
76 05 444 46 109 7.2 0.86 7.99 7.99 8.19 0 25
77 3.9 447 3.1 76 7.7 0.93 81.93 81.8 82.05 015 0.14
78 1 695 0.5 147 13.7 0098 0.42 0.4 046 476 9.52
79 0.8 413 1 103 192  0.85 1.82 1.8 164  1.09 9.89
80 1.8 345 43 130 188 078 85.96 8546 8586 058 0.11
81 1.1 553 26 143 102 051 7.31 7.3 733 013 027
82 2.2 605 43 80 6.3 0.17 26.5 2619 2642 116 0.3
83 1.6 440 1.4 82 157  0.39 5.94 5.96 6.04 033 168
84 3.8 310 2.9 124 156  0.13 157.04 156.87 158.11 0.1  0.68
85 3.7 162 3.3 118 153  0.03 653.87 653.3 654  0.08 0.01
86 3 246 3.2 149 3.9 0.3 224.52 22455 22459 001 0.3
87 1.4 83 21 142 142 029 324.01 32449 325 014 03
88 1.9 616 0.7 75 103 033 1.32 1.29 133 227 075
89 2.4 232 2.7 77 5.8 0.46 102.62 102.72 102.62  0.09 0
90 3.7 381 1.3 78 3.7 0.64 25.49 2538 2542 043 0.27
91 1.9 565 1 149 16.8  0.02 3.71 3.7 367 026 107
92 3.9 319 1.4 163 5.1 0.84 67.76 67.54 69.64 032 277
93 1.5 602 1.1 137 49 0.55 2.66 2.69 266 112 0
94 2.9 346 1.3 83 139  0.85 23.78 23.65 222 054 6.64
95 2.8 562 0.6 141 18 0.34 3.09 3.01 298 258 355
96 23 578 3.3 80 112 044 21.39 21.37 21.38  0.09 0.04
97 2.9 381 1.7 81 146  0.05 25.18 24.89 2517 115 0.3
98 1.1 298 3.6 102 191 066 35.65 3552 3579 036 0.39
99 0.9 368 2.7 134 11.7 033 13.09 1238 1262 542 359
100 3.9 252 2.9 144 142 089 312.9 31273 313.01 005 0.03
101 1 197 25 127 26 0.11 42.54 4243 4253 025  0.02
102 0.6 666 1 143 165 097 0.58 0.57 056 172 344
103 2.4 372 2.7 93 154 053 445 443 4457 044 0.15
104 3.5 715 43 142 4.1 0.7 54.66 5424 5458 076 0.14
105 2.8 343 44 166 114  0.99 226.9 226.76  226.99 0.06 0.03
106 1.1 626 1.7 155 7.8 0.28 3.05 3.14 3.02 295 0.8
107 1.7 347 1.4 78 11.8 041 10.29 1025 1045 038 155
108 21 656 3 106 9.1 1 18.68 1831 1827 198 219
109 3.9 616 3.3 106 9.4 0.76 51.33 5093 5139 077 0.11
110 1 333 2.3 137 5.2 0.81 15.49 1549  15.31 0 1.16
111 3.4 212 1.4 129 6.5 0.1 97.81 97.37 9793 044 0.12
112 2.7 642 47 148 23 0.17 49.54 494 50.23 028  1.39
113 1.8 761 0.8 106 186  0.35 1.16 1.17 116  0.86 0
114 1.1 295 0.9 20 137  0.05 3.98 4.07 395 226 075
115 1.9 553 1.1 78 187 052 3.37 3.36 329 029 237
116 21 378 1.2 146 49 0.33 12.76 12.89 1296 1.01 156
117 0.9 675 3.2 20 185  0.17 3.79 3.91 393 316  3.69
118 25 626 3 108 16.3 0.2 20.25 20.19 2007 029 0.88
119 1.8 696 46 92 9.9 0.67 18.89 1873 1894 084 026
120 25 792 3.7 133 6.6 0.46 19.78 19.68 1985 05 035
121 1.3 435 3.8 117 155 091 27.65 27.81 2785 057 0.72
122 1.5 713 0.7 85 6.1 0.1 0.72 0.7 071 277 138
123 26 491 43 147 3.1 0.74 76.45 75.84 7645  0.79 0
124 1.4 166 47 79 158 073 220.52 220.64 2206 0.5 0.3
125 3.9 355 43 93 14.8 0 194.9 194.38 19596 026 0.54
126 3 611 4 122 135 059 48.08 47.86  47.87 045 043
127 1.7 669 2.8 79 9.5 0.29 7.78 7.72 7.9 077 154
128 25 642 1.2 110 9 0.13 491 4.95 491 081 0
129 0.8 288 2.2 80 166 021 9.38 9.38 9.5 0 1.27
130 3.6 450 1.1 81 7.7 0.89 15.29 15.13 1545 1.04 1.04
131 3.5 117 0.6 147 166  0.07 99.71 99.53 99.8 018  0.09
132 1.4 152 1.8 129 17.3 1 97.17 98.56 97.21 143  0.04
133 25 558 1.8 165 111 044 15.08 14.66 15 2.78  0.53
134 0.5 421 1.9 112 134 001 2.05 2.04 199 048 292
135 1.9 192 26 138 191  0.89 152.01 151.93 152.37 0.05 0.23
136 1.5 421 3.4 145 9.9 0.19 29.19 29.15  29.07 013 041
137 1 160 0.6 112 3 0.09 7.12 7.05 712 098 0
138 1 467 42 101 144 092 17.65 17.73  17.83 045 101
139 2.7 415 0.8 121 25 0.71 8.18 8.12 836 073 22
140 2.8 561 4 88 2.7 0.22 41.54 41.32 416 052 0.14
141 1.9 702 1.7 155 131 086 6.3 6.4 637 158 111
142 3.2 505 44 140 10.9 0.4 92.93 92.81 9309 012 0.17
143 3.3 318 0.6 111 102 0.96 13.38 1327 1348 082 074
144 1.1 56 2.9 108 3.9 0.76 773.86 77407 774 002 001
145 2.7 546 49 128 192 036 68.87 68.84 6899 004 0.17
146 1.1 391 0.5 108 7.7 0.33 1.05 0.99 1.07 571 1.9
147 1.4 445 4 133 9 0.19 28.78 28.96 2863 062 0.2
148 3.2 198 1.1 70 6.5 0.09 52.15 51.75 5281 076 1.26
149 1.6 369 3 132 6.8 0.11 32.88 3279 3301 027 039
150 1.4 250 42 92 189  0.59 85.43 8541 86.07 0.02 074
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Table 1. Continued.

Obtained pull-in voltage -

Number of 1 h (um L (um G, (pm E (GPa b (um
Hmber ot sampre (im) (rm) s (um) (Gra) (um) with Numerical Method (V)

151 0.7 529 2.8 117 6.8 0.08 393 3.96 3.88 0.76 1.27
152 3.2 524 4.2 121 17.3 0.81 82.47 82.12 82.39 0.42 0.09
153 1.9 579 11 99 11.6 0.23 3.35 3.35 3.33 0 0.59
154 2.8 123 34 102 3 0.02 725.86 725.23 726.01 0.08 0.02
155 1 660 0.7 151 15.6 0.94 0.82 0.78 0.78 4.87 4.87
156 2.7 242 3.9 102 17.7 0.24 219.57 219.59 219.6 0 0.01
157 17 477 29 84 4.9 0.53 17.09 17.09 17.03 0 0.35
158 15 563 4.1 80 14.6 0.88 18.67 18.79 18.74 0.64  0.37
159 3.7 440 1.9 108 14.2 0.3 37.58 37.66 37.68 0.21 0.26
160 33 265 33 150 7.8 0.08 231.7 231.25 231.8 0.19 0.04
161 2.5 128 37 130 8.8 0.57 761.6 761.95 762 0.04  0.05
162 31 111 1 93 16.8 0.69 171.08 170.97 1711 0.06 0.01
163 2.8 498 2.7 123 4.7 0.76 38.19 37.86 38.39 0.86 0.52
164 31 228 2 91 17.4 0.28 105.93 105.55 106.09  0.35 0.15
165 3.6 686 1.8 167 13 0.2 16.88 16.54 16.9 2.01 0.11
166 3.6 493 37 105 18.8 0.57 79.74 79.74 79.63 0 0.13
167 2 547 1.2 90 8.8 0.76 4.84 4.82 4.82 0.41 0.41
168 0.5 395 3.7 141 23 0.06 7.19 7.34 7.3 2.08 1.52
169 1.2 202 13 119 29 0.06 19.38 19.56 19.12 0.92 1.34
170 37 210 2.6 95 8.9 0.95 299.71 299.42 302.26  0.09 0.85
171 3.9 508 0.8 129 12.3 0.85 10.38 10.11 10.8 2.6 4.04
172 0.6 731 4.6 120 19.5 0.42 3.58 3.63 3.57 1.39 0.27
173 29 452 29 154 19.2 0.94 66.78 66.48 66.78 0.44 0

174 11 218 1.8 113 10.5 0.47 23.87 23.9 24.53 0.12 2.76
175 23 234 0.9 149 10.9 0.14 24.69 24.82 24.52 0.52 0.68
176 2 457 4.5 129 16.5 0.55 56.94 56.91 57.23 0.05 0.5
177 17 404 33 89 9 0.4 29.18 29.23 29.15 0.17 0.1
178 24 137 34 148 19.5 0.45 575.91 575.83 576 0.01 0.01
179 29 166 2 84 9.7 0.5 178.31 177.94 178.42 0.2 0.06
180 11 273 3.8 84 10.6 0.48 40.28 40.41 40.07 0.32 0.52
181 1.9 147 0.6 139 13.8 0.38 25.18 24.84 25.23 1.35 0.19
182 23 463 1.9 115 7.2 0.34 17.29 17.19 17.39 0.57 0.57
183 3.8 555 3.8 133 13.1 0.01 75.9 75.71 76.11 0.25 0.27
184 3.9 429 2.6 94 5.8 0.9 74.48 74 74.46 0.64  0.02
185 31 737 2.5 70 17.2 0.81 13.95 13.83 14.03 0.86 0.57
186 29 794 4.2 148 15.3 0.37 30.91 31.04 31.07 0.42 0.51
187 1.3 705 2 129 18 0.49 3.68 3.73 3.64 1.35 1.08
188 2.8 576 1.6 85 19.7 0 9.78 9.71 9.78 0.71 0

189 15 394 34 144 11.1 0.39 33.67 33.73 33.51 0.17 0.47
190 1.6 561 3.7 88 5.7 0.39 16.28 16.32 16.14 024 0.85
191 1.8 206 4.7 102 5.1 0.61 229.67 229.76  229.72  0.03 0.02
192 31 771 4.5 122 5 0.12 35.88 35.59 35.81 0.8 0.19
193 2.5 701 0.7 146 18.7 0.85 243 243 2.54 0 4.52
194 0.5 86 4.9 136 6.1 0.36 227.67 22755 22771  0.05 0.01
195 0.6 478 3.2 107 11.3 0.91 5.31 5.43 5.32 2.25 0.18
196 2.1 752 4.4 149 16.6 0.48 23.28 23.17 23.39 0.47 0.47
197 2.1 251 3.8 135 19.9 0.08 153.71 153.59 153.93  0.07 0.14
198 11 577 1.6 132 3.8 0.03 2.99 3.06 2.92 234 234
199 35 646 55 165 12.3 0.99 124.47 124.03 124.54 0.35 0.05
200 35 57 0.5 104 6.6 0.79 347.47 347.62 347.5 0.04 0

201 14 551 3.8 113 18 0.09 15.98 15.9 15.77 0.5 1.31
202 3.2 374 2.8 95 5.6 0.91 82.37 82.3 82.4 0.08 0.03
203 1.5 83 1.6 98 2.5 0.79 221.11 220.35 221.2 034 0.04
204 39 673 35 127 19.7 0.53 48.47 48.14 48.45 0.68 0.04
205 1.2 196 5 9% 15.5 0.44 142.73 142,77 142.77  0.02 0.02
206 2.5 367 3.6 81 17.4 0.73 73.35 73.08 73.25 0.36 0.13
207 1.7 339 4.9 122 12.7 0.1 85.76 85.62 85.86 0.16 0.11
208 2.2 220 4.6 101 19.3 0.63 263.92 263.49 26399 0.16 0.02
209 1.8 404 33 79 17.4 0.08 29.29 29.05 29.24 0.81 0.17
210 2.7 485 4.5 114 12 0.62 75.68 75.19 75.57 0.64 0.14
211 13 196 2.5 99 19.3 0.47 58.08 57.85 58.29 0.39 0.36
212 0.9 680 5.7 86 12.9 0.34 8.77 8.85 8.78 0.91 0.11
213 2.2 150 11 85 4.6 0.23 57.48 57.45 57.5 0.05 0.03
214 1.2 594 5.4 112 5.8 0.6 19.48 19.42 19.6 0.3 0.61
215 3.2 752 4.9 149 2.8 0.28 50.16 50.15 50.32 0.01 0.31
216 1.2 423 29 96 4.3 0.44 13.58 13.61 13.66 0.22 0.58
217 33 461 0.9 101 17 0.62 9.52 9.48 9.62 0.42 1.05
218 24 687 4.8 88 14.2 0.82 32.67 32.63 32.92 0.12 0.76
219 24 558 4.2 122 5.8 0.07 42.04 41.68 42.04 0.85 0

220 2.8 354 2.5 145 7 0.5 68.36 68.15 68.43 0.3 0.1
221 0.9 577 4.1 165 2 0.29 10.24 10.21 10.35 0.29 1.07
222 1.9 82 1.3 78 5.8 0.8 43.1 433 43.1 0.46 0

223 0.7 496 31 143 6 0.85 6.65 6.67 6.77 0.3 1.8
224 0.6 448 1.8 132 3.2 0.08 2.39 243 2.37 1.67 0.83
225 2 604 5.5 97 5.2 0.16 36.57 36.5 36.77 0.19 0.54
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Table 1. Continued.

Obtained pull-in voltage

h (um L (um G, (um E (GPa b (um . (V \Y % %
Number of sample (1m) (um) (1m) (GPa) (1m) with Numerical Method (V) (V) 5(V)  e%  e%
226 3.3 503 2.5 80 3.1 0.34 31.56 31.39 31.5 0.53 0.19
227 0.9 750 5 79 17.5 0.34 5.68 6 5.68 5.63 0
228 1.4 97 1.2 152 18 0.56 110.71 110.82 110.8 0.09 0.08
229 3.4 678 3.3 78 13.4 0.4 27.39 27.04 27.33 1.27 0.21
230 1.5 346 4.2 117 10.8 0.47 54.78 54.86 54.96 0.14 0.32
231 1.3 377 3.2 166 16.1 0 28.49 28.21 28.57 0.98 0.28
232 1.3 168 1.7 140 10.6 0.74 56.05 56.29 56.03 0.42 0.03
233 1.6 589 4.5 100 17.4 0.44 21.28 21.3 21.2 0.09 0.37
234 2.1 789 2 94 19.5 0.66 5.39 5.29 5.33 1.85 1.11
235 29 731 1.1 132 6.8 0.59 4.89 4.76 4.82 2.65 1.43
236 2.8 169 2.3 160 17 0.76 296.21 296.05 296.3 0.05 0.03
237 29 453 5.9 150 16 0.44 160.62 160.39 160.74 0.14 0.07
238 1.4 435 1.5 166 13.9 0.71 8.39 8.49 8.4 1.19 0.11
239 1 117 1.6 95 18.8 0.47 55.17 54.41 55.2 1.37 0.05
240 2.4 790 1.2 111 6 0.51 3.18 3.23 3.26 1.57 2.51
241 1.5 318 29 133 9.5 0.62 40.78 40.57 40.38 0.51 0.98
242 3.8 695 4.6 82 2.2 0.7 55.06 54.43 55.18 1.14 0.21
243 2.6 511 3.8 76 7 0.75 42.38 42.23 42.62 0.35 0.56
244 2.5 692 1.4 102 15.3 0 5.19 5.09 5.2 1.92 0.19
245 1.5 365 1.5 85 3.4 0.39 8.89 8.88 9.05 0.11 1.79
246 0.8 451 4.5 86 16.3 0.82 13.39 13.01 13.21 2.83 1.34
247 2.7 173 1.3 134 13.5 0.67 101.21 101.47 101.57 0.25 0.35
248 3.4 666 5 920 8.5 0.97 69.64 69.58 69.61 0.08 0.04
249 1.4 291 29 111 17.3 0.02 37.66 37.37 37.72 0.77 0.15
250 1.9 171 1.1 160 17.6 0.58 50.67 51.09 50.75 0.82 0.15
251 2.1 417 2.7 96 3 0.37 28.68 28.71 28.83 0.1 0.52
252 3.9 798 4.9 164 7.9 0.14 62.38 61.92 62.34 0.73 0.06
253 1.3 573 1.7 128 12 0.46 4.34 4.37 4.33 0.69 0.23
254 2 489 3.4 164 4.1 0.46 36.28 35.78 35.81 1.37 1.29
255 1.6 462 1.3 118 6.9 0.55 5.94 5.97 6.05 0.5 1.85
256 1.3 646 5 88 13.6 1 18.39 18 18.11 2.12 1.52
257 29 183 1 144 11.1 0.35 66.63 66.78 66.62 0.22 0.01
258 2.3 265 2.4 162 2 0.43 89.32 88.43 89.44 0.99 0.13
259 1.3 220 29 80 4.1 0.49 51.86 52.11 51.93 0.48 0.13
260 2.4 408 1.4 153 19 0.79 18.98 18.69 19 1.52 0.1
261 3.8 368 4.4 128 7.1 0.9 249.72 249.57 249.8 0.06 0.03
262 1.8 278 2.4 108 18.9 0.98 56.84 56.68 54.82 0.28 3.55
263 0.8 683 5.4 125 13.1 0.12 8.08 8 8.01 0.99 0.86
264 1.2 224 4.4 168 9.2 0.16 116.22 116.34  116.29 0.1 0.06
265 2.2 495 4.1 139 5.8 0.12 48.36 48.11 48.35 0.51 0.02
266 1 207 2.3 151 15.7 0.14 37.18 37.24 37.2 0.16 0.05
267 1 280 1.9 164 4.5 0.48 16.49 16.65 16.35 0.97 0.84
268 3 638 5.8 93 15.4 0.1 63.68 63.38 63.55 0.47 0.2
269 3.7 609 5.7 920 13 0.31 92.87 92.41 92.62 0.49 0.26
270 3 268 1.3 154 18.1 0.63 52.47 52.13 52.46 0.64 0.01
271 1.1 255 3.3 76 10.5 0.86 39.68 39.6 39.69 0.2 0.02
272 3.6 414 1.3 110 13.1 0.32 23.29 23.58 23.35 1.24 0.25
273 0.8 371 1.6 75 10.6 1 4.49 4.49 4.35 0 3.11
274 2.3 258 3.5 162 18.4 0.85 185.61 185.85 185.71 0.12 0.05
275 1.1 551 3.8 135 7.9 0.03 12.1 12.12 12.12 0.16 0.16
276 3.3 588 29 156 7.2 0.89 46.58 46.47 47.13 0.23 1.18
277 2.1 383 1.6 148 4.8 0.23 19.08 19.07 19.21 0.05 0.68
278 3.3 223 1.4 167 4.5 0.44 98.15 97.92 98.22 0.23 0.07
279 3 170 2.2 126 8.2 0.76 269.53 270.07  269.59 0.2 0.02
280 3.1 300 0.7 168 6.1 0.26 17.28 17.31 17.31 0.17 0.17
800 . ‘ ‘ .
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Fig. 3. Obtained pull-in voltage and error percentage using ANN1 for 280 samples listed in Table (1).
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Fig. 4. Obtained pull-in voltage and error percentage using ANN2 for 280 samples listed in Table (1).

To further extend the numerical validation, a micro-structure with following geometrical properties: h=3um, G, =1um,
Young’s modulus E=169GPa, b=50umand p=0 is considered. Two length cases are also considered: L=250pm and
L =350um . The results from previous works and those obtained using ANN1 and ANN2 are summarized in Table (3). As can be
seen, both networks shows good agreement in estimating the pull-in voltage in a better and shorter time-frame.

Journal of Applied and Computational Mechanics, Vol. 8, No. 4, (2022), 1222-1235 A\V'A



Pull-in Phenomenon in the Electrostatically Micro-switch ... 1231

Table 2. Comparison of obtained voltages obtained in refs. [43, 47] with obtained ones using ANN1 and ANN2 for various micro-switches

o N0m)LGm) Gm)  E@P by  p OPRinedPuimidEEeintes 5 (v) ew  gv) %
1[43] 2 600 2 169 8 1 14.04 14.13 0.64 13.62 2.99
2 [43] 2 600 2 169 8 10.54 10.36 1.70 10.62 0.76
3[43] 2 600 5 169 8 0 42.25 41.96 0.68 42.45 0.47
4[43] 2 600 5 169 8 0.6 44.75 44.63 0.27 45.52 1.72
5 [43] 2 600 5 169 8 0.8 47.5 47.75 0.52 48.48 2.06
6 [43] 2 600 5 169 8 0.94 51.91 52.77 1.66 52.78 1.67
7 [47] 2 400 1 169 10 1 11.21 11.04 1.51 11.01 1.78

Table 3. Comparison of obtained voltages of previous studies with obtained ones using ANN1 and ANN2 for micro-switches with h =3um,
G, =1um, E=169GPa, b=50um and p=0.

L=250pm L =350um

Rokni et al. [48] 39.4 20.10
Haluzan et al. [49] 39.56 20.19
Sadeghian et al. [50] 39.13 20.36
Vakili-Tahami et al. [45] ~ ------- 20.25
Rezazadeh et al. [51] ------- 20.2
ANN1 40.08 20.62

ANN2 39.21 20.01

Next, the effect of the system's specifications on the pull-in voltage is examined. The effect of such parameters as thickness,
length, initial gap, Young's modulus, p and width are illustrated in “Figs 5-10.”, respectively. As shown in “Figs. 5, 7-9.”, as the
thickness increases, the initial distance, Young's modulus, p as well as the pull-in voltage increase. As seen in “Figs. 5-10.”, the
ANNT1 method estimates the pull-in voltage values for various parameters with a very good approximation. Also, “Fig. 8.” suggests
that the ANN2 method estimates the pull-in voltage for the following two cases: E=70GPa and E=169GPa with a low accuracy.
Similarly, as shown in “Fig. 6.”, as the length increases, the pull-in voltage decreases, and the significant point in this figure is the
low capability of the ANN2 neural network to estimate the pull-in voltage for L =100um . However, concerning the other cases,
the network showed an acceptable capability in estimating the pull-in voltage. As shown in “Figs. 5-10.”, it is concluded that
although the ANN2 method estimates the pull-in voltage well in most of the examined cases, it has significant errors in certain
cases. In addition, it was found that the neural ANN1 method generally estimates with good accuracy the pull-in voltage for
different cases. Thus, the ANN1 method is preferred to be used to estimate the pull-in voltage.

Finally, “Fig. 10.” shows the pull-in voltage dependency with the micro-beam width changes. As mentioned before, the pull-in
voltage of micro-structures should be independent of the width variation. According to the results of “Fig. 10.”, the pull-in voltage
slightly varies with the increasing width via the ANN2 neural method.
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Fig. 5. Compassion of obtained pull-in Voltages via numerical approach vs. obtained ones using ANN1 and ANN2 for micro-switches
with different thicknesses, L =600um, G, =2um, E=169GPa, b=8um and p=1.
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Fig. 6. Compassion of obtained pull-in Voltages via numerical approach vs. obtained ones using ANN1 and ANN2 for micro-switches
with different lengths, h=2ym, G, =2um, E=169GPa, b=8um and p=1.
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Fig. 7. Compassion of obtained pull-in Voltages via numerical approach vs. obtained ones using ANN1 and ANN2 for micro-switches
with different initial gaps, h=2um, L=600um, E=169GPa, b=8um and p=1.
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Fig. 8. Compassion of obtained pull-in Voltages via numerical approach vs. obtained ones using ANN1 and ANN2 for micro-switches
with different Young modulus, h=2ym, L=600um, G, =2um, b=8um and p=1.
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Fig. 9. Compassion of obtained pull-in Voltages via numerical approach Vs. obtained ones using ANN1 and ANN2 for micro-switches
with different parameter of p, h=2um, L=600um, G, =2um, E=169GPa and b=8um.
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Fig. 10. Compassion of obtained pull-in Voltages via numerical approach Vs. obtained ones using ANN2 for micro-switches with
different widths h=2pm, L=600um, G, =2um, E=169GPa and p=1.

5. Conclusion

Considering the significance of examining pull-in instability and determining pull-in voltage in micro-switches and micro-
actuators, this paper sought to design neural networks to determine pull-in voltage of micro-switches. Designed neural networks
are of two types; the first type doesn’t consider the micro-switch width parameter as the input while the second one involves the
width parameter. The type of neural networks employed is of feed forward back propagation, and the learning process of neural
networks is based on the Levenberg-Marquardt method. The number of hidden layers and of neurons in each layer were
determined by trial-and-error method and the best neural networks state were selected. Thus, the most optimal state includes
two hidden layers and the number of 10 and 8 neurons in the first and second hidden layers. For this end, 280 data were taken up
for training neural networks as pull-in voltage for micro-switches of different physical and geometric specifications. The required
pull-in voltages for training process were determined using the SSLM method in conjunction with the Galerkin method, seen to
be a reliable process for pull-in voltage determination.

After the neural networks training, their efficiency is evaluated through the percentage of output error and mean square error.
As reported in the body of paper, the highest e1 and e2 values are respectively 5.71% and 9.89% for ANN1 and ANN2. It should be
mentioned that, most of the errors e: and e, values are less than 1% and most of higher errors relate to pull-in voltages of less
than 2 volts. Also, the calculated MSE value for ANN1 and ANN2 are 1.4685x10* and 1.9791x10%, respectively. Regarding to
validation of designed networks, their performance was checked via comparing estimated values of pull-in voltage with those
provided in previous references. This comparison indicates the good capability of designed neural networks to determine the
pull-in voltage. Also, the effect of physical and geometrical specifications of micro-switches on voltage instability was examined,
suggesting very good result generated by the neural network of ANN1 in general. However, in some rare cases, the neural network
of ANN2 provided voltage instability with significant deviation. Finally, the neural network ANN1 was proposed to determine the
pull-in voltage.
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