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Abstract. In this paper we study the static deflection, natural frequency, primary resonance of an electrostatically actuated
cracked gas sensor. Besides, a novel hybrid metaheuristic algorithm is proposed to detect the location and depth of possible
crack on the microcantilever systems. The gas sensor configuration consists of a microcantilever with a rigid plate attached to its
end. The nonlinear effects of the electrostatic force and fringing field are taken into account in the mathematical model. The
crack is represented by a rotational spring. In the first part, the effect of crack on the static and dynamic pull-in instability are
studied. The equations of motion are solved by the application of the perturbation methods. Next, an inverse problem is
formulated to predict the location and depth of the crack in the gas sensor. For that purpose, the weighted squared difference of
the analytical and predicted frequency response is considered as the objective function. The location and depth of the crack in
the microsystem are determined using the hybrid Harris Hawk and Nelder Mead optimization algorithms. The accuracy and
efficiency of the proposed algorithm are compared with the HHO, DA, GOA, and WOA algorithms. Taguchi design of
experiments method is used in order to tune the parameters of optimization algorithms systematically. It is shown that the
proposed algorithm can predict the exact location and depth of the open-edge crack on an electrostatically actuated microbeam

with proof mass.
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1. Introduction

Electrostatically actuated sensors are frequently used in
many applications, especially in the fields of chemistry,
biology and, physics. Micro Electro Mechanical Systems
(MEMS) sensors are classified as resonators and non-
resonance sensors. In the latter, a movable electrode
(microcantilever) deflects towards the fixed opposing
electrode by the application of the DC voltage between
them. In mass sensors and pollutant sensors, the
microcantilever is deformed, and the capacity of the
capacitor comprising two electrodes is changed by
attracting the mass or pollutant. Therefore, by measuring
the changes in the capacity, the level of pollution or mass
can be measured. In the resonant sensors the combination of
DC and AC voltage is applied between the micro-beam and
opposite electrode. The electrostatic force due to DC
component deflects the micro-beam to a new position,
while AC component vibrates the micro-beam around this
equilibrium position. In these systems, the measurements
are performed by monitoring the changes in the resonant
frequency due to the nonlinear jump phenomenon. A change
in the stiffness or mass of the system shifts the resonance
frequency of the resonator or creates a sudden change on
the response. The amount of the frequency or response shift
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may be taken as a direct measurement of the physical
parameter. The performance of these systems highly
depends on the frequency response characteristics and the
resonance frequencies (Younis 2011).

One of the main causes of failure in the electrostatically
actuated systems is due to the pull-in instability. The pull-in
instability occurs when the elastic restoring force of the
microbeam is incapable of resisting against the electrostatic
force, and consequently coming in contact with the opposite
electrode. There has been a vast body of literature on the
effect of pull-in instability on the performance of
microsystems (Bianchi and Radi 2020, Duan and Rach
2013, Zamanian et al. 2018, Bansal et al. 2020, Abdalla et
al. 2005, Zhang and Fu 2012). Another important factor
affecting the performance of MEMS sensors and actuators
is cracks on the microbeams. The cracks can develop as a
result of the manufacturing and machining processes as well
as during the operation of the sensors. Cracks increase the
local flexibility of microbeam due to increased stress
concentration. Therefore, cracks can affect the static and
dynamic pull-in behavior, and thereby the stability of the
MEMS devices.

Sourki and Hoseini (2016) studied the effect of crack
parameters on the transverse vibration of cracked Euler
Bernoulli microbeam using modified couple stress theory.
They concluded that these parameters significantly affect
the natural frequency of the system. Similarly, Zhou et al.
(2015) studied the influence of slant cracks on the static and
dynamic features of electrostatically actuated microbeams.
The study concluded that the effect of crack position is
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more significant than the crack depth. The effect of the
crack on the static and dynamic pull-in instability of
microbeams with different boundary conditions is
considered by Motallebi er al. (2012). In this study, the
governing static and dynamic equations of motion are
solved using SSLM and Galerkin methods. The study
concluded that the dimension and location of the cracks had
significant influence on the pull-in voltage. The effect of
crack on the dynamic characteristics of electrostatically
actuated beams is examined by Hassannejad and Amiri
Jahed (2018) taking into account the residual stress and
fringing field effects. In several studies, the effect of crack
position and depth on the mechanical behavior of
MEMS/NEMS beams has been studied. For instance, Akbas
(2018) used the modified couple stress theory to study the
influence of crack parameters on FGM microbeams. In
another study, Al-Basyouni ef al. (2015) studied the bending
and vibration of FGM microbeams using modified couple
stress theory and neutral surface position methods. In
another study, Dastjerdi and Abbasi (2019) employed the
transfer matrix method to analyze the behavior of AFM
with the open crack. Similarly, the mechanical behavior of
cracked nano-beams composed of nanocrystalline materials
was considered by Shaat ef al. (2016) by using a size-
dependent micromechanical model and Mindlin couple
stress theory.In numerous studies, microbeams with proof
mass are used as sensors, actuators, and resonators (Nayfeh
et al. 2010, Ouakad 2015, Ouakad and Younis 2008, Khater
et al. 2014, Firouzi et al. 2016, Firouzi and Zamanian
2019). Nayfeh et al. (2010) proposed a new model of a gas
sensor consisting of an electrostatically actuated
microcantilever with a rigid plate attached to its end using
Galerkin and finite difference methods. In another study,
(Ouakad 2015, Ouakad and Younis 2008) investigated the
effect of the capillary and mechanical shock on the
performance of the gas sensors. Mechanical behavior of
binary gas sensor with same configuration, which utilized
static bifurcation-based sensing and binary detection, was
investigated and validated experimentally by Khater et al.
(2014).

Since cracks can lead to sudden failure of systems,
many research studies attempted to develop new methods to
predict the location and depth of crack (Rajabi et al. 2017,
Huang et al. 2017, Vakil-Baghmisheh et al. 2008, 2012,
Moradi et al. 2011, Jena and Parhi 2015, Jena et al. 2015,
Moezi et al. 2015, 2018b). In several studies, optimization
algorithms are used to detect the possible crack in a simple
beam by considering the problem as an inverse problem and
considering the objective function as the weighted squared
difference between the measured and calculated natural
frequencies, and the depth and location of the crack are
taken as optimization variables. Vakil-Baghmishe et al.
(2008) used binary and continuous forms of Genetic
Algorithms (GA) in order to identify the depth and location
of cracks in the cantilever beams. In another study,
Baghmishe et al. (2012), a hybrid algorithm using particle
swarm (PS) and Nelder-Mead (NM) algorithm was
proposed to detect cracks in the cantilever beams with
improved accuracy. Bees Algorithm was used to detect
cracks in cantilever beams, where the crack is modelled by

a rotational spring (Moradi et al. 2011). The study
concluded that Bee algorithm can predict the crack location
more accurately compared to the particle swarm
optimization (PSO) algorithm. (Jena et al. 2015) used Self
Adaptive Fuzzy PSO algorithm to investigate its
applicability for crack identification problems. Moezi ef al.
(2015) predicted the depth and location of crack in
cantilever beams by using Modified Cuckoo optimization
algorithm (MCOA). While the methodology was accurate in
terms of detecting cracks in beams, the number of function
evaluations was more than 26,000. Therefore, the authors
proposed the application of generalized modified cuckoo
optimization algorithm to reduce number of function
evaluations in another study (Moezi et al. 2015). Besides,
detecting the cracks in operational systems has a significant
importance in engineering applications. There is a various
array of studies on the crack detection of rotor systems
when system is in operation (Xiang et al. 2008, He et al.
2001, Zhang et al. 2016). Tables 1 and 2 give a summary of
the related novel techniques for prediction and crack
detection using optimization methods, respectively.
Optimization methods have been used in a large number
of engineering problems in order to improve the
performance of systems or to predict the failure of the
systems or medical diagnostics (Deng ef al. 2019, Cheng et
al. 2016, He et al. 2018a, b, Cao et al. 2019a, b, Chen et al.
2017). Adaptive differential evolution algorithm using a
combined strategy was proposed by Sun et al. (2019).
Multi-objective optimization algorithms were used in many
practical problems in order to optimize different objective
functions simultaneously (Amouzgar et al. 2020, Cao et al.
2019a, 2020b, c, d). Harris Hawk optimization algorithm
(HHO) (Heidari ef al. 2019) is inspired from the modelling
of Harris hawk’s behavior. The essence of the algorithm is
the co-operation between hawks in hunting their prey. More
specifically, the attacking strategy of Harris Hawks
simultaneously from various directions has been the
building block of the algorithm. This algorithm has been
demonstrated successfully due to improved exploitation and
exploration phases in engineering problems (Abbasi et al.
2019, Ekinci et al. 2019, Too et al. 2019, Yildiz et al.
2019a, Aleem et al. 2019). Multi population differential

Table 1 Novel techniques for prediction

Study Methodology Description
Roy et al. ANFIS-Firefly Predict reference
2020 optimization algorithm evapotranspiration
Chen et al. Multi-criteria evaluation of shale gas
2018 decision making supply chains
Wang et al. Chaotic Moth . . .
2017 Flame Optimization Medical diagnostics
Shen et al. SVM hybrid with firefly . . .
2016 optimization algorithm Medical diagnostics
Cao et al. Improved Whale Parameter estimation
2020c optimization algorithm
Liu et al. Genetic Algorithm Minimum Energy
2019 Simulated Annealing Consumption
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Table 2 Optimization based crack detection in mechanical systems

Study

Methodology

Case

Modelling

Sahoo and Maity (2007)
Sutar et al. (2021)
Khatir et al. (2018)

Rezaiee-Pajand and
Tavakoli (2015)

Pawar and Gauguli
(2003)

He and Hwang (2006)

Vakil-Baghmisheh et al.
(2008)

Moradi ef al. (2011)

Vakil-Baghmisheh et al.
(2012)

Moezi et al. (2015)

Jena and Parhi (2015)

Jena et al. (2015)

Moezi et al. (2018a)

Hybrid of Genetic Algorithm and
artificial neural network (GA-ANN)

Genetic Algorithm (GA)

Particle Swarm Optimization (PSO)

Genetic Algorithm (GA)

Genetic Algorithm (GA) & Fuzzy

Hybrid of genetic Algorithm and
simulated annealing (GA-SA)

Continuous Genetic Algorithm (CGA)

Bee Algorithm (BeA)
Hybrid of Particle Swarm Optimization
and Genetic Algorithm (PSO-NM)

Modified Cuckoo Optimization
Algorithm (MCOA)

Modified Particle Swarm
Optimization (MPSO)
Adaptive Particle Swarm
Optimization (APSO)

Generally Modified Cuckoo
Optimization Algorithm (GMCOA)

Clamped Free Beam and
Simple Plane Frame

Simple Cantilever Beam

Beam like structures

Concrete gravity dams

Simple Cantilever Beam

Beam Structures

Simple Cantilever Beam

Simple Cantilever Beam

Simple Cantilever Beam

Simple Cantilever Beam

Simple Cantilever Beam

Simple Cantilever Beam

Simple Cantilever Beam

Finite element model

Experimental data

Finite element model and
experimental data

Finite element model

Finite element model

Finite element Software
(ANSYS)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)

Analytical Method
(Continuous model)
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evaluation-assisted Harris Hawk optimization method was
proposed by Chen et al. (2020) to improve the exploitation
and exploration performance of HHO algorithm.

The microcantilever with tip mass introduced by Nayfeh
et al. (2010) has many applications in MEMS, and therefore
the capability of detecting crack parameters in such systems
is of engineering importance. In this study, first the effect of
the crack on the static and dynamic performance of the
aforementioned microsystems are investigated. The
equations of motion are derived using Newton’s method,
and the static deflection and natural frequency of the beam
are obtained analytically. The dynamic performance of the
system is determined using the multiple scale perturbation
method, which can determine the unstable region in the
frequency response curve. This feature of the algorithm
makes it more attractive than the other numerical methods.
In the second part of the paper, a novel optimization-based
method is proposed to determine the location and depth of
the gas sensors using the modal characteristics of the
system. The performance of the proposed hybrid algorithm
is compared with algorithms commonly used in the
literature. Although there are research studies on the
application of the metaheuristic algorithms to detect cracks
to simple beams, this is the first application of the
aforementioned metaheuristic algorithms to the MEMS
systems to the author's best knowledge. In addition, the
existence of the force due to electrostatic actuation makes

the current study more challenging. Since the nonlinearity
due to electrostatic force and fringing field effects are taken
into consideration in the proposed study, the cost function
becomes more complex compared to the common
modelling approaches in the literature in which the force
and momentum terms are ignored. Besides, the existence of
the electrostatic force has a softening effect thereby
changing the mechanical characteristics of the system. The
objective of this paper is to present a novel algorithm that is
able to detect the crack position and depth accurately for the
electrostatically actuated gas sensors with an open edge
crack.

The paper is organized as follows: first, mathematical
model of the electrostatically actuated cracked microbeam
with tip mass is explained in Section 2. Furthermore, the
static deflection, natural frequency and nonlinear dynamics
are presented in this section. The effect of the crack on the
static and dynamic pull-in instability is analyzed in Section
3. Section 4 is reserved for the analysis of the effect of
crack on the natural frequencies of the microcantilever.
Crack identification methodology using inverse approach is
presented in Section 5. The performance of the HHO
algorithm and the proposed hybrid algorithms is compared
in Section 6. The comparison with the optimization
algorithms from the literature is presented in Section 7.
Finally, the conclusions are given in Section 8.
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Fig. 1 A general flowchart for the proposed algorithm

Fig. 2 Schematic view of microsystem and its parameters

2. Modelling and formulation

A general flowchart of study is shown in Fig. 1. There
are two sources of nonlinearity: 1) electrostatic force, and 2)
fringing field effect. The static deflection, natural frequency
and primary resonance of the system with crack are
determined analytically. Then, the weighted squared
difference of the measured and calculated natural frequency
is used as the objective function. Finally, the location and
depth of possible crack are estimated using metaheuristic
algorithms.

The configuration of the micro-gas sensor, which is
shown in Fig. 2, consists of a cantilever micro-beam with
length of L and a rigid plate attached to its free end. There is
a transverse open-edge full-width crack of depth d., at
position /. The crack is oriented perpendicular to the
longitudinal axis of the microbeam.

The system can be modelled by two uniform sections,
representing the part of the beam before and after the crack
(section 1 and 2 in Fig. 3(a)), that are connected to each
other with a rotational spring. The DC voltage, Vpc, is
applied between the rigid plate and the electrode plate,
which is located at a distance d from the microplate. The
free body diagrams of the aforementioned microbeam in the
original and deflected configurations are shown in Fig. 3(a)
and 3(b), respectively. In this model, w; and w» describe the
transverse displacement of the beam on the left and right
sides of the crack, respectively. Similarly, w; is the
transverse displacement of the rigid microplate. The shear
force, Feq, and the bending moment, M, at the free end of
the microbeam are included in the equation of motion using
a Dirac delta function. The governing equations of motion
for the beam before and after the crack, and boundary
conditions using Euler-Bernoulli beam formulation are
summarized as follows (Hagedorn and DasGupta 2007)

(@) e
I(H

LA/ SO SR SRS Y
o p ot ‘ot =t
da*w, a°w, aw,
I + pA +c— (1)
ax* acz "ot
06(x—1)
= Foq0(x — 1) + Mg, F El.<x<L
ow,
w1|x=0=0, W|X=O=0,
2%w,
92 lx=L=0|x=1L, 2)
23w,
ppe [x=L=0|x=1L
Proof Mass
2 I 3
FRHEETEEEEREETEL
Electrostatic Force

Fig. 3 Free body diagram of system (a) original; and (b) deflected configurations
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The continuity equations between the left and right sides
of crack are given as follows

W1|x = lC = Wzlx = lC’

0%w, 2%w,

Tz Pl =a =l

23w 23w 3
T X =l=ga =l e

0%w, 0 0%w,
Elmlleczl{g Wllec—ﬁllec

The constant of rotational spring (Kg) depends on the
material and cross sectional geometry of the beam, which
can be obtained as follows (Vakil-Baghmisheh et al. 2012)

EIl 1

s @

where J is the geometrical factor as given in Eq. (5) (Vakil-
Baghmisheh ez al. 2012)

2 3

By combining Egs. (1), (6) and (7), the governing
equation of motion, boundary and continuity conditions can
be expressed as

0*w, N A62W1 ow,
oxt P g
w, d°w, aw,
o PG
d°w.

=— mp—atz2 [x =L[6(x—1D)

+Fel5(x - l) + Ffr6(x - l)
[ rL+2l, 9
— J- CWy dx] fx—=1D

El

E

L
Mg 6(x — D) + Mg 6(x — 1)
[ 0%w,  1as(x—1D)

P axae ¥ = l] ox
36(x — 1)

L+21p l d l
— A [ < <
J; c(x Zl,)w3 x 3 , l<x<L

4 5 6

d d d d d
J = 1.8624 (Z) —3.95 (Z) +16.375 <Z> —37.226 (Z) + 76.81 (—)

7 8

o 4 h )

1269(d) +172 <d> 143.97 (d) + 66.56 (d)

Applying Newton’s second law for the Fig. 2 yields Eq.
(6)

a2w(L, t) L2l
Feq=Fel+Ffr—mpT—f cws dx
L
23w(L,t)

Meq = Mel + MfT - Ip —axatz

L+2l
—f c(x — (L + Ly))ws dx

L

(6)

where the force and torque due to the electrostatic
actuation considering the fringing field effects (Vakil-
Baghmisheh et al. 2012) are calculated according to Eq. (7)

1
Fo = =¢eb,(Vpe + Vye cos(2t Zf ——dx
el 2 p( DC AC ( )) ; (d _ W3(x))2
Ffr = 0'325€(VDC + VAC COS(Qt))Zf
1
M, = Eebp(VDC + V4 cos(02t))? jL

MfT = 0325€(VDC + VAC COS(.Qt))Z J.

Finally, the transverse displacement of rigid micro-plate,
w3 (x), can be written as follows

ws(x,t) = wy(L,t) + 1,0 + (x — (L + Lp)) tan@,
. )

For the convenience and the generalization of the
findings, the following set of non-dimensional parameters
are introduced

L X ~ wy
I=-, wWy=— i=123,
l
i tT— pAl* (10
T | EI’

Using the non-dimensional parameters described above,
Eq. (9) is re-written as

L+2ly 1

L+21p 1
. @ w ™ -
W2l (x — (L + L))
@ wa(0)?
L2l (xx — (L + L))
L @ w)
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l+21

1
+af-r- [(VDC + VAC COS(Qt)) f T@))
3
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i

asdw, a5(z - 1) L+2ly (J? -(I+ fp)) as(z-1)
—a, [09?6{52 | = l] Fr + ey |(Vpe + Vac cos(.()t))zj; A= @)° dx 9% "
oty (2 - (1415)) | 68(x D) [+ Jas =) A A
+a sz ax J- &z =1 )w _ . <x<|
T (- @) [ (e 0 ‘
ow %W
Mmg=0=0, —S[Z=0=0, afle:l:o,
FrS [x=1=0, Wlx=I[=w|x=1
9%, 9%, 3w, 3w,
7|x—lc— 2 [x =1, o [x =1, FPS |x =1,
9%, (0w, 9%,
axz |x - lC - KG axz |x =t axz |x = lC
where
KL eb, It 0.325¢] 2.1 Static deflection and natural frequency
e = ) l = T a3 af =T =72
rfl ‘ %El d? ' c dEI d? B The static equilibrium equations, presented in Eq. (15),
3 = -z 4 = -z =— (12) are obtained by setting the terms involving the time
pA pAl pALt derivatives to zero.

The equivalent force and moment terms from Eq. (11)
are moved to the boundary conditions for the free end of the
beam. Finally, the following equations of motion, boundary
and continuity conditions are obtained

o*w, 9%w, R
=0 0<x<lI

0*wgq
— =0 0<x<l,
9x (15)
0%wyg,
Fpe =0 . <x<L

Similarly, the boundary and continuity conditions are

m 2 c shown in Eq. (16).
o, 35 ) (13)
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AT
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we|x =0=0, ;1|x=0=0
a%w, Ly (x — (1 + 1)) L (x — ([ + 1))
- =L+ V ZJ —— P dx+ % zf ——— P dx =0
a 2 |x ael( DC) L (1 _ W53(x))2 X afr( DC) L (1 _ Wsp(x)) (16)
63W L+lp 1 X L+lp 1
=1 Vi —d V ——dx =
etk = L aatoo)” | G s e e [ s
The final form of the static deflection, wg;(x), is given
in Eq. (17)
awg - .
ws (x) = o _21 +@x—(L+ 2 |x =] 3 3
0°Wgq d w 0°wgy Wso
Wsllf =l =wglx =1 axzs lx =1 = Ox2 |x =1, ax; lx =1 = ax; lx =1, a7
0°wy, 0w, 0wy
EI axzfl =1, Kg(aslx—lc— a; |x—lc)

The general solution of Eq. (15) can be obtained as

64W51 —~ -~ o3 a2 ~
Fryate 0= W (X) = A1X° + A,8° + Asx + Ay,
18)
04w (
asz =02 Wy, (8) = AsR3 + AgR2 + A,R + Ag,
where A;, i = 1..8 are unknown coefficients, which are

calculated by considering the boundary conditions and
continuity equations defined in Egs. (16) and (17),
respectively. The microbeam deflection is the summation of
the static, wg;(x), and dynamic solutions u;(x,t), i =
1,2,3 as given in Eq. (19)
Wl(y,/t\) = Wsl(x) +ui(£,’t\), i=1,2,3 (19)
As the next step, Eq. (19) is substituted in Egs. (13) and
(14), in which the Taylor series expansion of the electrical
force about us(x,t) is used. Then, by employing Egs. (16)
and (17), the terms that represent equilibrium position are
eliminated. The resulting equations of motion about static
deflection and associated boundary conditions are given in
Eq. (20)

By substituting Eq. (19) into Eq. (14), expanding the forces
and electrostatic moments around static equilibrium
position up to third order, and removing the pure static
terms, the nonlinear equation of motion about static position
is finalized (see Appendix 1 for the details). Then, this
equation is discretized using the Galerkin method. For that
purpose, it is assumed that @;(%,£) = p(t) X ¢; i = 1,2,3,
where ¢4, @, and @sare functions of linear mode shapes
of vibration about static equilibrium position along the
length of the section 1 and 2 of the microbeam and proof
mass, respectively. Similarly, p(t) is the time domain
response of the system. By substituting this assumption into
equation (available in Appendix 1) and summing two
equations of systems can be stated as

M;p(t) + Myp?(t) + M3p3(t) + Mup(t) + Msp(t)
+M¢V,. cos(2t) + M,V,.* cos?(2t)
+MgV,.p(t) cos(2t) =0

€2y

where the coefficient of M;,i = 1..8 are described in
Appendix 2. Eq. (21) is solved by analytical multiple scale
perturbation method, which is explained in the next section.

a4u1 azul_o 0<A<,\
ox* ' 9tz Sre
a4u2+62u2_0 l.<zx<1
az* ' otz ac_x—
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Vpe +V 0t Atz & =M 53
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— ez + e (Vo + Vac cos(t)) .[L (1 —Wes(R))3

An\2
+afr(VDC + Vac cos(.()t)) f
L

The natural frequencies and corresponding mode shapes
about the static equilibrium position are obtained by simply
substituting u;(%,£) = @;(®)e®t,i = 1,2,3 into Eq. (20).

L+2l (x -(I+ Zp))

(1-

. 03u,(I, 1)

dg =1 A
W)~ P gz
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2.2 Multiple scale perturbation method

Eq. (21) can be solved using multiple scale method of
perturbation theory assuming that the nonlinear terms have
lower orders compared to the linear terms. Therefore, p(¢)
can be represented as in Eq. (22)

p(t) = € p1(To, Ty, Ty) + €% po(Ty, Ty, To) 22)
+&3 p3(To, Ty, To)

where Ty =t, Ty =¢ct, T,=¢e?t, are time scales and
e is a dimensionless book-keeping parameter, which
represents the order of the expressions. The derivatives of
these functions, shown in Eq. (23), are calculated using the
chain rule

o 9 9  , 0
a—a—To+sa—Tl+ea—T2

a 9’ 2 0 ,0* 0 (23)
w=a—To-|'2.:‘:6—7_,06—,1_,1-|'.£a—Tl'|'2£a—Toa—T2

In order to balance the nonlinear terms with the terms of
air damping and excitation, these terms are considered as
order €2 and &3, respectively. By this assumption and
substituting Egs. (22) and (23) into Eq. (21), Egs. (26) to
(28) are obtained. In this derivation, the equations with the
same power of ¢ are collected. Ordering €' terms yield Eq.
(24)

0%p,(To, Ty, T2) M,
——+ N;p; (T, T;,T,) =0, N, =— (24
OT,? 191 (To, Ty, T2) 1 M (24)
Similarly, ordering & terms yield Eq. (25)
0%p,(Ty, Ty, T
Tr00 ™) |, 11T
aT,
0%p,(To, Ty, T,)
=—2——2 2 N,p (To, Ty, T5)?, 25
aT,dT, 2P1(To, T1, T2) (25)
2
N, = —
2 M
Finally, &* terms are collected as shown in Eq. (26)
0%p5(T,, Ty, T
TesToTuTa) |y (T T Ty
aT,
_ 0%p,(To, Ty, T2) _ 0°p,(Ty, Ty, T>) _ 0°p,
dT,0T, dT,0T, aT,?
—2N,p1(To, Ty, )02 (To, Ty, T2) (26)
apl (TO, Tl! TZ) 3
Ny ——————— = Nyp1(To, T1, T2)
aT,
_N6 VAC COS(QT()) - N7VAC2 COSZ(QT()) )
Ny=Ms oy My M M
3_M5 4-_M5 6_M5 7_1\45

Since w = ,/N;, the homogeneous solution of Eq. (25)
is as follows

p1 = A(Ty, T,)e™™ + A(Ty, T,)e ™™ 27)

where A(Ty,T,) is a complex constant. By substituting Eq.
(27) into Eq. (24)

oA | ] (28)
= <—2i(u T) el@To + (N,A%)e?@T + N,AA + C,
1

where C. stands for the complex conjugate of the preceding
terms. Eliminating the secular terms from p, requires that
A = B(T,). The particular solution of Eq. (28) is given as

N,

. Ny . . N,
) =wA2e2m)T0 +ﬁAZe leTO—ZFAA (29)

p
By substituting p; and p, from Eq. (27) and Eq. (29),
into Eq. (26), considering resonance frequency as 2 = w +

€20, and keeping the terms that contain secular terms, Eq.
(30) is obtained

0°p;
— +N

6T02 1P3

_ Ny . _

_(_; o 5 o iom .

B (_le‘*A ~ ZiwA + NsATA + e z)elw ° (30

+C, + NST

10N,2
5= 32 N

where o is the detuning parameter, and NST represents the
rest of the terms, which do not produce secular terms. By
expressing A in the polar form (A4 = %a(Tz)e"B) and
substituting it into Eq. (30), elimination of secular terms
requires

- 1 1. . Ng
—ia' + aB +=Nsa® — = Nyiwa + —cos(oT, — B)
" 8 2 2 1)
+i7sin(aT2 -B=0

Assuming y = oT, — 8, and
imaginary parts in Eq. (31) yields

separating real and

, 1 N
a = —EN4a +ﬁsiny (32)
, 1 N,
ay =oa +%N5a3 +ﬁcosy (33)

By letting a’ and yto be equal to the zero in the Eq.
(32) and Eq. (33), the equilibrium point can be obtained as
follows

1 Ng
- =—gi 34
2N4a)a > siny (34)
1 N,
(aw+§N5a2>a = —76COS]/ (35)

By squaring Egs. (34) and (35) and adding them up, the
frequency response equation is obtained as follows
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1 1 2 Ng*
ZNA,Za)Za2 + (aw + §N5a2> a? = % (36)

3. Effect of crack on the pull-in instability

The effect of cracks in the static and dynamic pull-in
instability in MEMS applications is well known in the
literature (Zhou et al. 2015, Motallebi et al. 2012,
Hassannejad and Amiri Jahed 2018, Akbas 2018, Al-
Basyouni et al. 2015, Dastjerdi and Abbasi 2019, Shaat et
al. 2016). Therefore, we investigate the effect of crack
parameters such as the position and depth of the cracks on
the static and dynamic pull-in in this section. The physical
and geometrical properties of the gas sensor are presented
in Table 3.

Table 3 Geometric and physical parameters of the gas

sensor
L b h Ly b, hy
250 um 5 um 1.5 pm 25 um 20 um 2 pm
E p £ d Voc  Vac

160 Gpa 2300 kg/m*  8.854x10?F/m 4um 6v O0.lv

04 T T T

035 L s Prasent Work (Without Crack)
o B Previous Work

mas

3.1 The effect of crack on the static pull-in of
system

If a voltage is applied between the rigid plate and the
electrode, the electrostatic force deflects the micro-
cantilever beam to a new static position. When the voltage
exceeds a critical value, the mechanical restoring force of
the microbeam can no longer maintain the opposing
electrostatic force leading to the collapse of the structure.
This voltage is known as static pull-in voltage, which is
independent of time or primary location of the microbeam
(Younis 2011). The maximum deflection of micro-
cantilever beam as a function of VDC is plotted in Fig. 4.
The parameters are taken from the literature (Nayfeh et al.
2010). In the analysis, the crack and fringing field effects
are not taken into account. The results are in good
agreement with the previous study from the literature
(Nayfeh et al. 2010).

The maximum static deflection versus the applied DC
voltage for different crack length and depth is shown in Fig.
5. The results show that, the pull-in occurs earlier when
there is a crack in the microsystem due to the fact that crack
increases the local flexibility of the microbeam. The results
yield that the pull-in voltage has the lowest magnitude at the
fixed end of microcantilever, i.e., L¢c = 0, while it increases
when the crack is closer to the microbeam’s free end.
Furthermore, it can be observed that by increasing the depth

0.4 T T

=@ Intact Beam
0.35 —==L =0.01d=0.25

EeY LCZO.ZS dCZOAS
—.—Lc:().()l dc:0.5

VDC

Fig. 5 Maximum deflection of micro-cantilever beam as a function of Vpc for cracks with different length and depth
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0.6

de =025

Intact Beam

04

0.1

Fig. 6 The variation of response amplitude a with respect to
o for different values of the crack depth

Table 4 The first four natural frequencies of the intact beam
fi (Hz) f> (Hz) f3 (Hz)
1.3416 13.1624 39.5280

fs (Hz)
80.5635

of the crack the static pull-in voltage decreases. The results
from Fig. 5 show that for the lower voltage effect of crack
length is negligible.

3.2 The effect of crack on the dynamic pull-in of
system

When the rate of change in the voltage is not negligible,
the inertia effects should be taken into consideration in the
dynamic analysis of the microsystem. Under these
conditions, the pull-in instability is called the dynamic pull-
in and the voltage that causes the instability is called
dynamic pull-in voltage. Another important phenomenon in
the electrostatically actuated microbeams is the shift of
resonance frequency due to the nonlinearities of the
systems. This condition occurs when the AC and DC
voltages are applied between microbeam and electrode
simultaneously. The changes of the system’s equilibrium
amplitude « versus the change ofocat the primary
resonances for different values of nondimensional crack
depth and length are plotted in Figs. 7 and 8,
respectively. These results show the softening behavior as a
result of the softening nature of the electrostatic force.
Moreover, it can be observed that the presence of crack
increases with the nonlinear shift of the resonance
frequency as well as the maximum amplitude. Fig. 5
indicates the influence of crack depth on the resonance
frequency. The nonlinear shift of resonance frequency for a
system with L = 0.25 may be further decreased by
decreasing the value of nondimensional depth without a
main change on the value of the amplitude at the resonance
peak. Fig. 6 demonstrates that both the nonlinear shift of the
resonance frequency and the maximum amplitude increase
when the crack is located closer to the fixed end of the
microcantilever.

0.6

0.5

0.4

03

0.1

0.5

Fig. 7 The variation of response amplitude a with respect to
o for different values of the crack length

4. The effect of crack on natural frequencies

To evaluate the effect of crack on the natural frequency,
the natural frequencies of the cracked microbeam with tip
mass under electrostatic actuation are calculated according
to the methodology outlined in Section 2.1. The first four
bending natural frequencies are plotted in Fig. 8 as a
function of crack depth and location. The first four bending
natural frequencies are summarized in Table 4. The results
show that the natural frequency decreases with the
increased crack depth. Furthermore, it can be concluded
from Fig. 8 that changing the crack depth is more influential
in the higher frequencies. For example, the rate of change in
the fourth natural frequency is comparably higher than the
first natural frequency when the non-dimensional crack
depth changes from 0.1 to 0.2. To investigate the effect of
the crack parameters on natural frequency, 12 cases with
different crack parameters are chosen. The natural
frequencies corresponding to these cases are summarized in
Table 5.

Table 5 Results for the first four bending natural

frequencies
™ Lc D. fi(Hz) f:(Hz) fi(Hz) f1(Hz)
1 0.2 0.1 1.3387 13.1618 39.5060 80.4468
2 0.2 0.15 1.3368 13.1616 39.4888 80.3546
3 0.2 0.2 1.3358 13.1615 39.4801 80.3076
4 0.4 0.1 1.3402 13.1460 39.4966 80.5331
5 0.4 0.15 1.3394 13.1332 39.4720 80.5093
6 0.4 0.2 1.3390 13.1267 39.4594 80.4971
7 0.6 0.1 1.3410 13.1404 39.4894 80.5351
8 0.6 0.15 1.3408 13.1233 39.4591 80.5129
9 0.6 0.2 1.3407 13.1145 39.4436 80.5015
10 0.8 0.1 1.3412  13.1578 39.4769 80.4031
11 0.8 0.15 1.3412  13.1545 39.4364 80.2763
12 0.8 0.2 1.3412  13.1527 39.4156 80.2116
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Fig. 8 Natural frequency of microsystem with an open-edge crack versus the location for different crack depth (a) 1%
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5. Crack detection using optimization methods

It has been shown in Section 4 that the parameters of the
depth and location of the crack lead to a change in natural
frequencies compared to the original structure without any
cracks. Therefore, this knowledge can be used to determine
the location and depth of possible cracks using optimization
methods. Towards this end, the objective function, given in
Eq. (37), is considered as the weighted squared difference
between the measured and calculated natural frequencies.
Furthermore, the depth and location of the crack are
considered as the optimization design variables. The depth
of the crack varies from 0 and the height of the micro-
cantilever beam, while the location of the crack ranges from
0 mm and the length of the micro-cantilever beam. These
constraints are expressed in Eq. (38).

2

4
Cost(l,, d,) = Z o, (fi—f)  (=1234) 67
i=1

subjected to

0<d.,<h  0<Il <L (38)

where ®; is the i weighting factor. f; and f" are the i
measured natural frequency of the cracked micro-cantilever
beam, and the i" natural frequency estimated from the
optimization algorithm, respectively. Since the change in
higher natural frequencies are more than the lower
frequencies, a weighting factor is introduced for each mode

with a scale factor, % (Casciati 2008), in order to account
for the effect of each mode equally.

6. Methodology

In this section, the methodology to solve the
optimization problem defined in Section 5 is presented.
Since proposed methodology is based on the HHO
algorithm, this algorithm is briefly described in Section 6.1.
Then the proposed hybrid algorithm is explained in Section
6.2. The parameters of the algorithm are tuned using the
Taguchi Design method to compare the results fairly with
the algorithms in the literature. Taguchi Design method is
briefly presented in Section 6.3.

6.1 Harris Hawk Optimization Algorithm (HHO)

Harris Hawk Optimization (HHO) algorithm is inspired
by the cooperative behavior of Harris Hawks in chasing the
prey (Heidari et al. 2019). The ability of Harris Hawks to
attack in different directions at the same time and their
attempt to surprise the prey from various paths have been
the building block of the algorithm. Three stages of the
HHO algorithm are as follow: 1) the first stage is the
exploration stage, in which new and variable responses are
generated, 2) the transition from exploration to exploitation
is performed based on the external energy of the prey, and
3) finally, local improvement of the responses from the
exploration stage is carried out. The exploration stage can
be formed as follows
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_ |*rana () — 11l Xrana(t) — 2rx(t)|
¥(t+1)= {xprey(t) — X () — 15 (LB + 1,(UB — LB))

where x(t) and x(t + 1) are the current location and the
location of the Harris Hawk in the next iteration t,
respectively. Xp,rey(t) is the location of prey, 7,75,73,7,
and ¢ are arbitrary numbers between zero and one.
Xrana(t) 1s the randomly selected hawk from the
population. Moreover, LB and UB indicate the lower and
upper limits of variables, respectively. X,,(t) is the
average position of Harris Hawks, which can be determined
according to Eq. (40).
N

1
xn(®) =5 ) xi(®) (40)

i=1

where N is the number of all Harris Hawks and illustrates
the position of each Harris Hawk for iteration
corresponding to time ¢. Apparently, the energy of the
hawks is lessened during chasing and hunting, which is
represented by Eq. (41)

x(t+1)={Z=Y+S+LF(D)

E = 2E, (1 - %) (1)

E denotes the escaping energy, E, stands for the initial
energy, and 7 indicates the maximum number of iterations.
In this stage, the value of E, determines the phase: |E,| =
1 represents the exploration phase, and |Ep| <1
corresponds to the exploitation phase. The hawks’
surprising attack to the prey is performed from the previous
phase in the exploitation phase. There are four models to
represent the exploitation phase:

- Soft surround: r >0 and |E| = 0, which can be
calculated as

x(t + 1) = Ax(t) = E|[Jxprey (£) — 2x(0)| (42)

Ax(t) = xprey(t) - x(t) (43)

where Ax is the difference between the prey location and
the current location of Hawk corresponding to iteration at
time, ¢. J is the random jump severity of the prey, which can
be stated as follows

J=2(01~-r5) (44)

where 7z is a random number in the interval (0,1).

- Hard surround: » > 0 and |E| < 0.

In this stage, the prey is tired and does not have enough
energy to escape. This phase is modeled as follows

x(t +1) = xprey(t) - Enle(t)l (45)

- Soft surround with progressive rapid dive: r < 0
and|E| = 0

In this phase, the prey has sufficient energy to escape
successfully. In this step, hawk examines the next move for

xprey(t) - EI]xprey(t) - xm(t)|

729 39
qg<0 (39)

performing soft surround that can be obtained as
% = Xprey(t) = E|J2prey (£) = x(8)] (46)
Z=Y+S+LF(D) 47)

where D indicates the dimension and S is a random
vector by sizel X D and LF is the levy flight function
(Heidari ef al. 2019, Yang 2010). This can be represented as
follows:

Y f<fo®)

x(t+1)= { 48

D=z @< row) @9
- Hard surround with progressive: r < 0 and|E| < 0.

The prey in this case does not have sufficient energy in

order to escape properly, which can be expressed as follows

) < fO/(©) @)
@) < fO®)

6.2 Proposed hybrid algorithm based on Nelder-
Mead (HHO-NM)

The Nelder-Mead (N-M) simplex search method
(Nelder and Mead 1965) is a local search method for
solving unconstrained optimum problems without using
gradient information. N-M algorithm is effective in finding
improved solution and shows superiority compared to the
algorithms based on random search. Furthermore, the N-M
algorithm makes it possible to re-scale or reshape due to
simplex search by considering the local behavior of the
response function. In addition, the search direction in N-M
algorithm is determined from the comparison of the
function values, which are insensitive to small inaccuracies.
However, this algorithm is very sensitive to the selection of
initial points and there is no guarantee for finding the global
optimum (Sarakhsi ef al. 2016).

The hybrid algorithms are used previously in the
literature (Vakil-Baghmisheh et al. 2012, Yildiz et al.
2019b, Ma et al. 2020, Sarakhsi et al. 2016, Rajan and
Malakar 2015, Ye et al. 2020a, b) to achieve a better
exploration and exploitation. Previous research (Vakil-
Baghmisheh et al. 2012, Yildiz et al. 2019b, Sarakhsi et al.
2016, Rajan and Malakar 2015) indicate that hybrid
algorithms based on N-M can overcome the slow
convergence rate and trapping in the local optima.
Therefore, it is possible to find the optimum solution with a
lower number of function evaluations. In this paper the
three novel algorithms are combined with N-M to improve
the convergence and accuracy for obtaining the optimal
solution. The flowchart of the proposed hybrid algorithms is
demonstrated in Fig. 9. There are three main steps in the
proposed hybrid algorithms: 1) The first optimization
algorithm (HHO) predicts the location and depth of the
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Generate Initial
Population of HHO

Find theoretical
Natural frequencies of
microsystem

Calculate the Cost Value
for HHO Algorithm

Measured Natural
Frequencies

Select the location and

depth of crack as initial
value for N-M algorithm

Stop
No Condition
available?,

Output results
(Cost, Crack depth,

Crack location)

Fig. 9 Flowchart of proposed hybrid algorithm

crack, 2) the results from first step are taken as the initial
values for the N-M optimization method, and 3) The N-M
algorithm is applied to the beam with an open-edge crack to
find the location and depth of the crack as the optimization
design variables.

6.2 Taguchi Design of Experiment (DOE) Method

This section describes the details of the Taguchi design
of experiment to tune the optimization algorithm
parameters. The Taguchi method is an experimental design
method that provides a systematic procedure to tune the
parameters of the optimization algorithms. Taguchi DOE
method can be used to reduce the number of experiments by
employing orthogonal arrays and reducing the effects out of
control factors. The essence of the Taguchi design of
experiment method is to minimize the variance of the signal
to noise ratio (S/N), which is regarded as the objective
function. In this method, orthogonal arrays (OA) are
utilized to reduce the number of experiment, which would
lead to a reduction in computational time. In the present
study, the L25 array of Taguchi design of experiment
method is employed. The Taguchi method performs a
sensitivity analysis to select a proper level for each
parameter. The Signal-to-noise (S/N) ratio as the
measurable value of the quality characteristics of choice is
used in this method. The Taguchi design flowchart is shown
in Fig. 10. The signal-to-noise (S/N) ratio for the lower-the-

Select proper
Orthogonal Array (OA)

I

Run Experiments

I

Analyze data

b

Identify Optimum
Condition

I

Confirmation runs ‘

ficant factors level of the design
factors

Determine suitable working
levels of the design factors
etermine the results of parameter
design by tightening the tolerance of

{

signi

Dy

Fig. 10 Flowchart of Taguchi Design of Experiment

better case defined with the Taguchi method (Roy 2001) is
given in Eq. (50)

2
S/N Ratio = —10 log [Zyj (50)

where, y; is the value of optimization objective function,
and n is the number of repetitions of optimization method
in a trial for solving the problem. The levels of the Taguchi
Design of Experiment method for the GOA (Saremi et al.
2017), DA (Mirjalili 2016), WOA (Mirjalili and Lewis
2016) and HHO (Heidari et al. 2019) algorithm are
presented in Table 6. The results of Taguchi Design of
Experiment are demonstrated in Fig. 11.

Table 6 Parameters for Taguchi DOE method

Optimization Parameter Level
algorithm 1 2 3 4 5
Search Agent 20 25 30 35 40
Iteration 300 350 400 450 500
GOA

Attraction lenghtscale 0.8 1 1.2 14 1.6
Intensity of Attraction 0.3 04 0.5 0.6 0.7

Search Agent 20 25 30 35 40

DA Iteration 300 350 400 450 500
Beta 08 1 12 14 1.6

Search Agent 20 25 30 35 40

WOA Iteration 300 350 400 450 500
b 08 1 12 14 1.6

Search Agent 20 25 30 35 40

HHO Iteration 300 350 400 450 500
Beta 08 1 12 14 16
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7. Comparison of optimization algorithms

The accuracy of five optimization algorithms for the
determination of the location and depth of a crack on the
electrostatically actuated gas sensor with proof mass is
investigated in this section. The parameters of the
aforementioned optimization algorithms are tuned using
Taguci design of experiment as detailed in Section 5. These
parameters are summarized in Table 7. The results of the
optimization algorithms are compared with the first four
bending natural frequencies from theoretical calculations
for the 12 cases presented in Table 3. The optimization
results, relative error and objective cost functions for
aforementioned optimization algorithms are presented in
Table 8, Tables 9 and 10, respectively. The relative error
estimation for the open edge crack in the sytem can be
obtained using the following equation

%Error

Evaluated Value — Measured Value (51)
= x 100

Measured Value

The results from Table 8, Table 9 and Table 10 clearly
show that the accuracy of the HHO is higher compared to
GOA (Saremi et al. 2017), DA (Mirjalili 2016), WOA
(Mirjalili and Lewis 2016) algorithms. More specifically,
the average relative error of HHO in finding the location
and depth of crack based of equation shown in Eq. (51) are
0.158% and 0.529%, respectively. The superiority of HHO
compared to GOA, WOA and DA can be attributed to the
features of the HHO algorithm that enhances the
exploitation and exploration phases of HHO algorithm.
More specifically, there are several diversification
techniques based on the location of the hawks. Furthermore,
the energy parameter of the HHO algorithm is used in order

to improve the exploitation and exploration phases. Even
though the accuracy of the HHO algorithm is quite high,
there is still room for improvement the accuracy of
algorithm for the crack detection application. There are
studies, which address the balance between the exploration
and exploitation phases for specific applications, in the
literature. As one of the disadvantage, the HHO algorithm
may be trapped in the local optima and consider the local
optima as a global optima. Therefore, a hybrid algorithm

Table 7 Optimization parameters used in the crack detection

Ogiign;iiztahtrircl)n Parameter Value
Search Agent 35
GOA Iteration 500
Attraction lenght scale 0.6
Intensity of Attraction 1.6
Search Agent 35
DA Iteration 500
Beta 1.4
Search Agent 35
WOA Iteration 500
b 1.2
Search Agent 30
HHO Iteration 500
Beta 1.6
Search Agent 30
HHO-NM Iteration 500
Beta 1.6




Table 8 The comparison of the results of optimization algorithms on the location and depth of the crack

Cost Value

Cost Value
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Table 9 Relative error between the actual and calculated crack dimension from optimization algorithms

) DA GOA WOA HHO HHO-NM
Indicator Location% Depth% Location% Depth% Location% Depth% Location% Depth% Location% Depth%
Minimum 3.45E-03  0.08178  3.33E-02  0.09502 5.21E-03 0.012611 3.15E-02 0.013471 3.15E-04 5.53E-05
Average  2.02E-01 138717 2.60E-01 1.563603 2.53E-01 1.0037 1. 58E-01 0.529 2.85E-02  0.025568
Maximum 1.03E+00 6.300021 6.63E-01  6.761138 1.10E+00 5.701475 6.05E-01  3.800002 9.10E-02 0.07

Table 10 Optimization cost value for the optimization

algorithm
Evaluated cost value
™ DA GOA WOA HHO HHO-NM
1  6.79E-06 3.51E-08 6.79E-06 1.25E-09 2.24E-20
2 1.49E-09 5.10E-08 1.03E-05 1.49E-09 1.58E-18
3 2.67E-09 6.04E-05 3.36E-08 2.67E-09 8.34E-20
4 1.10E-08 4.29E-06 4.78E-06 1.84E-10 1.26E-19
5 9.28E-10 1.16E-05 1.48E-07 9.28E-10 1.43E-18
6 1.59E-05 3.14E-10 8.17E-06 3.14E-10 2.84E-20
7 0.000349 3.68E-09 6.96E-08 3.52E-09 3.71E-19
8 2.32E-09 8.51E-09 6.14E-07 2.32E-09 2.63E-19
9 2.54E-09 2.54E-09 2.81E-08 2.54E-09 1.61E-20
10 2.01E-06 3.29E-07 3.83E-09 3.62E-10 3.77E-19
11 7.16E-06 2.84E-08 2.13E-08 2.27E-08 5.98E-18
12 2.06E-08 1.24E-08 2.18E-08 2.06E-09 1.71E-20

based on Nelder Mead is proposed to enhance the
performance of HHO algorithm and avoid local optima
stagnation in this study.

The best cost value versus number of iterations is
plotted in Fig. 12 for all 12 cases. The results demonstate
the superiority of HHO-NM algorithm compared to the
other algorithms for the crack detection application. It can
be observed from Fig. 12 that the speed of convergence is
improved with the proposed hybrid algorithm (HHO-NM).
The results from Table 8 indicate that HHO-NM can predict
the crack parameters more accurately. More specifically, the
average error for the location of the crack is 0.0285% and
its average error in finding the depth is 0.025568% as can
been from Table 9.

8. Conclusions

In this study, the effect of crack on the mechanical
behavior of electrostatically actuated microcantilever with a
tip mass as a representation of gas sensor is investigated.
Besides, a novel hybrid algorithm is proposed to determine
the location and depth of the crack on the microsystem. The
static deflection and natural frequency of the system are
obtained using exact method where the equations of motion
are solved using the perturbation method. In the first part of
paper, the effect of crack on the both static and dynamic
pull-in is analyzed. It is shown that a crack can affect the
pull-in instability. The results show that the length of the

crack is more dominant than the depth of the crack.

We proposed a novel hybrid metaheuristic algorithm to
detect the location and position of the crack in the second
part of the paper. The proposed HHO-NM hybrid algorithm
is more accurate and efficient compared to the well-known
conventional algorithms (WOA-DA-GOA-HHO) from the
literature. The parameters of optimization algorithms are
tuned using Taguchi design of experiment (DOE) method
for a fair comparison of the results. The results showed the
superiority of the proposed algorithm in term of accuracy in
finding cracks parameters. The proposed algorithm is
expected to prove beneficial where the accuracy and
efficiency of the determination of the crack parameters are
important for critical engineering applications.
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