Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 53(2) (2021) 201-204
DOI: 10.22060/me;j.2020.16524.6380

Investigation of Quality Factor for Linear Vibrations of Rectangular Micro-plates with
Thermoelastic Damping

A. A. Yaldaei, H. Rahmani*, F. Sarhaddi, M. R. Salehi Kolahi

Department of Mechanical Engineering, University of Sistan and Baluchestan, Zahedan, Iran

Review History:

Received: Jun. 10, 2019
Revised: Nov. 25, 2019
Accepted: Dec. 29, 2019
Available Online: Jan. 04, 2020

ABSTRACT: Regarding the necessity of obtaining high-quality resonators in micro-electromechanical
systems, recognizing and investigating the parameters that affect the quality factor of micro-structures
are essential and inevitable. Thermoelastic damping is a dominant source of damping which has a
considerable effect on the quality factor. In micro-electromechanical systems, microplates are used as
resonators and radio frequency filters and so on. In this paper, the effect of thermoelastic damping, which
is one of the most important factors affecting the quality factor, has been investigated for rectangular

micro-plates. The micro-plate is subjected to an electrostatic actuation. Galerkin method has been used  Keywords:

to simplify and solve the governing equations. The result is a nonlinear algebraic equation for the quality Linear vibrations

factors of microplates of general conditions due to thermoelastic damping. Unlike previous researches, MEMS

the proposed model can directly calculate the quality factor and there is no need of calculating undamped

natural frequency. COMSOL multiphysics software is used for finite element simulation. After Microplate

verification of the proposed model, the effect of various parameters on the quality factor is investigated. ~ Quality factor
The proposed model can also be used to calculate the pull-in instability voltage. The results of the current ~ Thermoelastic damping

paper can be used to design micro-electromechanical systems.

1- INTRODUCTION

In recent years Micro-Electromechanical Systems
(MEMS) have gained the attention of many researchers due
to their unique features such as light weight, small dimensions
and low energy consumption [1]. Micro-plates are used in
many applications, such as resonant sensors and RF filters
[2]. For these applications, it is necessary to consider the

effects of damping as it can affect the quality factor of the Assuming small $trains and displacements, we obtain
micro-structure. There are many damping mechanisms that the following thermoelastic linear equation of motion as
contribute to lowering the quality factors of microstructures. [6]:
Thermoelastic damping has a significant effect on the
performance of micro-resonators because it determines

COMSOL multiphysics software. It is shown that the FE
simulation is reliable. The results of the present work can be
used to design MEMS resonators.

2- MODELING
Here we consider a rectangular micro-plate as Fig. 1
subjected to an electrostatic load.

. 2
the quality factor of the resonators [3, 4]. When a structure 4 ow T2
vibrates in a vibrational mode there are some regions of DV'w +ph 2 tz +N Vw

compression and some of the extension. Depending on the

timescale of the vibration heat flows from the warmer parts 2.1 &V ch (1)
of the micro-structure to the cooler parts. Since heat flow is an +V°M " = — W
irreversible process, this heat flow is associated with energy

loss from the vibrational mode and corresponding damping

for the resonant mode [5].

Motivated by the aforementioned remarks, in this paper
the quality factor of rectangular micro-plates for the cases
of free and forced vibrations is investigated. Galerkin
decomposition method is used to discretize the governing
equations. Finite element simulation is also carried out using
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where w(x, y, f) is the transverse deflection of the plate
at the position x and y at time ¢, p is the material density, d
is the initial gap width, D = Eh3/12(1-v?) is the plate flexural
rigidity, 4 is the micro-plate thickness, £ is Young’s modulus,
v is Poisson’s ratio and M T is the thermal bending moment
and is defined as
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Fig. 1. Schematic model of the micro-plate

Ea,
I-v

z0dz (2)

0 |

MT =

NI

where @9=T ~T,- The temperature distribution is
governed by the classical heat conduction equation as:

KV?0+q = pCP 00

_Eal, 8 ®
, 2
I-v at( 2V )

where K is the thermal conductivity and Cp is the heat
capacity coefficient at constant pressure. For the linear
damped eigenvalue problem, we have:

0

X,p.t) Z(omn e! !
1n

m=

,yzt=ii®mn X,y.z)e ’Q'""’
=ln=

(4)

where ¢ (x, y) and 0_ (x, y, z) are the nth complex mode
shapes of the plate and the associated temperature variation,
respectively and Q  is the nth complex eigenvalue. Based on
the Galerkin method the following equations can be obtained.

(D +D~)(a1 +a, +a3)
(5)

2
—[phgf, + SOZ?C Ja4 =0

where:
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Fig. 2. Variation of the quality factor of the first mode with the

temperature
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The quality factor is defined as:

1
0=

Re(Qy,)
Im(Q,)

(8)

3- RESULTS AND DISCUSSION

In this section, as a case study, we present the numerical
results for the quality factor of a fully clamped silicon micro-
plate. Table 1 lists the dimensions of the micro-plate. Fig. 2
shows the variation of Q of the first mode of a plate with 7.
It is obvious that there is a very good agreement between the
results of the present study and Ref. [6].

Fig. 3 shows the effect of applied DC voltage on the
quality factor. It can be seen that as the voltage increases the
quality factor decreases.

4- CONCLUSIONS

In this study, we derived a semi-analytical expression
for the quality factor of rectangular micro-plates of general
boundary conditions. Comparing the calculated quality
factors using the proposed semi-analytical model and FE
simulation to those of in Ref. [6] verifies our calculations.
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Fig. 3. Variation of the quality factor of the first mode with the
DC voltage
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Fig. 1. Schematic model of rectangular micro-plate with fully clamped boundary conditions
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Fig. 2. Schematic model of micro-plate under electrostatic actuation

Sebiwly SIS o0 o ammio g ,Soe Siles ¥ S0

les il Sy 1S S0 ,o8 Con diog See &5 >
A3l e (Y0) alal) &gty oS>
4 o’w T2 2347
DV W+ph6_2+N Vw+V'M'™ =F, %)
t
Szt 5 wilse gl wly y Sliuls Sl (g5, a5
DAL asb oo anle LB 455

80V2
2[d - w(x, y,t)]2

9 M S Sl (20,05 (g o (€« Jlas! 5Ly V(YY) abayl o

IS ol oo (&5 Jgb) ol 09 58Ul g dmiog o (s alols d
) Sobisly mSIl o280 Cod amiog Soe Sleds & jg0a ¥

F,(x,y,t)= (YY)

"‘3; )‘I“ SN ‘f‘ﬁw VAC 9

V(t)=Vpe+Vac (1) (YA)

eizen g (YP) alal, 0 (YA) 5 (YY) Ly, 4,35 L
(YR) abal, 2 W=0 abais Joo (YY) abal, 1ol Law 31 osliiol

2 2 2
DV*w+ ph Law?c +N'Vw+VMT = ‘SEZDZC +7‘90;>C wo (D
it

&Vbe 360VDZC 2 26Vpe &Vbe 1,2
wo+ View+ Vic ++
> gt T a2 A

Aoo

)l (Bl 950 (gl 28,5

.U((D +§)V4¢)11—ph§2121(0“)(011 =0 (YY)
A

s Gl s 5 Sogea |, (TY) aba

(D +l§)(al+a2+a3)—ph£2121a4 =0 (Yv)

:m)‘.)a', L'.'a\ u.v‘).ao Ls‘)"ﬁ

4 P

Slliond SSE § (rdo pilS )8 Al 9 (YY) alasl) J> L

CobeS o o (V) alal) sloslaial b ylgs so o] (cospg0 5 (Ank>
D] s 5 acila I

_1
2

“n

=3l

(Yo)

ol alaly ) o cuaS oo -Y-Y

oS o o 6‘)-.‘ 6‘4-“’-.") C‘P&w\ O Ceomd u.:‘ o



MY B ADY axao V¥

M N
(. 2:) =2 P (%, 3) 4 (1) (I -¥F)
m=1 n=1
I J
6’(x,y,z,t)=ZZ®ij (x,y,z)gl-j (t) (w-YF)
i=1 j=1

Ovgy ol eolazul bog (YY) adal, yo (¥F) alal, 5,li5> L
4 ol g0 gl 85 Ll o by 1S (Sig eaile S
p.ul.:b.n Cewd gy b_lye.:dc le).mo Y oles oK

D(a1 +a, +a3)q11(t)+a4phij11 (t)+

a,

(il -Y0)
P —da=0

|:d_¢711q11 (I)T

(a5 +as)§11

Ea T (o +ayp) (t)zo(g-m)
-0

Ka; ¢, (t)_pcpafié;ll (1)+

:M)loa‘. Uaa w‘}.a 6‘)45

as=myzaz®“ av
a6=.|._” 2 (PndV
R0
a=1[f, Z“G)“dV n
as =[] ©hav
dy_ m ¢11®“dV
= mVZ@ %o,,dr
==Y

5 (YY) (YY) Ly, sooe J> 5l Jolo bl cwond ol o
63,50 aslllae gl sg0me Slizl (giluand @S ol e 4 (Y0)
UV Ui 35 1) g5l i | dmhog Sen

Db oo oy O 50 dotiog S Sl saies

v s ¥ ylas DY 695 €yusS prol Sl i 4y el

V

V. 5 5l 5SS s

dolee (YA) alaly ;o YU a0 O Bi> LV o <V

g g0 ool ) & ygod Gi,.at.m oS >

2 2 2
DVt ph T2 4 NIV vy T = e | Eie | ey vy
or 21’ d d

oz sl

owdfa w;).‘a;)b).w)a‘).: (Y’)A.]asl) o w‘)w

AC )‘J.o.a ‘0)45 )L.\.{LA aoles L @bwo S

2
DV w+pha—+NTV2w+V MT =

2
w(\"\)
o

d3
(V) ala, 51 oolictal b sl oo o35 e aloles (F)) alal,
gz (FY) Woles a3 (YY) b (VF) Laly, alie sy, 1,85 5

(¥ Y 5 )
~ 4
o DC]CM:O

2
(D+D)(a1 +a, +a3)—£th11 +T
SeisVlge 5 ol e (28,5 Hla3 o b (Sealys IS 55 -V-Y
OR,5 Sl o b ambog Sie plralr w)p 4 S (pl 5o
oo (1Y) alal) &0t i sl o 3 b alins oS>

2 2
DV*w+ phaa—;”JrszT - &
t

5 (Al-YY)

2
Kg_ew_pc 00 EaT, o
4

o 1-v at(zv )

(«-YY)
\Gliw @lyjlsb:};,\.;)s Q)}»odqd.l.ﬁwoéwlg: | PN Q%l)e
A

Oley & atly ol g aisle 8515 g5 lll o

gl oo 415

Aot

1 Shape Functions



ASY B ABY dsmis VF e Jlo oY 0)led Y 053 «yusS ool SilSlo i s 23

(M) aiog So slaf ) Jgar

Table 1. Dimensions of the micro-plate (um)
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Fig. 3. Variation of quality factor of the first mode with the temperature
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Table 2. Physical and mechanical properties of silicon
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Fig. 4. First mode shape of fully clamped rectangular micro-plate considering thermoelastic damping
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Fig. 5. Temperature distribution in fully clamped rectangular micro-plate for first vibrational mod
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Fig. 7. Variation of quality factor of the first mode with the thickness
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Fig. 9. Variation of quality factor of the first mode with the width
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Fig. 11. Variation of quality factor of the first mode with the gap length
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Fig. 13. Deflection of the mid-point to pull-in instability
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Fig. 10. Variation of quality factor of the first mode with the DC voltage
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Fig. 12. The effect of gap length on the pull-in voltage
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