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Dynamic Analysis of Viscoelastic Circular Diaphragm of a MEMS Capacitive
Pressure Sensor using Modified Differential Transformation Method

Abstract

In this paper, a dynamic analysis of the viscoelastic circular diaphragm of a Micro-Electro-Mechanical
System (MEMS) capacitive pressure sensor using the Modified Differential Transformation Method
(MDTM) is presented. The MEMS technology has been increasingly used to fabricate sensors and
actuators and the MEMS capacitive pressure sensor is emerging in many high-performance applications.
The deflection of these sensors diaphragm (plate) depends largely on the material of the diaphragm. In
this study, a circular diaphragm of viscoelastic material is modeled using the classical plate theory. The
governing differential equation is solved using Modified Differential Transformation Method (MDTM) and
the result is validated with Finite Difference Method (FDM). The result shows excellent agreement with
the numerical method. The effects of amplitudes, frequency, viscoelastic parameter, and time of applied
pressure on deflection of the viscoelastic circular diaphragm are investigated. It is established from the
results that the deflection of the sensor increases with an increase in the amplitude, frequency and time
of the applied pressure. In addition, an increase in the viscoelastic parameters resulted in an increase the
deflection of the diaphragm which consequently increases the capacitance and sensitivity of the sensor.
Hence, the viscoelastic circular diaphragm of the MEMS capacitive pressure sensor exhibits better
sensitivity performance when compared with that of elastic material. Finally, the Modified Differential
Transformation Method applied in obtaining the solution of the developed model is effective in predicting
sensor characteristics. The study will enhance the design of MEMS capacitive pressure sensor with
viscoelastic circular diaphragm.
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1. Introduction

The various applications of MEMS technology in
engineering processes have continued to attract
research interests in the production of miniaturized
devices with mechanical functionality, automotive in-
dustry and other areas of engineering applications.
These applications include; production of pressure
sensors, accelerometer sensors, ink jet printers,
disposable blood pressure meters, and engine oil
pressure sensors, evaporative purge system leak
detection, tire pressure, air-bag system, brake system
and the utility systems that control the vehicle body
functions in automotive industry [1—3]. These appli-
cations are also increasing because of the functionality
and versatility of the products, which exhibit great
advantages over the previous one. The new MEMS
pressure sensor for instance has low weight, small size,
smart function, and it is highly reliable and affordable
[4—6]. The functionality of the MEMS capacitive
pressure sensor has been enhanced with the smart
functions and this has increased its performance over
piezo-resistive pressure sensor [5,6]. Some of the per-
formance indices include high sensitivity, circuitry
compatibility, low power consumption rate, low noise,
low thermal sensitivity and large dynamic range.
Remarkably, these performance functions, reliability
features and the production method of the MEMS
pressure sensor are achieved at low cost [1].

The behavior of MEMS capacity pressure sensor
with different material properties has been modeled. In
the modeling approach, the deflection of the sensor
diaphragm depends on factors such as geometry, the
type of loading on the diaphragm and type of material
of the diaphragm. The geometry of the diaphragm in-
cludes rectangular, square or circular cross-section, and
thin or thick size. It is observed that rectangular dia-
phragm exhibited higher stress than square and circular
diaphragms. The second factor is the type of loading
on the diaphragm which includes gradually applied or
impact loading and the point of application of the load
on the upper moving plate (while the bottom is sta-
tionary) [7,8]. The gradually applied loading or the
touch mode model has been developed [9]. The third
factor which has a major role to play in the developed
model of the diaphragm is the type of material of the
diaphragm. Various materials and material models
including elastic materials have been used in past ap-
plications and modeling approach of MEMS capacitor
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sensor diaphragm [1]. But in recent studies, silicon and
other polymeric materials have been used for the dia-
phragm. These materials are fast replacing the tradi-
tional metal diaphragm wused in the capacitance
pressure sensors [2—4,10—12]. They are widely used
because of their economic values, their availability,
versatility and affordability. Other advantages of this
polymeric material include structural stability, flexi-
bility and good electrical and thermal characteristics.
Silicon carbide (SiC) has been used for circular dia-
phragm because of its high temperature applications
which can be up to about 400 °C and pressure range of
0—333 kPa [2,3,10]. Remarkably, polysilicon with
various configurations is widely used as a diaphragm
material [1,5]. Polyimide materials possess an excep-
tionally good balance of chemical, electrical, and
physical properties for a large temperature range. Their
dimensions are stable at high temperatures and they
have excellent adhesion properties [4]. But, these time
and path dependent viscoelastic material properties
have not been adequately captured in the existing
models of the MEMS capacity pressure sensor of cir-
cular diaphragm.

Therefore, in the present study, the MEMS capacity
pressure sensor of circular diaphragm with viscoelastic
material is modeled using the classical plate theory and
the governing equation is solved by applying the
Modified  Differential ~ Transformation = Method
(MDTM). The Modified Differential Transformation
Method is a hybrid of the conventional Differential
Transform, Inverse transform, Laplace transform, and
Padé approximation methods. The Differential Trans-
form Method (DTM) is a semi-analytical method for
solving linear and strongly non-linear differential
equations particularly of higher orders. It was devel-
oped by J. K. Zhou and tends to be less intensive in
terms of computational analysis when compared to
HPM [13]. The DTM has proven to be very effective in
comparison with other approximate analytical solu-
tions as it requires fewer computations as done with
Adomian decomposition method (ADM), homotopy
perturbation method (HPM), homotopy analysis
method (HAM), and variational iteration method
(VIM). Remarkably, the requirements of small pertur-
bation parameter of the traditional Perturbation
Methods, the rigorous technique applied in obtaining
Adomian polynomials as done in ADM, the in-
efficiency of obtaining solutions to weakly nonlinear
differential equations by HPM, the unavailability of

2405-609X/© 2020 University of Kerbala. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).


https://doi.org/10.33640/2405-609X.1706
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

296 O.A. Adeleye et al. / Karbala International Journal of Modern Science 6 (2020) 295—307

proper theories for determining initial approximation,
and auxiliary functions, parameters, linear operators,
and the conformity requirements of the obtained so-
lution to the coefficient periodicity rule as required in
HAM, the search for Langrange multiplier also
required in VIM, and the difficulties with determining
the approximate functions for the geometry of interest
as carried out in collocation method (CM), least square
method (LSM), and Galerkin weighted residual
method (GWRM), are few of the challenges that have
been overcome with DTM.

The DTM is more accurate than the Generalized
Differential Method [14], and its characteristics have
been highlighted [15]. The efficiency of the DTM has
been combined with other methods [16] to obtain
better results. The DTM techniques have been applied
in the study Biomaterials [17], to obtain creep strain
relaxation behavior of these materials. But the DTM
has some shortcomings; in that the series solution has
slowed convergent rate and may oscillate. In order to
overcome these drawbacks, the Modified Differential
Transform Method was developed to solve differential
equations. In the MDTM solution procedure, the Padé
approximant of DTM solution is treated with Laplace
and inverse Laplace transforms. The Padé approxima-
tion is used to increase the convergence rate and the
stability of the truncated series solution obtained from
DTM. Thus, solutions of MDTM are always valid and
stable [18,19]. The Padé approximation method used in
MDTM serves as an after-treatment technique to cor-
rect the shortcoming of the solution obtained from
DTM. Padé approximation method is often used to
express a series solution (polynomial) in rational form
so as to extend the domain of convergence of the in-
dependent variable. Remarkably, the transformation of
a model solution to Padé form increases rate of
convergence and provides good approximations even
beyond the radius of convergence of the power series
expansion [18].

Hence the main objective of this study is to develop
a dynamic analysis of the viscoelastic circular dia-
phragm of a Micro-Electro-Mechanical System
(MEMS) capacitive pressure sensor using the Modified
Differential Transformation Method. The obtained
result is validated with Finite Difference Method
(FDM) and the effects of amplitudes, frequency,
viscoelastic parameter, and time of applied pressure on

deflection of the viscoelastic circular diaphragm are
then investigated.

2. Problem formulation

Consider a viscoelastic circular diaphragm of radius
1, thickness h and separation between the plates d, of a
MEMS capacitive pressure sensor. The parallel plates
are clamped at both ends and a pressure Py cos wstis
applied which is time dependent as shown in (Fig. 1).

First, the bending analysis of thin plates is consid-
ered using the following Kirchhoff's assumptions of
classical plate theory [20,21].

I. The plate is assumed to be flat initially.
II. The plate is of viscoelastic material
III. The thickness of the plate is comparatively small
to its length and width.
IV. The deflection of the plate is comparatively small
to its thickness.
V. The normal straight line to the middle plane before
deformation remains so during bending.
VI. The normal stress to the middle plane is compar-
atively small to other stress components and
hence, negligible in the stress—strain relationship.

From the classical theory of plates, Timoshenko
[20] stated that the governing differential for the
deflection (w) of thin rectangular plates, based on the
above Kirchhoff's assumptions, is given by:

o'w  o'w Y P
ot 2= (1)
ox* oyt 0x*0y> D

where P = Pressure applied on plate.

D = Flexural rigidity of plate.
Applying the appropriate coordinate transformation
technique between Cartesian and polar coordinates, the

deflection (w) as a function of gand r, is obtained
ow 0w Or 0w 0 2)
Ox Or 0x 0¢ 0x

And

_'w azwiazw 1ow 1 0w

Vw=—— 4 "4 T
W 6x2+6y2 or? rarJrr2 0¢?
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Fig. 1. The sectional diagram of a MEMS capacitive pressure sensor with clamped circular plates.

Substituting Eq. (3) into Eq. (1), the governing
equation for circular plate becomes;

2 o*w 2 w
r2 dr2dp? 3 9rdg?

ty_ 1w, 20
ot r2or2  r or

4w 1w

n n +1 64w_P
092 13 or

™ 9g* D
4)

Eq. (4) is the governing differential equation for

described as being axially symmetrical or simply
axisymmetric.

Thus, for axisymmetric bending analysis of circular
plates, Eq. (5) reduces to:

(64w 20w 10w 1 6w>
D =P

ort Jrr or* 2 orr 3 or (©)
Also, from Fig. 1, the MEMS sensor is assumed to
work in normal mode, where the deflection of the plate
is comparatively small to the diaphragm thickness,
then the relationship between the displacement w of
the diaphragm to the applied pressure P is given by:

2
circular plate deflection, which may be rewritten as: P= ph%—? (7)
t
o'w 10w 20w 1 6w+1 64w+2 o*w +4 w2 w B (s)
ot 2oz rord P or rt et r2orfder 1t o¢> 3 orde?)

2.1. Axisymmetric bending of circular plate of
viscoelastic material

When the end restraints and applied pressure of a
circular plate do not depend on gsuch that the plate
deflection and stress resultants (and couples) depend
on ronly, then the bending of the circular plate is

where p = plate density.

Finally, upper plate (diaphragm) is made of a
viscoelastic material, using the Maxwell's model of a
viscoelastic material; the total stress (pressure) on the
viscoelastic plate is given as:

ow
T=KW 1o (8)

where k = plate stiffness.
n = plate viscosity.
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Based on the assumptions above and summing Eqgs.
(6)—(8), the overall pressure on the upper plate of the
MEMS sensor is expressed as:
<a4w 200w 18w 1 aw)

—+kw+n——=Pycos(wt)

©)

Since the diaphragm deflection w depends on radius
r and time t, then we can rewrite Eq. (9) as:

or? ot

ort ror’ r2orr ror or?

ot 29 19 19 > 19 O w(r,t
D<—+———— +——>W(r t)+T< +- 6) (r,t) +kw(r,t) + ph Wi, )—|—n

The plate has the following initial conditions:
w(r,0)=0, w(r,0)=0 (11)

where w is. ‘fl’t‘
Since the circular plate is assumed to be clamped at
both ends, the clamped plate has the following

boundary conditions:

w(b) =0, —| =0 (12)

Eq. (10) is a fourth -order differential equation, and
so requires four boundary conditions in order to

—

k+4) (k+3) (k+2) (k+ 1)W(k + 4, h)

k h
+Z; > o(1+3,h—p)(k—1+ )W(k—1+1,p)

=0 p=

+2Z Za I+ 1,h—p)(k—1+3)(k—1+2)(k—1+]1)

Pl =SS 6042, h—p)(k—142) (k= 14+ )W (k— 1 +2,p)

determine the solution. Two of them have been ob-
tained as given in Egs. (11) and (12). Others are ob-
tained from the condition of regularity at the plate
center and are expressed as

dw &dPw 1dw 1dw
Lo v, =24 Raiap
dr drr T rdrr 2 dr

3. Method of solution

3.1. Modified Differential Transformation Method
(MDTM)

ow(r,1)
0r? ot

= Py cos(wyt)

(10)

In this section, the Modified Differential Trans-
formation Method (MDTM) and the Finite Difference
Method (FDM) are applied to solve the governing
differential equation. In the MDTM, the model is first
solved by differential transform method. The solution
obtained is transformed by Laplace transform into s-
domain and the Padé approximant of the resulting so-
lution is obtained. Finally, the inverse Laplace trans-
form is applied to obtain the final solution in time-
domain.

By applying two-dimensional DTM, the governing
equation (13) above is transformed into an algebraic
equation as follows:

W(k—143,p)

=0 k h
+T{ (k+1)(k+2)W(k+2,h) +ZZ&1+1 h—p) k—l—l—l)W(k—l—i—l,p))
h

+pH(h+1)(h+2)W (k,h+2) —|—/<W(k,h)—|—?7(h+ HW(k,h+1) = P, (Z—;cos <%>) (14)
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—2Hcp+ P
Recall, Wso=—ep (22)
_ |1 k=mh=n —6Hcp — 2cn
ok —m,h—n)= [O elsewhere } (15) Wsi=——p (23)
Substituting (15) into (14) we have:
D (k+d)(k+3)k+2)(k+ D)W (k+4,h)+2(k+4)(k+3)(k+2)W(k+4,h)
—(k+4)(k+3)W(k+4,h)+ (k+4)W(k+4,h)
+T((k+1)(k+2)W(k+2,h)+ (k+2)W(k+2,h))+pH(h+1)(h+2)W(k,h+2) + kW (k,h) (16)
h
h
+nh+1)W(k,h+1) = Py (%cos (%
Simplifying Eq. (16), the model reduces
1 P (W‘Yh cos (”h)) W(k,h) — T(k +2)*W(k +2,h)
A —K ’ - )
Wk+ahn)=— | °\nl 2 (17)
D(k+4)"(k+2)
—pH(h+1)(h+2)W(k,h+2) — n(h+ 1)W(k,h + 1)
—1/2Pw? —9Td — 12Hcp — uc — 3¢
Ws2 = = 225D )
The deflection W (k, h)is obtained for
W(k,0)=0 for all k>0...4, h >0...2 18 1 T(—2H P
(k,0) =0 for all k20..4, h I8 o p_T(=2Har+P) (25)
2H. P 576D 4D
W40:¢ (19)
64D 1 (T(—6Hap —2an)
Wﬁ] = — +6pr+27)b
W — —6Hap — 2an (20) ' 576D 4D
YT 64D (26)
—1/2Pw? — 4Tb — 12Hap — pa — 3an
Wyo= : 21
- 64D @1
1 T(%ow —4Tb — 12Hap — pa — 3an>
_ - 2
1 T(—20Hap — 4Tb — 4an — ua)
= — 20pH. 4 2
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| T (2—‘4 Pw? —4Tb — 30Hap — pa — 5a7)>

1 4
Wea= — 576D 1D —&-ﬁPws +30pHb + ub +5nb (29)
The obtained coefficients in Egs. (19)—(29) are ” 190 9>
substituted into Eq. (17) to obtain: T((’jr2+r 6) w(r,1) +ph@w(r, 1)

3.2. Validation of the MDTM result with the finite +ew(r, 1) —|—n&w(r, 1) =P(ws,1) (31)

2pHcr 3pHar‘t 2Hcpr
225D 32D 225D

Wlk,h|=dr’t +dr*t +crt* +at* +br*t +crt® + br*t* +-at* +crt* +at’ +br’t* —

(—2pHa+P)r* 2pHcr’t 1% (T(—2pHa+P) 8t (T(12Hap+4Tb)
i - - 2pHbD —12pHb
64D 75D 576D b ) 576D 4D P
. (—12chp—4Tb)r4t2_’_(—20Ha,0—4Tb)r4t3_’_(—30Ha,0—4Tb)r4t4i ror T(2OHap+4Tb)_20 b
! 64D 64D 64D "576D 4D P
,(=20Hcp—9Td)r’t* (=30Hcp—9Td)r’t*  rt 3T/0Hai6 Hb +(712Hcp79Td)r5t2
! 225D ' 225D 56D\2 D " 225D
(—=20Hcp—9Td)r’t* (=30Hcp—9Td)r’t* r5+* (T(30Hap+4TDb)
| —30H 30
225D 225D 576D 4D “a (30)
difference method Applying forward differencing discretization to the

governing equation above, we have:
Considering the governing differential equation

D (Wi+4J —AWi3; + Wi — AW+ Wz:j) i 2D (Wi+3,j —3Wina;+3winy, — Wi,j) D (Wi+2j — 2w+ Wij)

(Ar)* iAr (Ar)? (iAr)? (Ar)?
D (Wi+1,f - Wi.j) <Wi+2,j —2wi;+ Wij> T (Wi —wij (Wij+2 —2wij+ Wi.j)
1 +T + —— (—) +pH +Kkw;;
(iar)’ Ar (Ar) iAr Ar P (A7) !
Wijt1 _Wij) _p 32
-+ (7A p (32)
(30), Multiplying through by (A7)?(iAr)*and taking

* 28 10 109 Ar = h.and.At = k, we have:
D + 4 w(r,t) By simplification,

or* rord r:or: ror
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Dk2i4 Wiraj — 4Wi+3.j + 6Wl'+2J — 4Wi+1)]' + W,"]') + 2Dk2l’§
Dkziz Wiy — 2Wi+1.j + Wij) + Dkzi(Wi+1J — W,‘J) + Thzk

nh*ki* (w,-ﬁl - WiJ) = (Py cos wy(ik))h*k*i*

£

301

Wig3j — 3Wipaj + 3w — Wi,j) -
it (Wi+2j —2Wiy1y + Wi.j) +
Th2k2i3 (Wi+1,]' — WiJ) + th4l4 (WiJ+2 — 2W,‘J+| + W,'J') + Kh4k2i4WiJ'+

(DICi*)Wissj+ (— 4DK*i* + 2D w3 + (6DK*i* — 6DK*i — DK*i* + ThK*i* ) wi o+
(—4DK*i* + 6Dk’ + 2DK*i* + Dk*i — 2Th*K*i* + TH° K’ w1 + (DK*i* — 2DK*i° — DK*i* — DK*i + Th*k*i*
—THKP + pHK'i* + Kh'K*i* — nh*ki*)wi; + (oHB i )wijio + (= 2pHK'i* + nh*kit)wiji

= (P, cos w,(ik))h*k*i*

Now, the initial and boundary conditions are also
discretized using FDM by central differencing. Thus,
we have:
wio =0, wijp1 = w;jjatj =0

W]JZO,WZJ = Wy, ati=1
Wit1j=Wi_1j, Wisaj = Wi ati =0

Substituting the transformed boundary conditions
above into Equation (34) on MAPLE application, the
generated result is shown in Table 1.

4. Result and discusion

The results from the MDTM simulations of the
solution model for the problem investigated and the
effects of various parameters on the developed model
are presented and discussed. The diaphragm deflection
is controlled by the viscoelastic parameters, amplitude,
frequency and time of the applied pressure (dynamic
load) [1,22]. Also, numerical solution is obtained by
Finite Difference Method. The numerical results are
compared with the MDTM results to verify the accu-
racy of the present MDTM computations and presented
in (Table 1) and (Fig. 2) Fig. 2. It can be inferred from
Table 1 that there is excellent agreement between the
MDTM and FDM results.

The diagram of (Fig. 3) shows the variation of plate
deflection with dynamic load i.e. diaphragm central

(34)

deflection for different values of pressure loads. The
figure shows that for a given diaphragm radius r, as the
amplitude of the pressure increases, the central
deflection of the diaphragm also increases [1,12,22].
Also, there is a decrease in the diaphragm deflection as
the pressure decreases [20].

The effects of the frequency and amplitude of the
dynamic load on the deflection of the diaphragm under
study are shown in (Fig. 4) and (Fig. 5) respectively. A
thorough study of the two figures helps in under-
standing the effects of these two important parameters
on the stability of the sensor diaphragm (Fig. 4). In-
dicates that an increase in dynamic pressure frequency
leads to a corresponding increase in the number of
oscillations of the diaphragm dynamic response which
in turn decreases the stability of the sensor diaphragm
under study. This is due to an increase in the cycles
covered by the diaphragm dynamic response for the
same length [22]. While it is shown in (Fig. 5) that an
increase in pressure amplitude increases the stability of
the diaphragm subjected to the pressure. The reason is
that an increase in the dynamic pressure amplitude
implies an increase in the magnitude of the pressure
acting on the diaphragm.

In (Fig. 6) and (Fig. 7), the dynamic behaviors of
the diaphragm of MEMS capacitive pressure sensor
subjected to a time-varying pressure are shown. From
the results, it is observed that as time is being extended
gradually to infinity, the deflection of the diaphragm
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Table 1

Table of comparison of results.

R MDTM (um) NUM (FDM) (um) Error of MDTM
0.00 0.0000000 0.0000000 0.0000000
0.10 0.0006342 0.0006342 0.0000000
0.20 0.0020043 0.0020042 0.0000001
0.30 0.0034527 0.0034526 0.0000001
0.40 0.0045097 0.0045095 0.0000002
0.50 0.0048933 0.0048932 0.0000002
0.60 0.0045097 0.0045095 0.0000002
0.70 0.0034527 0.0034526 0.0000001
0.80 0.0020043 0.0020042 0.0000001
0.90 0.0006342 0.0006342 0.0000000
1.00 0.0000000 0.0000000 0.0000000

The results of MDTM and Numerical method (FDM) for deflection w
(x, t) For (T = 0.0IN/m, P = 10Nm™2H = 0.005 mm, D = 14011.5
(Nm), p = 2100 Kgm >, ws = 500 rad/s, k = 0.5 MNm %1 = 25
KNsmfz).

increases and vice-versa. The significance of this dy-
namic analysis is that it helps in the quick monitoring
and adjustment of the diaphragm during application
[22].

The Dynamic behavior of sensor diaphragm oscil-
lation with time is shown in (Fig. 8), it is observed that
the oscillation rises with an increase in time. This is
also visible in (Fig. 7). The central deflection of the

-6
= 10
6

sensor diaphragm for elastic and viscoelastic material
parameters is shown in (Fig. 9).

It is observed from the graph that the deflection of
the diaphragm is higher for a (MEMS) capacitive
pressure sensor made of a viscoelastic material than the
one made of elastic material subjected to the same
pressure load. It should be noted that an increase in
diaphragm deflection implies an increase in capaci-
tance and sensitivity of the sensor [1,12].

5. Conclusion

In this paper, the dynamic analysis of the visco-
elastic circular diaphragm of a Micro-Electro-Me-
chanical System (MEMS) capacitive pressure sensor
using the Modified Differential Transformation
Method has been presented. The circular diaphragm
of viscoelastic material was modeled using the clas-
sical plate theory and the resulting governing differ-
ential equation was solved using Modified
Differential Transformation Method (MDTM). The
obtained result was validated with Finite Difference
Method (FDM) and excellent agreement was estab-
lished between both results. The effects of ampli-
tudes, frequency, viscoelastic parameter, and time of

deflactionw(m)

DTM
— — —MDTM
—-=-—FDM

Fig. 2. Comparison of DTM, MDTM and FDM results.
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Fig. 4. Variation of plate deflection with pressure frequency.

applied pressure on deflection of the viscoelastic
circular diaphragm have been investigated. It is
established from the results that the deflection of the
sensor increases with an increase in the amplitude,
frequency and time of the applied pressure. In addi-
tion, an increase in the viscoelastic parameters
resulted in an increase the deflection of the diaphragm
which consequently increases the capacitance and
sensitivity of the sensor. Hence, the viscoelastic

circular diaphragm of the MEMS capacitive pressure
sensor exhibits better sensitivity performance when
compared with that of elastic material. Finally, the
method applied in obtaining the solution of the
developed model, Modified Differential Trans-
formation Method is effective in predicting sensor
characteristics. The study will enhance the design of
(MEMS) capacitive pressure sensor with viscoelastic
circular diaphragm.
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Nomenclature

Flexural rigidity of diaphragm

Initial tension per unit length of diaphragm
Deflection of plate

Radius of plate

Thickness of plate

Time

Young's modulus of diaphragm

Applied pressure on plate

SmT Y ENU

Greek letters

T Time relaxation of diaphragm
p Density of diaphragm

v Poisson ratio of diaphragm

Wy Frequency of applied pressure
K Stiffness of diaphragm

n Viscosity of diaphragm

Strain

m
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