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Abstract In this paper, the nonlinear vibration behavior of an electrically actuated microbeam is investigated
at various levels of direct current (DC) and alternating current (AC) voltages. The governing equations are
developed using Euler—Bernoulli beam theory and used to derive the frequency response of the beam. The
mid-plane stretching is accounted for using von Kdrmén nonlinear strain, and the effects of fringing field,
damping, residual axial force, and boundary conditions are also included in the model formulations. The
governing equations are solved using the method of multiple scales. The results of our work reveal that the
applied DC and AC voltages determine the characteristic feature of the frequency response of the microbeam.
A design chart in terms of the dimensionless DC voltage and AC voltage amplitude is developed to show
the domains of different characteristic frequency responses. Our results also reveal the significant effect of
mid-plane stretching, damping, residual axial force, and boundary conditions on the frequency response of the
microbeam. Moreover, our results further identify the effect of mid-plane stretching, damping, and residual
axial force on the critical DC voltages separating the hardening and softening frequency response regions in
the newly developed design chart of the micro-resonator.

1 Introduction

Micro/nano-electro-mechanical systems (MEMS/NEMS) have drawn considerable attention from the research
community due to their unique advantages of small size, high precision, and low power consumption. One
benchmark of MEMS/NEMS are the micro/nanobeam systems driven by electrostatic force. Various applica-
tions have been found in these systems such as switches and nonvolatile memories [ 1-6]. The micro/nanobeams
can also be driven to vibration by an alternating current (AC) voltage. The obtained micro/nano-resonators are
potential ultra-sensitive mass sensors, temperature sensors, transmitters and receivers [7—16].

The effects of the applied AC and direct current (DC) voltages on the resonance frequency of micro/nano-
resonators have been largely studied in the literature. Tilmans and Legtenberg [17] derived an analytical relation
between the resonance frequency and the amplitude of AC voltage, and a qualitative prediction was given.
Kuang and Chen [18] developed a dynamic model for shaped microbeams with mid-plane stretching, residual
axial force and fringing field effect considered. The dependence of resonance frequency on the DC voltage
derived from their model agreed well with the experiments of Tilmans and Legtenberg [17]. By theoretical
investigations, Jonsson et al. [19] also found that the resonance frequency of a three-terminal nano-relay can
be tuned by the biased DC voltage. In the dynamic model of Jia et al. [20], Casimir force, residual axial force,
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mid-plane stretching, and fringing field effect were taken into account. The resonance frequencies at different
levels of AC voltage amplitude were derived and quantitatively agreed with the experiments of Tilmans and
Legtenberg [17].

Experiments on the vibration behavior of micro/nano-resonators have also been reported in the literature,
and frequency response curves of linear, hardening, and softening characteristics have all been observed
[17,21-28]. The nonlinearity in the vibration behavior of the micro/nano-resonator is mainly due to: (i) the
electrostatic and intermolecular forces which are nonlinear functions of beam deflection, and (ii) the geometrical
nonlinearity from mid-plane stretching. The former one has a softening effect on the micro/nanobeam, while
the latter one has a hardening effect [20]. In the remainder of this paper, the frequency response associated
with the hardening effect on the micro/nanobeam will be named “hardening frequency response,” while that
associated with the softening effect will be termed “softening frequency response.”

Theoretical studies on the vibration behavior of micro/nano-resonators can also be found in the literature.
With the hardening effect considered, Gui et al. [29] proposed a criterion on AC and DC voltages for the linear
vibration of a clamped—clamped microbeam. Based on the dynamic model, Rhoads et al. [30] revealed that
the nonlinear frequency response of a microbeam subjected to a symmetric electrostatic actuation depends on
AC and DC voltages. Kacem et al. [31] developed a quasi-analytical model for the nonlinear vibration of a
clamped—clamped microbeam and found hardening frequency response in the simulated cases. The vibration
behavior of a micro-cantilever near the half natural frequency has been studied in [32-34]. The dynamic pull-in
has been found, and the effects of damping, fringing field and AC voltage amplitude on the frequency response
have also been studied. Ouakad et al. [35] simulated the dynamic behavior of an initially curved microbeam
and found softening frequency response at the studied levels of AC and DC voltages. Kim et al. [36] developed
a dynamic model for a nano-cantilever with a tip mass at the free end and studied the effect of the inertial
nonlinearity of the tip mass on the frequency response. Ruzziconi et al. [28] considered the imperfect beam
shape (e.g., curled-up profile) in their dynamic model and predicted a softening frequency response when
increasing the AC voltage amplitude at a fixed level of DC voltage.

A careful literature review indicates that most studies are conducted at a certain level of AC and DC
voltages, and one characteristic feature (i.e., linear, hardening or softening) of the vibration behavior of the
micro/nano-resonator is observed. Studies concerned with characterizing the vibration behavior of a general
micro/nano-resonator at various levels of AC and DC voltages are seldom reported. Moreover, studies on
determining the parameters which govern the vibration characteristics are also limited.

In this paper, we extend the earlier work to study the vibration behavior of a general micro-resonator
at various levels of AC and DC voltages. A design chart in terms of dimensionless AC and DC voltages
is developed to show the regions of linear, hardening, and softening frequency responses. The effects of
the governing parameters on the frequency response and the design chart of the micro-resonator are further
investigated. The studied governing parameters include: mid-plane stretching, fringing field effect, damping
effect, residual axial force, and boundary conditions.

2 Model formulation
2.1 Governing equation

A rectangular microbeam of length L, width b, and thickness /% is actuated by a distributed electrostatic force,
as depicted in Fig. 1. Applying the Euler—Bernoulli beam theory for a thin beam (4 << L) and further using
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Fig. 1 Microbeam actuated by a distributed electrostatic force along z-coordinate
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the von Kdrmén nonlinear strain to take into account the mid-plane stretching, we calculate the nonzero strain
component as [37]:

 du(x, 1) _Zazw(x,t) N 1 (8w(x,t))2 W

foe = Tk dx2 2 dx

where 7 is time, # and w are respectively the axial (along x-coordinate) and transverse (along z) displacements
of a point on the mid-plane of the beam. The variation §Ugl,s of the elastic strain energy is derived from Eq.
(1) as:

L
8Ue]as =/ /(Gxx58xx)dsdx
0 S

LAN(x,1) Lra’?M(x,t) @ dw
=— | ——Zudx — —— 24+ —NGx,0)— ) ) Swdx
0 ox 0 dx2 ox ax

IM (x, t L 38
D - M=
ox 0x

L

+ N(x, 0)ult_y + ( —I—N(x,t)%—l;)) Sw 2)

x=0 x=0

where | ¢ ds is the integral over the cross section, i.e., y — z plane in Fig. 1; the axial force N and the bending
moment M are given below:

N:/crxxds, 3.1

s

M:/zouds. (3.2)
s

. D 2 . .
For a thin beam, the axial displacement u and the beam curvature %T%’ are negligible with respect to the

transverse displacement w. Therefore, we calculate the variation § Ex of the kinetic energy as:

SE /L s(2ePwy g )
= —— ) dx

K= P2\ o

where p is the mass density and S(=bh) is the cross-sectional area. The variation § Wex, of the work done by

the external forces is expressed as:

L
SWext = /() (fdamp + felec)dwdx (@)
where the viscous damping force fgamp can be estimated as:

fdamp = —Cd—~ (6)

with ¢g being the damping coefficient per unit length, and the electrostatic force felec With fringing field
considered by Palmer’s formula [38] is calculated as [32,39]:

1 gob (V) v, )2 —
e = 1 eob (Vbpc + Vac CZOS(w ) . 0.6550 ¥ 7
2 (g0 —w) b

with &9 being the vacuum permittivity (=8.8542 x 10712 Fm™), g¢ being the initial gap between the beam
and the rigid electrode, as depicted in Fig. 1, Vpc being the applied DC voltage, and Vac being the amplitude
of the applied AC voltage with the angular velocity, w. By introducing Egs. (2), (4), and (5) into the following
Hamilton’s principle:

1
/ (5Ek + (SWext - 5Uelas) dt =0 (8)
0
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and further integrating the result by parts with respect to # and x, we have:

a2M dw 32
_8”dth + a2 N— ) + fdamp + felec — :OS dwdxdr
0x 0x

oM dw asw\* L ow_ \"
+ —NSu—|—+N— )ow+M— dr + pS—Sw dx = 0. 9)
0 ax ax ax ). 0 at =0

The following governing equations can be obtained from Eq. (9):

N
Sus — =0, (10.1)
0x
M0 [ ow 9*w
Sw: W + a Na + fdamp + felee — PS—— 912 =0. (10.2)

Suppose that the beam material is elastically isotropic with Young’s modulus E and Poisson’s ratio v. Then
the 1D constitutive relation becomes:
Oxx = E*sxx (11)

where the effective Young’s modulus E* i
and (11), Eq. (3) can be rewritten as:

w1 fdw\’

N = E*S(a + 3 (a) ), (12.1)
82

M = —E*I— (12.2)
dx2

Equation (10.1) shows that N is constant along the x-coordinate. By estimating N as the average value of
Eq. (12.1), considering the boundary conditions of clamped—clamped beam, i.e., u(0) = u(L) = 0, and further
including a residual axial force P from fabrication or temperature variation, we obtain:

N SO (Y 0 ) s 13
_2L/0(ax)x+' (13)

With Egs. (6), (7), (10.1), (12.2) and (13), Eq. (10.2) can be rewritten as:

S82w+ aw+E 134 P+E*S /L w 2d 32w

C, _— JR— X -

PR TSy ox 2L \Jy ox %2’
1 gob (Vi v, 1))? —

_ Leo (Vbc + Vac cos(wt)) 1+0'6580 wy (14)
2 (g0 — w)? b

Introducing the dimensionless quantities in Table 1, we obtain the following dimensionless governing equation

from Eq. (14):
32w +_aw N 4w Fa% /1 (aw)zd_ 32w
— tdd—=+—F-—-"P— —« -— X ) —
972 ar  ax* 0x? 0o \0x 9x2

_ _ 1
= (Vbc + Vac cos(az‘))2 ((1 = + a fw)) ) (15)

The dimensionless boundary conditions of clamped—clamped beam are:

Sw:w(0,7) =0, w(,7) =0, (16.1)
E)S_w : 8_w(0 1) = a—li)(l,?) =0. (16.2)
0x 0x
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Table 1 Dimensionless quantities

Quantity Expression Meaning

cd cal?/JE*IpS Dimensionless damping coefficient
P PL? /(E*I) Dimensionless residual axial force
T t//pSL*/ (EXI) Dimensionless time

Vac Vac/ E*h3g3/ (6e0L?) Dimensionless AC voltage amplitude
Vbc Vbc/+/ E¥h3 gg / (6e0L*) Dimensionless DC voltage

w w/go Dimensionless deflection

X x/L Normalized coordinate

o 6(g0/h)? Stretching parameter

B 0.65 (go/b) Fringing field parameter

[ o/ E*I/ (pS L4) Dimensionless angular frequency

2.2 Analytical model of frequency response

The micro-resonator is usually actuated by low Vpc and V¢ to vibrate at small amplitude with weak damping
effect. In this case, the method of multiple scales can be adopted [32,35]. Considering small amplitude, weak
damping, and nonlinear effects, we expand the electrostatic force around w = 0 in Eq. (15) and set the
electrostatic force, damping and mid-plane stretching terms [2nd and 5th on the left-hand-side of Eq. (15)] to
a slow scale by multiplying them by a small bookkeeping parameter &:

32w N E_aw N d%w Fazw : /1 ow 2d_ 32w
— d—=+—F—P— —é« — X )|—
a2 T T T a2 o \ax %2

=& (Voc + Vaccos@D) (1 + B+ Q+ AT+ G+ AW+ 4+ p) ). (17)
By introducing into Eqgs. (16) and (17) the following first-order expansion of w:
w = wo(x, To, T1) + §wi(x, To, Th) (18)

with Ty(= r) being a fast timescale and T} (= &7) being a slow timescale, and further equating the like powers
of £, we obtain:

Order £°:
Pwy  *wg —0°w
D+ PP =0, (19.1)
Ty 0x 0x
o o dwy dwy
X X
Order £

Pw,  tw, —d*w 32w, W, U/ owo\ 32w,
21 n _41 P _21 _ 5 0 _owo / ( _0) - _20
T 9% ax ATydT) 3Ty o \ax 9%

+ (Vbe + Vac cos@Tp))” (14 B + 2 + B) o + B+ B W3 + (4 + B)wy) (20.1)
ow Jw

(0, T, T1) = 0, w1 (1, Ty, Ty) = 0, %(o, To. T1) = 0, %(1, To, T1) = 0. (20.2)
X X

The solution to Eq. (19) is supposed to be:
W0 = ;@) (AT + A*(Ty)e ™) @

with A being a coefficient depending on the slow timescale 77 and A* being its complex conjugate; ¢;(j =
1,2, ..., n) being the jth linear undamped vibration mode of the clamped—clamped beam:

sin (A ;) + sin(A ;)
cosh(rj) —cos(Aj)

$;(x)=C; (cos h(%;X) — cos(A;X) — (sinh(x;X) — sin(kjf))) . (22)
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In Eq. (22), C; is a constant satisfying maxzeo, 1 ]qb i (Y)] = 1, and A; is a frequency parameter satisfying
cosh(hj)cos(r;) = 1. 4; isrelated to the resonance angular frequency w; at the residual axial force P by:

a)jz,/)f}—stj/mjj (23)

where mj; = fol d)?d)? ,Sjj = fol ¢j¢;"”dx, and a superimposed apostrophe denotes a derivative with respect
to the normalized coordinate x. The micro-resonator usually works near the primary resonance regime, so the
first vibration mode is considered here, i.e., j = 1 in Egs. (21)—(23). To indicate the nearness of the applied
frequency o to the primary resonance frequency w1, a detuning parameter § is introduced:

@ = w +&8. (24)

The square of the applied voltages can be expressed as:

- 2 —2 e 1— _
(Vbc + Vac cos@Tp))” = Ve + EVAC + 2Vpc Vac cos(@Tp) + EVAC cos(QaTy). (25)

Equation (25) shows that the microbeam can vibrate at the frequency of @ or 2w, depending on the levels of
Vpc and Vic. In this study, we only consider the most common case where Vpc > Vac and the microbeam

vibrates at @. Then by neglecting m2 in Eq. (25) and introducing Eq. (24), we have:
(Vbc + WCOS(ETO))Z ~ Vb + VocVac (ei(wlTOJrT‘B) + e_i(wlToJrTla)) . (26)
With Egs. (21) and (26), Eq. (20.1) can be rewritten as:

vwy | o'wy  —o'w : . : :
3T2] n 3—41 _p _21 — o+t (ClelwlTo +C>l|<e—lw]T0) 4 (Czel(zwlro) +C>2ke—z(2w1T0))
0 X 0x

4 (C3ei(3w1T0) i C§6_5(3w1TO)) T (c4et<4w1To> 4 cZe—i(‘twlTO)). 27)

co—cy are coefficients and CT—CI are the complex conjugates of c1—c4. ¢ is calculated as:

. dA — 7 ! 2 = 2 4% 2
1= —21601<151—dT1 —icqwiP1A + 3ap (@1N"dx ) A"A"+ 2+ B) Vbc ¢1A
0
T2 .3 42 4% T .iTi8 T 42 4 akAiTIS
+3@+B)Vpc ¢7A°A™ + (1 + B) VbcVace +23B 4+ B) VbcVacpiAATe
+ 3+ B) VbcVachiAZe 11, (28)

To satisfy the solvability condition where the right-hand-side of Eq. (27) must be orthogonal to any solution
of Eq. (19) [32], we derive:
ci¢r =0. (29)

By introducing Eq. (28) into Eq. (29) and integrating the result from X = 0 to 1, we have:
. i 2 4% V2 V2 2 4%
—21a)1m2d7 —icqwimaA + 3as1A“A" + 2+ B) Vbc maA+3 4+ B) Vbc maA“A
1

+ (14 B) VocVacm1e 1% 2 (3 4 B) Ve Vacmz AA*e T8 (3 + B) Vpc VacmzA%e 118 = 0
(30)

with the parameters being:

1 1 1 1
mi =/ ¢1dx, mo =/ P7dx, m3 =/ pidx, my =/ Pjdx,
0 0 0 0

1 1
51 = (/O (¢1’)2df) (/O ¢1¢1”df). (31)



Nonlinear vibration analysis of a microbeam subject to electrostatic force 1349

Introducing into Eq. (30) the following polar form of A(77):
1 .
ATy = Za(Te”™ (32)

with a being the vibration amplitude, separating the real and imaginary parts, and further introducing the phase
lag y = T16 — 0, we obtain:

da cd EEE——
— =-aq B+ g BF B)a®) Ve Vac siny, (33.1)
dTy 2 mow
dy 3 asy 3 3my —2 3
a——a8+—(2+/3)VDCa+ a’ + @4+ pB) Vpca
dTy 8mowi 8mowy
m -
+ ( L (1+8) e ROl ) Vbe Vac Cos 7. (33.2)
m2w1
For a steady response g—;’l = 0and (%1 = 0, we can reduce Eq. (33) to:
( " (14 )+ 5 G+ Pa ) VocVacsiny = Sa, (34.1)
m2w1 2

+B)+

(v

3oes1 3 3m4

. 1 .
(3 +B)a ) VbcVaccosy = —asd — Yo 2+p8) VDC2a
1

— a @+ B) Voc a. (34.2)
8mowq 8mowi

Equation (34) leads to:
bib3a'® + (2b1b3bs + 2b1b2b3 — 9b1hE) a®
+ (b1bg + 4b1bybsbs + b3b3 + 9bTb: — 24bibyb) a®
+ (2b1b2b3 + 2b3b3bs + 6b1b2b3 — 22b7b3bE) a

+ (b3b3 + b3b% — 8b1b3bE) a* — b3bE = 0, (35.1)
bsa + bza®
y = arccos —M (35.2)
bg (b2 + 3b1a2)
with the coefficients being:
3as 3my —2
by = B+pB), b= 1+, bz= — + (4+p) Vbc »
4m wq mowi 8myw;  8mowi
— Ccqd [
by=5+ - @+ B Voch bs=2, be=TVocTac (36)
2w 2

A quality factor Q is commonly used to study the damping effect. In this case, the dimensionless damping
coefficient ¢q in Egs. (15) and (35) can be replaced with the following relation to Q [40]:

= = (37)

cq=—.

0

Equation (35) is the analytical model for the frequency response of the microbeam. By solving Eq. (35.1) at
different levels of the detuning parameter §, we can obtain the evolution of the maximum beam deflection
(normalized as the dimensionless vibration amplitude a) with the applied dimensionless angular frequency @
(using Eq. (24) with £ = 1). To analyze the stability of each point (¢, ag) on the frequency response curve,
the following procedures are adopted. We introduce § = §p and a = ag into Eq. (35.2) and solve the resulting
equation to obtain the phase lag yp. Further introducing yy and ag into the following Jacobian matrix J, of Eq.
(33):

B(dt.l/dT‘) a(d?/dT‘) |:—b5 + 2b1bga sin y (b + blaz) bg cos y :| G38)

_ da ay
Ja = 2y /dTi)  3(dy/dTh) 2bza — (— - 3b1) bgcosy — (% + 3b1a) be sin y
a

ay
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will enable us to calculate the eigenvalues of J,. If the real parts of all the eigenvalues are negative, the point
(80, ap) is stable; otherwise, it is unstable.

2.3 Numerical simulation

In order to validate the steady-state frequency response obtained from the analytical model of Eq. (35.1), we
solve the governing equation (15) with the boundary conditions in Eq. (16) to obtain the time evolution of the
beam deflection at each frequency. The Galerkin decomposition method is used [20,28,30,35,36]:

W= q;0¢; (39)

j=1

where ¢;(j = 1,2, ..., n) is the jth linear undamped vibration mode, which is given in Eq. (22), and g is the
generalized coordinate. We multiply Eq. (15) by (1 — w)?, introduce Eq. (39), further multiply the resulting
equation by ¢;(i = 1,2, ..., n), and integrate from X = 0 to 1 to obtain the following n-degree-of-freedom
reduced-order model:

n n

1 1 n n n 1 1
(/0 ¢?df)21?—2zz(/o ¢k¢j¢idf)qké}+zzz(/o ¢l¢k¢j¢idf)qzqké}+a(/o q>?df)q'i

j=lk=1 % j=lk=11=1
n n 1 n n n 1 1
-2y > (/0 ¢k¢j¢td76) qqi+eay. > > (/0 ¢z¢k¢j¢idf) Qar q; + 1 (/0 ¢>l~2d7€) qi
j=lk=1 j=lk=11=1
n o n 1 n n n 1
—2> > ( / ¢k¢j¢idf) Maai+2. > ( / ¢1¢k¢j¢idf) Maig;
j=lk=1 M0 j=lk=11=1 V0
n o n 1 n 1 n o n 1
- <P+a22(/0 ¢k/¢>j’d37) qm_i) (2 (/0 ¢j”¢>id76) qj —222(/0 ¢k¢j"¢idf) x4
j=1k=1 j=1 Jj=1k=1
n n n .1 1 -1
+> 3 (/0 ¢,¢k¢/¢,~df> qzqkl]j> = (Vbc + Vac cos(@?))’ ((1 + ﬂ)/o ¢idx — (/0 ¢,-2d76) ‘Ii)
j=lk=11=1
fori=1,2,...,n (40)

where an over dot denotes a derivative with respect to the normalized time 7. Using the following variables:

qi0 = qi> (41.1)

qi1 = q; (41.2)
we have:

61;0 =dil, 42.1)

gi1 = qi- 42.2)

With Eqs. (41) and (42.2), Eq. (40) can be rewritten as:

1 n n 1 n n n 1 1
(/0 ¢,'2df) an-22.>" (/0 ¢k¢j¢idf) aodn+ .. (/o ¢1¢k¢j¢id7€) qi09k0 971 + €a (/O ¢[2df) gi1

j=1k=1 j=1k=11=1

n o n 1 n n n 1 1
—2ea . > (/0 ¢k¢j¢idf) qogi +ca Yy > > (/0 ¢>z¢k¢j¢idf) q0qr0gj1 + 3 (/0 ¢i2df) 4io
j=1k=1 j=lk=1I=I

n n

1 n o n n 1
—2>° > (/0 ¢k¢j¢idf) Miarogjo+ D D> (/o ¢1¢k¢j¢idf) A ja0qx04 o

j=1k=1 j=lk=11=1
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n n

n n 1 n 1 1
- (P tad > (/o ¢k/¢j/df) ’IkO’IjO> (Z} (/0 ¢j”¢idf) qjo—2>.>" (/0 ¢k¢j”¢idf) g0 j0
=

Jj=1k=1 j=1lk=1

n n n 1 1 1
+> > > ( /0 ¢z¢k¢/’¢idf) qmqkoq,-o> = (Voc + Vac cos(@)” ((1 +8) /0 ¢idx — B ( /0 ¢,~2df) qio)

j=1k=1I=1
fori=1,2,...,n. (43)

We solve numerically the 2n first-order differential equations Eqs. (42.1) and (43) by the commercial software
MATLAB. The function ode45 based on an explicit Runge—Kutta method is used. The initial deflection and
velocity are taken to be zero (gio = ¢;1 = 0 at 7 = 0). Moreover, to obtain the steady-state solution, the
equations are solved over a long period of time, i.e., 7 = 0—2000, so-called long-time integration. It is found
in [34,35] that the reduced-order model using five modes can accurately describe the dynamic behavior of
microbeams. So the first five vibration modes are taken here, i.e., n = 5 in Eq. (39).

3 Results and discussions
3.1 Effects of applied voltages

Let us consider an electrically actuated microbeam of length L = 500 m, thickness 2 = 10pwm, and an initial
gap between it and the rigid electrode go = 2 pm. The applied voltages are: Vpc = 2—70 V, Vaoc = 0-2
V. With the expressions in Table 1, and the material properties E = 160 GPa, v = 0.27 for silicon in [41],
we calculate the values of the dimensionless quantities Vbe, Vac, and «, as shown in Table 2. Using Table 2,
we solve Eq. (35.1) at different levels of the detuning parameter § and obtain the frequency responses of the
microbeam at various levels of Vpc and Vac. The typical results are shown in Figs. 2 and 3.

Figure 2 is for a low Vbc of 1. When Vac is small (e.g., 0.04 in Fig. 2a), the microbeam exhibits the linear
frequency response: The maximum deflection changes gradually with the increase and decrease of the applied
frequency. When V¢ becomes larger (e.g., 0.1 in Fig. 2c), a typical hardening frequency response is observed.
With the increase of the applied frequency o, the maximum deflection increases gradually until reaching the
first saddle-node bifurcation point SN 1. A slight increase in @ will lead to a sudden decrease of the maximum
deflection, as depicted by SN1 — (D in Fig. 2c. During the decrease of @, the maximum deflection increases
gradually until reaching the second saddle-node bifurcation point SN2, where a slight decrease in @ will cause
a sudden increase in the maximum deflection, i.e., SN2 — (2 in Fig. 2c. Similar observations have also been
found from the experiments [17,23] and theoretical studies [20].

Figure 3 is for a relatively high Vpc of 3.5. In this case, when Vac increases (e.g., 0.03 in Fig. 3c), a typical
softening frequency response is observed. By increasing the applied frequency o, the maximum deflection
increases gradually until reaching SN1 where the maximum deflection suddenly increases, as indicated by
SN1 — (D in Fig. 3c. When decreasing o, the maximum deflection increases gradually until reaching SN2
where it suddenly decreases, see SN2 — (2 in Fig. 3c. The experimental and theoretical investigations in [26]
have similar observations.

Figures 2 and 3 show that Vac should be high enough for the microbeam to exhibit the nonlinear frequency
responses. When Vc is low, the beam deflection is small, and as a result, the mid-plane stretching and the
variation of the deflection-dependent electrostatic force are insignificant. In this case, the microbeam exhibits
the linear frequency response. When Vac becomes high, the beam deflection increases, and the mid-plane

Table 2 Values of the dimensionless quantities

Quantity Meaning Value

P Dimensionless residual axial force 0 (no residual axial force)
[0} Quality factor 1000

Vac Dimensionless AC voltage amplitude 0-0.1

Vbe Dimensionless DC voltage 0.1-3.5

o Stretching parameter 0.24

B Fringing field parameter 0 (no fringing field effect)
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stretching (leading to a hardening effect on the microbeam) and the variation of electrostatic force (leading to
a softening effect) become significant. Then the microbeam will exhibit the nonlinear frequency responses.

The numerical results from the long-time integration presented in Sect. 2.3 are also shown in Figs. 2 and
3, from which it is seen that the analytical model of Eq. (35.1) can capture the characteristic feature of the
vibration behavior of the microbeam at the studied levels of DC and AC voltages. At low DC voltages (e.g.,
Vpc = 1in Fig. 2), a quantitative agreement is found; while at high DC voltages (e.g., Vpc = 3.5 in Fig. 3),
the increasing quantitative difference might be due to the fact that when Vpc increases, the approximation of
the electrostatic force in the analytical analysis becomes less accurate.

It is also found from Figs. 2 and 3 that whether the microbeam will exhibit the hardening or softening
frequency response at high levels of AC voltage amplitude depends on the biased DC voltage. To study the
effect of DC voltage on the existence of hardening and softening frequency responses, we solve Eq. (35.1)
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Fig. 4 Design domains identifying the characteristic feature of the vibration behavior of an electrically actuated clamped—clamped
microbeam

with the parameters given in Table 2 and mark the characteristic feature of the obtained frequency response in
a diagram in terms of Vpc and Vac, as shown in Fig. 4.

Itis seen from Fig. 4 that when Vpc is small (e.g., 1), the microbeam exhibits a hardening frequency response
at high levels of Vac, while at large Vpc (e.g., 3), it exhibits a softening frequency response. As expected,
larger Vpc leads to a larger electrostatic force. Accordingly, the softening effect due to the electrostatic force
becomes dominant at large values of Vpc, and the microbeam would exhibit a softening frequency response. At
small values of Vpc, the hardening effect due to the mid-plane stretching becomes dominant, and a hardening
frequency response can be observed. At Vac = 0.1 (the highest level considered in this study), we determine
the following critical values of Vpc from Fig. 4: the maximum allowable Vpc = 1.1 for the existence of
hardening frequency response and the minimum allowable Vpc = 1.6 for the existence of softening frequency
response.

It is noted that the mixed domain in Fig. 4 is where the frequency response curve shows both the hardening
and softening characteristics. It is also observed that when Vpc = 1.1—2.5, a discrepancy is found between the
frequency responses obtained from the analytical model of Eq. (35.1) and those obtained from the numerical
simulation in Sect. 2.3. The analytical model over-estimates the hardening effect and underestimates the
softening effect, possibly due to the approximation of the electrostatic force. Therefore, in the region where
Wc = 1.1-2.5, the numerical simulation results are used to determine the vibration characteristics of the
microbeam.

3.2 Effects of governing parameters

The dimensionless quantities in Table 2 are the parameters governing the vibration behavior of the microbeam.
In Sect. 3.1, the effects of the electrical loading Vbe and Vac are studied. In this Subsection, we examine the
effects of other governing parameters, such as the stretching parameter «, the fringing field parameter §, the
quality factor Q, and the dimensionless residual axial force P. Moreover, the effects of boundary conditions
are also investigated.

3.2.1 Stretching parameter

Except the stretching parameter o, we take the values of the other parameters in Table 2 and solve Eq. (35.1) at
different levels of «. The obtained frequency response curves are depicted in Fig. 5. The hardening frequency
response is observed at large values of « in Fig. 5a, while the softening frequency response is observed at
small value of « in Fig. 5b. The stretching parameter « quantifies the effect of mid-plane stretching; i.e., by
increasing o, the mid-plane stretching becomes more significant, which makes it easier for the microbeam to
exhibit the hardening frequency response, while more difficult to exhibit the softening frequency response. As
a result, the minimum Vac required to induce the hardening frequency response decreases when increasing
o, and that is why the hardening frequency response is observed at large « in Fig. 5a. On the other hand, the
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minimum V¢ required for the softening frequency response increases with the increase of «, so the softening
frequency response is only observed at small « in Fig. 5b. The expression in Table 1 indicates that we can
adjust the value of o by varying the beam thickness # and/or the initial gap go between the beam and the
electrode.

Using the numerical simulation presented in Sect. 2.3, we obtain the critical values of Vpc at different levels
of « in Fig. 6. The critical values are: the maximum allowable Vpc for the existence of hardening frequency
response and the minimum allowable Vpc for the existence of softening frequency response. It is found from
Fig. 6 that with the increase of « both critical values of Vpc increase. This indicates that the hardening domain
expands at the expense of the softening domain in the design diagram of Fig. 4. This is because increasing o
strengthens the hardening effect.

3.2.2 Fringing field parameter

The fringing field effect due to the finite size of the beam width b is described by a fringing field parameter
B, which is equal to 0.65go/b from Table 1. In order to make use of Palmer’s formula to estimate the fringing
field in this study, the microbeam system must satisfy the inequality b > 10g¢o [32]. For the narrow beams
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of smaller width, more complicated formulae such as [42,43] should be used. Here we have: 8 = 0—0.065.
Using Eq. (35.1) and Table 2, the frequency responses at different levels of 8 are depicted in Fig. 7. It is seen
from the Figure that the effect of S at the studied level is insignificant.

3.2.3 Quality factor

Figure 8 shows the frequency response of the microbeam at different levels of the quality factor O, which are
obtained using Eq. (35.1) and Table 2. The figure indicates that increasing Q strengthens both the hardening
and softening effects, so the minimum V¢ required to induce the nonlinear frequency responses decreases
with the increase of O, and as a result, the nonlinear frequency responses are observed at large values of
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Q in Fig. 8. The quality factor Q is inversely proportional to the dimensionless damping coefficient cq, as
shown in Eq. (37). Therefore, increasing Q reduces the damping effect, which leads to an increase in the beam
deflection. In this case, the nonlinear effects due to mid-plane stretching and electrostatic force become more
significant, and consequently, smaller Vc is needed to induce the nonlinear frequency responses.

Using the numerical simulation results, we determine the maximum allowable Vpe for the existence
of hardening frequency response and the minimum allowable Vpc for the existence of softening frequency
response and show these two critical values of Vpc at different levels of the quality factor Q in Fig. 9. It is seen
that Q has a minor effect on these critical values of Vpc. If the hardening effect is strengthened compared to
the softening effect, the critical values of Vpc will increase, indicating that the hardening domain expands at
the expense of the softening domain in the design diagram of Fig. 4. Similarly, the critical values of Vpc will
decrease if the softening effect is strengthened compared to the hardening effect. Since both hardening and
softening effects are equally strengthened by increasing Q, the critical values of Vpc remain unchanged.

3.2.4 Residual axial force

The frequency response at different levels of dimensionless residual axial force P, using Eq. (35.1) and Table 2,
is obtained and shown in Fig. 10. It is seen from the Figure that the axial compressive force (P < 0 in Fig. 10)
strengthens the hardening and softening effects on the microbeam, while the axial tensile force (P > 0)
weakens them. The compressive force increases the beam deflection, and as a result, the nonlinear effects from
mid-plane stretching and electrostatic force become significant. The tensile force has the opposite influence.
So the compressive force reduces the minimum Vac required to induce the nonlinear frequency responses,
while the tensile force increases them. And that is why the nonlinear frequency responses are observed at the
compressive force in Fig. 10.

From the numerical simulation results, the maximum allowable Vpc for the existence of hardening fre-
quency response and the minimum allowable Vpc for the existence of softening frequency response are
obtained. It is seen from Fig. 11 that these two critical values of Vpc are only slightly affected by the dimen-
sionless residual axial force P. The hardening and softening effects are equally strengthened or weakened by
P. Therefore, P has an insignificant effect on the critical values of Vpc.

3.2.5 Boundary conditions

The previous studies are conducted on a clamped—clamped microbeam. However, the beam can be subjected
to other boundary conditions such as simply supported and cantilever. In this Subsection, we investigate the
effects of the boundary conditions on the frequency response of the microbeam.

Let us consider a simply supported microbeam depicted in Fig. 12a first. Its axial displacements at the
boundaries are the same as those of the clamped—clamped beam, i.e., u(0) = u(L) = 0. Accordingly, the axial
force can be calculated by (13), and the governing equation (15) can be used. We further take the first linear
undamped vibration mode ¢ of the simply supported beam:
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Fig. 12 Microbeam subjected to different boundary conditions: a simply supported, b cantilever

¢1(X) = sin(rx) (44)
with the frequency parameter A1 = 7 and follow the similar procedures in Sect. 2.2 to obtain Eq. (35.1) for
studying the frequency response of the simply supported microbeam.

Let us now consider a cantilever-type microbeam that is anchored at one end, as depicted in Fig. 12b. The
axial force at the free end of the cantilever microbeam is zero. Then from Eq. (10.1) we obtain:

N(x,1) =0. (45)

Introducing Egs. (6), (7), (12.2), and (45) into Eq. (10.2), we have:

3w w *w  1eob (Vpc + Vaccos(wr))? g0 —w
S—- — 4+ Ef [ — = 1+0.65——). 46
PO Ty HEIGE =3 (g0 — w)2 ( + b ) (46)
Then the following dimensionless governing equation can be obtained using Table 1 and Eq. (46):
9*w L o*w (Vo + Vac cos(@D)’ 1L B @7
— tca—=+—= cos(w .
a2 | Yar oyt T \PeTAC 1-w?  (-w

It is seen that Eq. (47) does not include the mid-plane stretching term with the stretching parameter «. So
the cantilever microbeam cannot exhibit the hardening frequency response. Using the first linear undamped
vibration mode ¢ of the cantilever beam:

51 = C1 ((cos h(uT) — cos() — St = SCD Gy 15y — sin(um) (48)
X) = cos x) —cos(A1x) — sin x) —sin(A;x

! ! ! ! cos h(A1) + cos(ry) ! !

with C; satisfying maxzejo,17 [¢1(X)| = 1 and A satisfying cos h(A1) cos(h1) = —1, and following the

procedures in Sect. 2.2, we arrive at a similar expression to Eq. (35.1). The only difference is that the coefficient
b3z in Eq. (35.1) is modified to be 3m4 @+ p) VDCZ.

Smow

Using Table 2 and Eq. (35.1), we ébéain the frequency responses of the microbeam under different boundary
conditions. The results of the cantilever-type microbeam are shown in Fig. 13. As expected, the cantilever
microbeam can only exhibit the nonlinear frequency response of softening characteristic. Figure 14 compares
the frequency responses of simply supported and clamped—clamped microbeams. It is seen from the Figure
that the hardening and softening effects in the simply supported microbeam are more significant than those in
the clamped—clamped beam. The reduced rotation at the two ends of the clamped—clamped microbeam makes
it more difficult to bend, and as a result, the clamped—clamped beam has a smaller deflection, which leads
to the weaker nonlinear effects from mid-plane stretching and electrostatic force. Therefore, higher Vac is
required to induce the nonlinear frequency responses of the clamped—clamped microbeam. That is why the
nonlinear frequency responses are only observed in the simply supported microbeam in Fig. 14.

It is noted that at Vac = 0.1 and Vpc > 0.7 a transient dimensionless deflection reaching 1 is predicted
by the numerical simulation near the primary resonance regime of the simply supported microbeam. This
indicates that the simply supported microbeam will collapse onto the rigid electrode and cannot exhibit the
vibration behavior. In this case, we cannot determine the maximum allowable Wm for the existence of hardening
frequency response and the minimum allowable Vpc for the existence of softening frequency response of the
simply supported microbeam at Vac = 0.1.
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4 Conclusions

This paper investigates the vibration behavior of an electrically actuated microbeam under various levels of
DC and AC voltages. The governing equations are developed in the framework of Euler—Bernoulli beam
theory, accounting for the effects of mid-plane stretching, fringing field, damping and residual axial force.
The equations are solved by the method of multiple scales and used to derive the frequency response of the
microbeam under different boundary conditions.

Our results reveal that the characteristic feature of the frequency response of the microbeam highly depends
on the applied AC and DC voltages. Large AC voltage amplitude is required to induce the nonlinear frequency
response, and the biased DC voltage determines whether the microbeam will exhibit hardening or softening
frequency response. A design chart in terms of the dimensionless DC voltage and AC voltage amplitude is
further developed to show the domains of characteristic frequency responses. Moreover, our results reveal
the significant effects of the mid-plane stretching, damping, residual axial force, and boundary conditions
on the minimum required AC voltage amplitudes for the nonlinear frequency responses, while only the mid-
plane stretching influences the critical DC voltages separating the hardening and softening frequency response
regions in the design chart of the micro-resonator.
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