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ABSTRACT This paper is concerned with highly accurate analytical approximate solutions to dynamic
oscillation of the parallel-plates model of an electrostatic micro-actuator. A potential difference is applied
between the two electrodes to obtain a desired oscillatory effect, and the top movable electrode is suspended
over the bottom fixed electrode by a linear suspension. The periodic oscillation solutions are obtained by
generalizing the second-order Newton-harmonic balance (HB) method. The procedure obtains brief and
accurate analytical approximate solutions for a large range of oscillation amplitudes with only one iteration
step, the analytical approximate solutions show excellent agreement with the “exact” solution yielded by
numerical integration. These analytical approximate solutions can be applied to analyze and design micro-

and nano-devices employing electrostatic parallel plates.

INDEX TERMS Parallel plate, MEMS, analytical approximation, second-order Newton iteration, harmonic

balance.

I. INTRODUCTION

Parallel plates are widely used as a necessary component in
many microdevices that use electrostatic forces for actuation
and capacitance changes for inspection. In bio-MEMS appli-
cations, the parallel plates act as micro-actuators for driving
micropumps [1], [2] and microvalves [3]. In optical and RF
MEMS applications, parallel plates are also applied to mod-
ulating a light beam [4], cantilever micro-electro-mechanical
actuator [5], and even tuning a capacitance [6].

Due to the different geometry of the movable plates and
flexures, the parallel plate suspended by flexures and subject
to electric force moves toward the fixed plate with or without
angular displacement. Parallel plate without angular displace-
ment [7] is selected as a simple model in many MEMS device
or component researches. A parallel-plate model is the one-
dimensional idealization of an electrostatic micro actuator
that is used to develop insight into its nonlinear dynamic
behaviors [8], [9], [10]. For the parallel plate whose movable
plate moves downward to the lower electrode, the pull-in
voltage and the corresponding displacement were obtained
in closed forms [8]. In addition, the effective stiffness, inter-
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plate gap, capacitance, resonant frequency and their sensi-
tivities have also been derived as functions of the voltage
applied across the plates [9]. In some MEMS devices, electro-
statically actuated micro cantilever or fixed—fixed beam are
simulated as a single parallel plate capacitor suspended by
an ideal linear spring [11], [12], and obtained the behavior
or response to an applied voltage by numerically solving
a fourth-order nonlinear differential equation. Optimization
[13], dynamic model development [14], or control [15] of a
variety of parallel plates is concerned by researchers. On the
other hand, electric membrane parallel plate [16] has been
analyzed to examine the response to a given voltage. All par-
allel plates [7], [8], [9], [10], [11], [12], [13], [14], [15], [16]
are nonlinear systems whose mechanical behavior is coupled
with electrostatic forces generated by an applied voltage, so
that the parallel plate’s responses such as displacement at the
voltage has been obtained by employing complicated numer-
ical simulations. For further analytical studies of the parallel
plate model, analytical approximate solutions which provide
accurate explicit expressions of the model are attractive.
Lee [9] derived a closed-form solution and a standard formula
for a parallel-plate problem, which involved a movable rigid
plate and a symmetrically-bent plate, and achieved a closed-
form solution which included parameters such as the height of
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FIGURE 1. Schematic illustration of parallel-plates model for an
electrostatic actuator.

TABLE 1. Parameters of the parallel-plate model.

Parameter Value Unit
i 3.29%107"° kg
k 476 N/m
2 8.85%x107" F/m
yl 6.2x107°" m>
& 2x10°° m

the moving plate and its effective stiffness due to the applied
voltage. Yu et al. [17] discussed the static and dynamic pull-
in parameters of the parallel-plate microelectrostatic actuator
with the help of Galerkin’s method and Newton’s method.
Nonlinear free vibration of a parallel-plates model that is
subjected to constant voltage is investigated here. Although
the second order Newton-HB method [18], [19] has been
successful in some cases above, it is still a great challenge
to extend and generalize this method to this parallel-plates
vibration system. As it will become clearer below, this is
because the governing equation does not only have con-
current presence of odd and non-odd nonlinear terms, but
also contains highly negative-powered restoring terms. The
coexistence of these terms makes the system extremely non-
linear, and hence, higher order approximation and assurance
of numerical accuracy will become a challenge. Based on the
nonlinear problem with odd and even nonlinearities, two new
nonlinear equations with odd nonlinearity are proposed. The
accurate analytical approximations of the original nonlinear
problem are mathematically formulated by combining piece-
wise approximate solutions from such two new nonlinear
systems. The details of modeling and approximations are pre-
sented below. In the illustrative examples specified by certain
material parameters and initial conditions, the approximate
analytical solutions are derived and subsequently verified by
separately comparing to numerical integration solutions.

Il. FORMULATION OF PARALLEL-PLATES MODEL
Consider a parallel-plates model as shown in Figure 1. The
top movable electrode has mass m, and is suspended over
the bottom fixed electrode by a linear suspension having
stiffness k. The initial separation between the two electrodes
is equal to g¢. Permittivity of the vacuum is denoted by&( and
A represents the area of overlap between the two electrodes,
and V is the applied voltage. Also, & (1) denotes the time-
dependent displacement of the movable electrode. Parameters
of the parallel-plate model are list in Table 1.
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Neglecting the effect of energy dissipation, the dynamic
equation of motion of the system is written as

LR BAV?
mom T =
dt 2 (80 — )
A ds
£(0)=0.7 0) =0. M

We define the following dimensionless quantities in order to
generalize the forthcoming analysis:

1 1
(7 20AV2Y’ kY.
x(t)zxA()yvz SOAA3 =1 =)t (2)
80 kg m

where x, V, and ¢ denote normalized displacement, dimen-
sionless voltage and dimensionless time, respectively. These
definitions reduce (1) to the following dimensionless
form [10]:

d*x V2 dx
_ = —F, 0 :0,— 0 =O 3
Z T T 0=05© 3)
Then, (3) can be rewritten as
ax FF(xV)=0
Y X, =Y,
dt?
where
V2
Fx,V)=x — ——.
. V) 2(1—x)?

Ill. ANALYTICAL APPROXIMATIONS TO STATIC PULL-IN
STATE

Setting the time derivatives in (3) to zero, assuming a constant
electric load yields the nonlinear algebraic equation govern-
ing the static deflection as of the parallel-plate as follows

V2
- =o.
2(1 —xy)

Based on (4), the potential V (V > 0) can be solved and
expressed in terms of the normalized static beam center

V = V21 — x5)x;. 4)

In general, the solution curve in (5) is composed of the left and
right branches. In figure 2, the highest point is the pull-in one
where the corresponding voltage and normalized static beam-
center deflection are denoted by Vp and xp, respectively.
In addition, stability analyses of the static deflection have
been performed in [20]. It has been pointed that, the left
branch is stable and the right branch is unstable. The static
pull-in parameters (normalized voltage Vp and normalized
displacement x;) of the plates are derived by (5), xp = 1 / 3,
Vp = 0.544331.

F (x5, V) = xg 4

IV. ANALYTICAL APPROXIMATIONS TO NONLINEAR
FREE VIBTATIONS

In this section, we construct the analytical approximate peri-
ods and periodic solutions to (3). Let deflection

X =xs+u, (6)
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FIGURE 2. Variation of normalized voltage V along with normalized static
deflection xs.
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FIGURE 3. Variation of the potential energy [] with normalized

incremental deflection u for xs = 0.1.

where u is the normalized incremental deflection from a
stable equilibrium position x = x;. Substituting (6) into (3)
leads to

d*u du
— =0,u(0)=A;, —(0)=0. 7
i +f (w) u (0) 1 dt() 7
where
VZ
u)=xs+u——— V=V ,Al = A — x;.
f() s 2(1—)65—14)2 (s) 1 s

and A1 represents the initial normalized maximum displace-
ment. The corresponding potential energy function is

2 2
H(u,V)=/f(u>du=”—+uxs—2(1V—, ®)

2 — U — X5)
and it reaches its minimum at ¥ = 0. Thus, the system
will oscillate between asymmetric limits[—A, A1] where
both—A> (A2 > 0) and A have the same energy level, namely

[Ty =]T@n v, ©)

and they are left and right limitations of normalized incre-
mental deflection, respectively, for the vibration. In figure 3
the change of the potential energy [] (4, V) (x; = 0.1) with
respect to the normalized incremental deflection u is shown.

The denominator of elelectrostatic force is expended into
a Taylor series at u = 0 up to the third order. Further, (7) is
approximated by

d*u  Ciu+ Cu? +43

du
— =0,u(0)=A;, — (0)=0.
dtz—i_Mo—I-Mlu—l—u2 u (0) ! dt()

(10)
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where
Cp=1—dx;+3x2,Cy =3x,— 2, My
=1-—2x —i—sz,Ml = 2x; — 2.

Introducing the new independent variable T = wt, we may
transform (10) as

Q(M0+M1u+u2)ii+C1u+C2u2+u3 =0,
w(0)=Ap,u(0)=0. (11)

where Q = ? and a dot denotes differentiation with respect
to 7. Based on (11), two odd nonlinear oscillators for i =
1, 2 are defined as follows

Qid P wyii + KD (u)

=0, u(0) = A;, u(0) = 0, (12a)
. Mo+ (=D 'Mm 2 ifu=0
o0y = | Mot (=D My, ifu= 0. o)
My—(—=1D)""Myu~+u, ifu<?O.
i—1 2 3 .
K(l) (],[) _ C1u + (_1)1.71(?2”2 + us, lflxt > 0,
Ciu—(=1)"Cw +u’, ifu<0O0.
(12¢)
Here, for i = 1,2, K® (u)is an odd function of u, and

@D (y)is an even function of u.
Based on the single term HB method, the initial approxi-
mation to (12) is set as

Wl = Ajcost,i=1,2 (13)

Substituting (13) into (12), expanding the resulting expres-
sion in the Fourier series and setting the coefficient of cos t
to zero result in
@ o OTA? + 127C1 +32 (=)' ACy
Q7 A) = 5 — ,i=1,2
OmA; + 12 My + 32 (=1)""" A;M,

(14)

Therefore, the first approximation to the period of nonlinear
oscillator in (12) fori =1, 21is

(A = 27 / veaa, (15)

and the corresponding approximate periodic solution is
uD(t) = A, cos (\/Q(i) (A»)t) (16)
1 =4 Aoty

Based on the initial approximations le) (A;) and uﬁ’)(t) in
(14) and (16), respectively, to the solution of (12), the second-
order Taylor expansion and the HB method can be combined
to obtain a more accurate solution. The periodic solution of
(12) and its frequency squared can be formulated as

W =ul’ + ad’, @0 =@ + AP i=12 (7)

Substituting (17) into (12), neglecting the third-order and
higher-order power degree terms in Au'” and AQ”, lead to

o0) (@il + aQil” + o i + aQ ai)
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+ PN au” (@i @) + aei + o ai)

+ KOy + KD @) Au

+ 3 [@00NRP + K] auf? = 0,
A’ 0) =0, Ai’(0) = 0,i=1,2 (18)

Firstly, the linearized equation in Au(llg and AQY& derived
from (18)

Q" 00w’ + K@) + Ao @i
+ @0 wMaif) + @ o0 @il Aufy
+ K@) Au) =0,

AuD©0) = 0, AiD0) = 0,i=1,2 (19)
is solved. The approximate solution to (19) can be developed
by setting Auig as

Aud(r) = aP(cos T — cos31),i=1,2 (20)

Substituting (13) and (20) into (19), expanding the resulting
expression into the Fourier series, setting the coefficients of
cos T and cos 37 to zero, respectively, yield

Nz(i)Pc(xi) _ Nl(i)Qc(xi)
0 p0 _pi o0
_ —NPg + NG
ov'Py —PP0Y

O]

0]
Q=

i=1,02. 1)

where P{, PG N, 0, and 0f). (i = 1,2; j = 1,2) are
listed in Appendix VL.

Therefore, the second approximate period and periodic
solution to (12) for i = 1, 2 can be expressed as

T\ (A) = 2n/m, @2)
u (v) = (A + o) cos (\/mf)

— o\ cos (3,/95%,-):), (23)

where
0 _ o0 (@)
o’ = @ + aQ). (24)

Next, in (18), replacing AQ" in AQP D) A" with
AR, AR in @ 0 M)A Aul” with Ay, AQ in
Ale)d),(f) (ugl)) iigl)Au(ll) with AQ%, and one of two Auil)
terms in 0.5(Au{" 2@\ @D’ + 0.5(Au)” K )
with Au%, respectively, yields linear equation in Augl) and

@.
AQ:
0 (i + A2 + 2P ail) + afail?)

+ PG aul? (20 + A2l + 20 ail)

+ KOGy + KO @) Aul
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+ 5 [PRaei + K] Aufau’ = o,

uu
Au(0) =0, AiP(0) = 0,i=1,2 (25)
Let Aul” in (25) be

Auii) () = ,B(i) (cost —cos31) + y(i) (cos3t —cosS57),
(26)

which satisfies the initial conditions in (25). Substituting
(13), (14), (20), (21), and (26) into (25), expanding the
resulting expression into the Fourier series and setting the
coefficients of cost, cos3t and cosSt to zeros, respec-
tively, produce, as in (27), shown at the bottom of the next
page, where RS, P Py N EQ. 0. 09 FS). S and
SV =1,2; k =1,2,3)are listed in Appendix VI.
Finally, the third approximations to the period and corre-
sponding periodic solution to (12) for i = 1, 2can be written

as
T4 = 21/, 2 Ay, @
) (1) = (A,- + ﬂ(i)) cos [ Qgi)(Ai)t]
+ (_'B(i) + y(i)) cos |:3 Qéi)(Ai)ti|
— y¥ cos |:5 Qgi)(Ai)f:| ; (29)
where
o0 ¥ + aql). o)

Finally, the corresponding the nth (n = 1, 2, 3) analytical
approximate period and periodic solution to (7) can be written
as

TV (A)) N T (Ay)

T,(A) = 5 5 (31)
(1)
T, (A
uz"(t),OSts%;
1 2
of, 0@y N T," (A2)
n 4 4 ’
7\ (A) e TV (A) N Téz)(Az);
un (1) = 4 o 2
) T, (A1)  T,”(A2)
u 4+ —
n 2 2 ’
L@y | P4y L@
by
+Tn (A2)
2
(32)

The exact period T, (A1) is

Al
Te (A1) = 2/ [2IT (A1, V) — 2T (A2, V)]~ 2du. (33)
—Ay

where Aj is determined by (8) and (9).
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TABLE 2. Comparison of approximate and “exact” periods for
Xs = 0.1,V = 0.402492, Ap = 0.545862.

4 4 T, L. TjT T

0.2 0.187117  7.23348 0.999020 1.00000 0.999997
0.3 0.269042 7.40651 0.996390 1.00005 0.999988
0.4 0.338365 7.77320 0.986783 1.00022 0.999934
0.5 0.384768 8.88811 0.932677 0.99615 0.998401
0.53 0.390802 10.1015 0.853854  0.968100  0.985228
0.54 0.391593 11.2971 0.775965  0.912984  0.946970

TABLE 3. Comparison of approximate and “exact” periods for
Xs = 0.2,V = 0.505964, Ap = 0.287689.

4 4, T, L. LT TYL
0.1 0.088298  9.11837 0.998886 1.00002 0.999994
0.15 0.123554  9.45623 0.996344 1.00010 0.999977
0.2 0.151661 10.0898 0.988516 1.00044 0.999892
0.25 0.170297 11.5499 0.955292 1.00029 0.998937
0.27 0.174178 13.0211 0.904198  0.992108  0.993946
0.28 0.175143 14.7186 0.834185 0.962557 0.974238

TABLE 4. Comparison of approximate and “exact” periods for
Xs = 0.3,V = 0.542218, Ap = 0.0678175.

4 4, T, T, L) T,

0.01 0.009204 16.7459 0.999864 1.00001 1.00000

0.03 0.023473 17.7366 0.998118 1.0001 0.999981
0.05 0.032596  20.4903 0.985938 1.00073 0.999769
0.06 0.035000  24.1240 0.949856  0.999682  0.998142
0.065 0.035548 28.9753 0.871316 0.979444 0.984414
0.067 0.035628 35.0257 0.757845 0.906390 0.924609

V. RESULTS AND DISCUSSION

To describe the dynamic vibration behavior and verify the
accuracy of analytical approximate solutions, comparative
analysis of the approximate and ‘“‘exact” solutions is given
in this section.

The “exact” period T, (A1) obtained by (33) and the
approximate periods7y (A1), 7> (A1), and 73 (A1) computed
by (31) are listed in Table 2, 3, and 4. Note that the maximum
amplitude Ap of vibration is determined by the difference
between unstable deflection in the right branch and stable
static deflection as in the left branch at an equal potential
V (x5). From Table 2, 3, and 4, it can be analyzed that the
third approximate period T3 (A;)derived by (33) provides

Periodic Solutions u(f)

Time ¢
FIGURE 4. Comparison of approximate periodic solutions with “exact”
solution for xs = 0.1, V = 0.402492, A; = 0.53.

Periodic Solutions u(f)

Time ¢
FIGURE 5. Comparison of approximate periodic solutions with “exact”
solution for xs = 0.2, V = 0.505964, A; = 0.27.

0.08 T T T T T

Periodic Solutions u(f)
=)
S

-0.02

&
R

0 5 10 15 20 25 30
Time ¢
FIGURE 6. Comparison of approximate periodic solutions with “exact”
solution for xs = 0.3, V = 0.542218, A; = 0.065.

very good accuracy to the exact period for various vibration
amplitudes.

Ao Q(I)S(I)N(l) Q(l)S(t)N(t) +P(l)S(l)N(1) P(i)S(i)N(l) P(I)Q(I)N(l)+P(1)Q(1)N(l)
1 F(t)P(t)Q(t) Fs(zl)Pg)Q(l) E(t)P(!)S(I) +Q(1)R(t)S(l) ES)P(')S(') Q(t)R(t)S(l)
o F(l)Q(t)Na(t) E(I>S(1)N3(l) F(l)P(t)N(t) +R(l)S(l)Nf)+Eg)P§,l)N5(') Q(l)Rg)Ns(l)
o F(l) P(l) Q(l) _ F(l) P(l) Q(l) _ E(t) P(l) S(l) Qg,l) R(l) S(i) E(i) P(i) S(i) _ Q(l) RY S)(/i)

o E(I)Sél)N(l) (l)Q(l)N(l)+F(l)Pg)N(l) R(i)Sg)N(l) E(l)Pg)N(l)—}—Q(Z)R(i)N(i) on
vo= F(I)P(t)Q(t) Fg)P(l)Q(l) E(l)P(l)S(t)+Q(1)R(I)S(1) ES(Zt)P(l) (@) Q(l)R(l)S(l)
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For x;, = 0.1,V = 0.402492, A1 = 0.53; x;, =
0.2,V =0.505964, A1 = 0.27,andx; = 0.3, V = 0.542218,
A1 = 0.065 the “exact” periodic solution u, (t)calculated by
numerically solving the initial value problem of (7) with the
Runge-Kutta method and the approximate analytical periodic
solutions u; (¢), up (¢), and u3 (¢)computed by (32) are pre-
sented in figure 4, 5, and 6. These figures show that the second
analytical approximate periodic solutions in (32) provide the
very good approximations to the “exact” periodic solutions
for the whole range of small and large amplitude of vibration.

VI. CONCLUSION

In this study, the nonlinear free vibration of the parallel-
plate type microelectrostatic actuator is analytically inves-
tigated by combing the second-order Newton method and
the harmonic balance method. The governing equation that
is expressed in a specific form has been solved in two
steps, a predictor step and a corrector step. Solution to each
step has been constructed in an appropriate manner using
the harmonic balance method. This new method retains the
advantage of solving a set of linear equations instead of a
set of nonlinear ones, yet it incorporates in a natural way
the second-order terms in the expansion. This higher-order
method yields accurate solutions with faster convergence rate
for all amplitudes of the parallel-plate type microelectrostatic
actuator. With these analytical expressions, it is possible to
perform analytical parametric investigations with respect to
various physical quantities that influence the dynamic behav-
ior and to help MEMS and NEMS designers for improving
the performances of resonant sensors.

APPENDIXA .
The coefficients P, P(slz)’ Nj('), ), and Qg), (i=1,2;j=1,
2)in (21) are given by

. 347 64(-D)TAC 1, g ;
PO = Sh 4+ Ot —— o + 3470 - M@,
3 i—1 22
p0 _ A CAMo— 8 (—1)i~A?Mm,
Q 4 15 37[ )
N 3A3 8(—"1A2c, 3 ;
0) 360)
N = Tt +A;Cy + T - ZAl.sz;
, 8(=DitAlm
_AiMOQEt)_ (=D j18ay ’
3
, 3A2 64 (1) AC 19 5@
O = G T A
S 2048 (-t A @
0) iM182y
IMHQ2 ,
OMoR T 1057
0 — _A} 8(=D"'AiM,
@ 4 157 ’
N AY 8(=DiTAZe, 1 ,
(@) i i 360
NP ="L 4~ ° Ti7_ _ANQ
2 2 T 157 4t
i—1 22 @)
_8(=DTIAIMQY
157 '
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APPENDIXB
The cqefficients Rg), Pg), Pg,’), Nk(’), Es(zl) s Qg) R QJ(,’), Fg(;), S/g’),
and S(i = 1,2; k = 1,2, 3) in (27) are given by

343 8 (—1) 1AM,
(i) i
RY = "L _AMy— ——— 1
Q 24240 37 -
342 64 (—1)1AC,  9Al”
B2 157 4

128~ G’ 1, ®
+ o + A AQy — MoAQj,
1

260
+ EAi Q

1y () o)
EA_a(i)Q(i)_ 1664 (—1)""" Myar)" QY
2 1057 '
o 3A7  128(-1TTAC 256 (—1)! Gy
O A -
v T4 1057 3157
LRy 256 (—1) "' AMiAQ) 11
4 1TmI0 357 4
256 (= 1)1 Ap QY
357 o
256 (= 1)~ My’ Q!
21w
i—1 42
8(=1) A,.cz_§A?
3 4
i—1 42 0]
8 (=D ATM QY
' 37 ’
£ _ A 8(=D"'AMM,
Q s
4 157
0 _ 347 o 64 (-1 AC, 940"
4 ! 21n 4
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- 3157 +9Mo AR,
2048 (~D)I T AMAQY 19, ®
—ZA20W 1 oMmyQ
1057 oA oMos
2048 (—i~tam @ 19
(=D iVl18ey +_Ai(¥§l)9(11)
1057 2

2944 ("' Mia’QY 19 :
(D Mo €2 +—A2AQ0,
1057 4

(@
— MpQ{" —

9

11

Azl

T aAaQl

y  3AY ;
N = =R+ ACH+ Q!

— AMoQ) —

o342 128 (=71 A;¢, 342!
) _ 20 C i i%
QO =7 ta+ 457 2
1792 (= 1)~ Cal?
4957
256 (=)~ ;M AQYY ,
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