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ANALYSIS OF PULL-IN INSTABILITY
OF ELECTROSTATICALLY ACTUATED CARBON NANOTUBES

USING THE HOMOTOPY PERTURBATION METHOD

MIR MASOUD SEYYED FAKHRABADI, ABBAS RASTGOO AND MOHAMMAD TAGHI AHMADIAN

This paper analyzes the deflection and pull-in behaviors of cantilever and doubly clamped carbon nan-
otubes (CNTs) under electrostatic actuation using the homotopy perturbation method. The effects of
electrostatic force and interatomic interactions on the deflection and pull-in instabilities of CNTs with
different lengths, diameters, and boundary conditions are investigated in detail. The results reveal that
larger diameters and shorter lengths result in higher pull-in voltages. Moreover, CNTs with doubly
clamped boundary conditions, in comparison with cantilever boundary conditions, are more resistant to
pull-in.

1. Introduction

Research into micro- and nanoelectromechanical systems (MEMS/NEMS) has experienced tremendous
growth in recent years. The main motivations for scientists to conduct research in these fields are their
combined electrical and mechanical properties, which result in simpler structures in electrical systems.
This can be utilized in different electronic circuits, communication devices, and in aerospace applications
such as sensors, actuators, resonators, capacitors, switches, etc. [Mojahedi et al. 2011; Kahrobaiyan et al.
2011; Darvishian et al. 2012; Moeenfard and Ahmadian 2012; Moeenfard et al. 2012; Rahaeifard et al.
2012]. MEMS and NEMS are, in general, mechanical devices such as micro/nanobeams, shells, plates,
or other similar structures sensed or actuated electrically. Electrothermal, piezoelectric, and electrostatic
systems are the most common types of actuation systems applied in the field of MEMS and NEMS
[Ansola et al. 2012; Tayyaba et al. 2012; Zand 2012]. However, in nanoscale applications, electrostatic
actuation is more frequently used and applicable.

Krylov et al. [2005] showed that parametric actuation of microstructure has stabilizing effects. They
proposed that using this technique would result in higher pull-in voltages. They utilized the Hill and
Mathieu equations to analyze the parametric actuation of these structures and verified the outcomes with
experimental data. In the system considered in their article, a microbeam was attached to the ground
plate while embedded between two positive electrodes. The electrical potential difference between the
microbeam and electrodes causes it to deflect towards the fixed electrode with higher voltage. In another
study, Zhang and Zhao [2006] studied the pull-in behaviors of microstructures under electrostatic actua-
tion using numerical and analytical techniques. They applied a one-DOF model of the microbeams and
analyzed the governing equations via Taylor expansion.
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Batra et al. [2008] applied a reduced-order method to study the behaviors of rectangular and circular mi-
croplates in the presence of electrostatic actuation and Casimir effects. They used the nonlinear von Kar-
man model to formulate the governing equations and presented the pull-in voltages for microstructures
with different dimensions. Pirbodaghi et al. [2009] and Mojahedi et al. [2010] studied the static and dy-
namic behaviors of microbeams using the homotopy perturbation method. In the static case, the behaviors
of the microbeams under electrostatic actuation were analyzed and pull-in voltages for different parame-
ters were reported [Pirbodaghi et al. 2009]. For the dynamic case, the natural frequencies of microbeams
under two cantilever and doubly clamped boundary conditions were extracted [Mojahedi et al. 2010].

Rezazadeh et al. [2011] studied the static and dynamic behaviors of microbeams using a one-DOF
model and presented some equations to obtain the static and dynamic pull-in voltages. These relations
could be used to estimate pull-in voltages without requiring solving the governing partial differential
equations. Moghimi Zand et al. [2009] investigated the behaviors of microbeams under suddenly applied
voltages and analyzed the effects of increments in voltages, residual stresses, and fringing fields using
the homotopy perturbation method. Jia et al. [2011] studied the behaviors of microbeams in the presence
of electrostatic actuation and Casimir forces considering geometrically nonlinear vibration on the pull-in
phenomena.

The papers above show the depth of interest in MEMS; we now mention a few studies of NEMS.
Technological progress has gone hand in hand with a decrease in the size of electrical devices embedded
in electrical appliances such as cell phones, cameras, micro- and nanorobots, etc. Hence nanosystems
have also been the object of intense attention. Nanobeams and nanotubes are the first choices one may
consider in NEMS applications.

Ramezani et al. [2008a] studied the effects of Casimir forces on the electrostatic behaviors of nanobeams.
They applied a Green’s function to transform the nonlinear governing equation to an integrodifferential
equation and considered an appropriate shape function to obtain an analytic relation for the deflection
of nanobeams actuated electrostatically. They also investigated in [Ramezani et al. 2008b] the effects of
van der Waals (vdW) force on the properties mentioned.

Abadyan et al. [2010] applied the homotopy perturbation method to investigate the effects of Casimir
force on the pull-in instability of cantilever nanobeams. They studied the static pull-in of nanobeams
using this method and compared the results with those reported in the literature. Soroush et al. [2010]
studied the effects of Casimir and vdW forces on the pull-in instability of cantilevered nanobeams. They
applied the Adomian decomposition method to obtain an analytical solution based on the distributed
parameter model. In addition, Koochi et al. [2012] investigated the influence of surface effects includ-
ing residual surface stress and surface elasticity on the size-dependent instability of nanobeams in the
presence of Casimir forces using the Adomian decomposition technique.

There are fewer papers on electrostatically actuated nanobeams than there are for microbeams. How-
ever, electrostatic actuation of carbon nanotubes (CNTs), even in comparison with nanobeams, has not
been investigated comprehensively and obviously deserves more attention.

Dequesnes et al. [2002] may be the first researchers to study the static pull-in behaviors of CNTs
under electrostatic actuation and vdW force. They applied a one-DOF model in their research, which
was a simplification and might have some deviation from the real systems. Ke and Espinosa [2005; 2005]
presented two papers regarding CNT-based NEMS. The first focused on the quality of charge distribution,
and the second was about stretching effects on doubly clamped CNTs. In addition, Ouakad and Younis
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[2010] studied the nonlinear dynamic behaviors of CNTs under electrostatic actuation and presented the
frequency response of these systems given different applied voltages.

In this paper, we study static and dynamic behaviors as well as pull-in instability of CNTs with different
geometries and boundary conditions under electrostatic actuation. The governing equations, as presented
in the following section, are nonlinear and may not be solved analytically by the typical approaches.
Hence, either numerical or some special analytic or semianalytic techniques should be applied to analyze
these phenomena in CNTs. He’s homotopy perturbation method is applied in this paper. This technique
has some advantages over other common methods, such as fast and safe convergence. Moreover, it
doesn’t need to discretize the space and time domains, unlike many other numerical techniques. Two
other advantages are that less computational cost is needed, and solving nonlinear discrete systems of
differential equations is not required.

2. Definition of the problem

This section defines the system under consideration and formulates governing equations. It also covers
the description of the homotopy perturbation method that is to be applied to solve the resultant equations.

As shown in Figure 1, suppose that a CNT is suspended over some graphene sheets with an initial gap
of G0 (state 1 in Figure 1). With the CNT as the positive electrode and the graphene sheets as the negative
electrode (ground plate), an electrical potential difference (V ) is applied. The charge distributions over
the electrodes create an attractive force between the positive and negative electrodes. This force along
with the interatomic force between the electrodes leads to a deflection of the CNT towards the ground
plate (state 2 in Figure 1). The deflection value (w=w(x) in Figure 1) corresponds to the applied voltage
up to where the elastic force of the CNT cannot tolerate the attractive force resulting from the applied
voltage and the interatomic forces. Hence, it then drops suddenly on the ground plate. This phenomenon
is called pull-in instability and the corresponding voltage is the pull-in voltage. Pull-in instability usually
occurs at a deflection of about one third to one half of the gap distance.

In the following, formulation of the static and dynamic behaviors and pull-in instabilities of CNTs are
conducted. The governing equations and solution methods of each item are presented.

2.1. Static pull-in. The deflation of a doubly clamped CNT actuated using a step DC voltage can be
obtained from

G r = r(x)

w = w(x)

(1)

(2)

+

d

V 0

Figure 1. Deflection of a CNT under electrostatic actuation.
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E I
d4w

dx4 −

(
E A
2L

∫ L

0

(dw
dx

)2
dx
)

d2w

dx2 = qelec+ qvdW, (1)

where, in the left-hand side of the equation, E is the elastic modulus, I is the moment of inertia, w is the
deflection, x is the axial coordinate, A is the cross sectional area, and L is the length of the CNT. The
right-hand side of the equation includes qelec and qvdW, which are the distributed forces applied by the
electrostatic voltage and vdW interatomic effects, respectively.

The boundary conditions corresponding to the cantilever and doubly clamped CNTs are presented in
(2) and (3). The second term in the left-hand side of (1) is due to midplane stretching and equals zero
for the cantilevered CNTs:

∂w(0, t)
∂x

= w(0, t)=
∂w(L , t)
∂x

= w(L , t)= 0, (2)

∂w(0, t)
∂x

= w(0, t)=
∂2w(L , t)
∂x2 =

∂3w(L , t)
∂x3 = 0. (3)

The maximum deflections of the cantilever and doubly clamped CNTs are, respectively, at the tip and lon-
gitudinal center. Thus, the critical points to study the deflection of CNTs under the boundary conditions
mentioned are these points.

The electrostatic force is formulated as [Dequesnes et al. 2002]

qeleccl =
πε0V 2

√
(G0−w)(G0−w+ 2R)arccosh2(1+ (G0−w)/R)

, (4)

where ε0 is the electrical permittivity, V the voltage, R the radius of the CNT, and G0 the initial gap.
The vdW force of the system can be formulated as [Dequesnes et al. 2002]

qvdW =
π2c6σ

2

2

NG∑
n=1

R
(

8(G0+ (n− 1)d −w)4+ 32(G0+ (n− 1)d −w)3 R
+ 72(G0+ (n− 1)d −w)2 R2

+ 80(G0+ (n− 1)d −w)R3
+ 35R4

)
(G0+ (n− 1)d −w)9/2(G0+ (n− 1)d −w+ 2R)9/2

, (5)

where c6 and σ 2 are Lennard-Jones potential parameters describing the vdW force and NG represents
the number of graphene sheets.

In order to solve the governing equations of the deflection of the CNTs under electrostatic actuation,
it is better to normalize the equations by considering the following nondimensional parameters:

w̄ =
w

G0
, x̄ = x

L
, R = R

G0
, d̄ = d

G0
. (6)

Replacing the above parameters into the terms of (1) and (5), we have

∂4w̄

∂ x̄4 −α1
∂2w̄

∂ x̄2 +β1
∂2w̄

∂ t̄ 2 + γ1
∂w̄

∂ t̄
= q̄elec(w̄)+ q̄vdW(w̄), (7)

where

α1 =

[(
α

∫ 1

0

(
dw̄
dx̄

)2

dx̄
)]
;

here α = AG2
0/(2I ) for doubly clamped boundary conditions, α = 0 for cantilever boundary conditions,
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and

β1 = mc
L4

E I t∗2
, γ1 =

cL4

E I t∗
, β =

πε0L4

E I G2
0
,

q̄elec(w̄)=
βV 2√

(1− w̄)(1− w̄+ 2R)arccosh2(1+ (1− w̄)/R)
, γ =

π2c6σ
2L4

2E I G5
0

,

q̄vdW(w̄)= γ

NG∑
n=1

R
(

8(1+ (n− 1)d̄ − w̄)4+ 32(1+ (n− 1)d̄ − w̄)3 R
+ 72(1+ (n− 1)d̄ − w̄)2 R2

+ 80(1+ (n− 1)d̄ − w̄)R3
+ 35R4

)
(1+ (n− 1)d̄ − w̄)9/2(1+ (n− 1)d̄ − w̄+ 2R)9/2

.

(8)

Expansion theory is applied at this stage to solve the governing equations. Suppose that deflection can
be formulated as

w̄ =

n∑
i=1

aiφi (x), (9)

where ai are the coefficients and φi (x) are the shape modes. The shape modes corresponding to the can-
tilever and doubly clamped boundary conditions are presented in (10) and (11), respectively [Mojahedi
et al. 2010]:

φ(x)= coshµx̄ − cosµx̄ −
coshµ+ cosµ
sinhµ+ sinµ

(sinhµx̄ − sinµx̄), µ1st = 1.875, (10)

φ(x)= cosh λx̄ − cos λx̄ −
cosh λ− cos λ
sinh λ− sin λ

(sinh λx̄ − sin λx̄), λ1st = 4.73. (11)

For static deflection of the CNT, the first mode is enough. Hence, (9) can be written as

w̄ = aφ(x̄). (12)

By substituting (12) into (7), we have

a
d4φ(x̄)

dx̄4 −αa3φ′′(x̄)
∫ 1

0
φ′(x̄)2 dx̄ = q̄elec(aφ(x̄))+ q̄vdW(aφ(x̄)). (13)

The Galerkin method is applied to (13) to solve it. By multiplying all of the terms by φ(x̄) and integrating
over the domain, we can write

k1a+ k2a3
−

∫ 1

0
q̄elec(aφ(x̄))φ(x̄) dx̄ −

∫ 1

0
q̄vdW(aφ(x̄))φ(x̄) dx̄ = 0, (14)

where

k1s =

∫ 1

0

(
d2φ(x̄)

dx̄2

)2

dx̄, k2s = α

(∫ 1

0
φ′(x̄)2 dx̄

)2

. (15)

Equation (14) is the final governing formula for analyzing the static deflection of the CNT under electro-
static actuation. It should be solved to obtain the deflection of the CNT under different applied voltages
as well as the pull-in voltage.
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2.1.1. The homotopy perturbation method for solving static deflection. Here we are going to solve a
nonlinear differential equation with the boundary conditions given as [Mojahedi et al. 2010]

A(u)− f (r)= 0, r ∈�, (16a)

B
(

u, ∂u
∂n

)
= 0, r ∈ 0, (16b)

where A denotes a general nonlinear operator, u an unknown function, f (r) a given function of the
variable r , � the problem domain, B a given function for the boundaries, n a given direction, and 0
the domain boundaries. The general nonlinear operator may be divided into linear, L(u), and nonlinear,
N (u), parts. The main relation of the homotopy perturbation technique is

H(a, p)= L(a)− L(ā)+ p(N (a)+ L(ā))= 0, (17)

where ā is the initial guess satisfying the boundary conditions and a denotes the solution of the problem,
which can be considered as

a = a0+ pa1+ p2a2+ p3a3+ p4a4+ p5a5+ · · · . (18)

Also, p ∈ [0, 1] is an embedding parameter. A p value of zero causes a to correspond to the initial guess
and a p value of one causes a to converge to the solution of the problem. In addition, N (a) can be
expanded in Taylor series as [Mojahedi et al. 2010]

N (a)= N (a0)+ N ′(a0)(pa1+ p2a2+ p3a3+ p4a4+ p5a5)

+
N ′′(a0)

2!
(pa1+ p2a2+ p3a3+ p4a4+ p5a5)

2

+
N ′′′(a0)

3!
(pa1+ p2a2+ p3a3+ p4a4+ p5a5)

3

+
N (4)(a0)

4!
(pa1+ p2a2+ p3a3+ p4a4+ p5a5)

4.

(19)

Substituting (19) in (17), the coefficients of pi , i = 1, . . . , 5 are obtained as

p0
: L(a0)− L(ā)= 0,

p1
: L(a1)+ N (a0)+ L(ā)= 0,

p2
: L(a2)+ a1 N ′(a0)= 0,

p3
: L(a3)+ a2 N ′(a0)+ a1

N ′′(a0)

2!
= 0,

p4
: L(a4)+ a3 N ′(a0)+

2a1a2

2!
N ′′(a0)+

a3
1

3!
N ′′′(a0)= 0,

p5
: L(a5)+ a4 N ′(a0)+

2a1a3+ a2
2

2!
N ′′(a0)+

3a2
1a2

3!
N ′′′(a0)+

a4
1

4!
N (4)(a0)= 0.

(20)
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For the current problem, according to (14), the linear and nonlinear parts are selected as

L(a)= k1sa, (21a)

N (a)= k2sa3
−

∫ 1

0
q̄elec(aφ(x̄))φ(x̄) dx̄ −

∫ 1

0
q̄vdW(aφ(x̄))φ(x̄) dx̄ . (21b)

The above equations should be solved using the described technique in order to obtain the deflection and
pull-in voltages of CNTs actuated electrostatically.

2.2. Dynamic pull-in. The deflation of the doubly clamped CNT applied a step DC voltage can be
obtained from

E I
∂4w

∂x4 −

(
E A
2L

∫ L

0

(
∂w

∂x

)2
dx
)
∂2w

∂x2 +m
∂2w

∂t2 = qelec+ qvdW, (22)

where m and t are, respectively, the mass of the CNT per length and time. Similarly to the static case,
the second term equals zero for the cantilevered CNTs. The other variables were all introduced before.
The first step in solving the above equation is nondimensionalization. The nondimensional parameters
introduced in (6) and t̄ = t/

√
mL4/E I are applied for this purpose. The nondimensional form of (22) is

obtained as
∂4w̄

∂ x̄4 −

(
α

∫ 1

0

(
∂w̄

∂ x̄

)2
dx̄
)
∂2w̄

∂ x̄2 + η
∂2w̄

∂ t̄ 2 = q̄elec(w̄)+ q̄vdW(w̄), (23)

where η equals
mL4

E I G0

/
mL4

E I G0
= 1,

and other variables including α, qelec, and qvdW were introduced in previous equations.
The Taylor expansions of the right-hand terms of (23) are

q̄elec(w̄)=

n∑
i=0

Aiw
i , (24)

q̄vdW(w̄)=

n∑
i=0

Biw
i . (25)

The coefficients Ai and Bi are obtained from the derivative terms of the Taylor expansions. We consider
five terms for the expansions; the two first terms of q̄elec(w̄) and q̄vdW(w̄) are presented in (26) and (27).
The others are not reported here for brevity. Our calculations show that considering more than five terms
does not add any accuracy to the results. The first two terms are:

A0 =
βV 2

√
1+ 2Rarccosh2((R+ 1)/R)

,

A1 =
2βV 2

(1+ 2R)arccosh3((R+ 1)/R)
+

1
2

βV 2

(1+ 2R)3/2
+

1
2

βV 2
√

1+ 2R
arccosh2((R+ 1)/R)

,

(26)
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and

B0 = γ

NG∑
n=1

R
(

8(1+ (n− 1)d̄)4+ 32(1+ (n− 1)d̄)3 R
+ 72(1+ (n− 1)d̄)2 R2

+ 80(1+ (n− 1)d̄)R3
+ 35R4

)
(1+ (n− 1)d̄)9/2(1+ (n− 1)d̄ + 2R)9/2

,

B1 = γ

NG∑
n=1

9
2

R
(

8(1+ (n− 1)d̄)4+ 32(1+ (n− 1)d̄)3 R
+ 72(1+ (n− 1)d̄)2 R2

+ 80(1+ (n− 1)d̄)R3
+ 35R4

)
(1+ (n− 1)d̄)9/2(1+ (n− 1)d̄ + 2R)11/2

+
1

(1+(n−1)d̄+2R)
9
2



9
2

R
(

8(1+(n−1)d̄)4+32(1+(n−1)d̄)3 R
+72(1+(n−1)d̄)2 R2

+80(1+(n−1)d̄)R3
+35R4

)
(1+(n−1)d̄)11/2

+
R(32((1+(n−1)d̄)(−2−2(n−1)d̄)−(1+(n−1)d̄)2)R)

(1+(n−1)d̄)9/2

+
16(1+(n−1)d̄)2(−2−2(n−1)d̄)−80R3

+72(−2−2(n−1)d̄)R2

(1+(n−1)d̄)9/2




.

(27)

The Taylor expansion applied at this stage is around w = 0. The results will show that the applied
technique is in good agreement with previous studies, but it may have some inaccuracy for larger gaps.
Suppose that Ci = Ai + Bi . Substituting (24), (25), and (28) into (23) and using the Galerkin method,
we have the final governing equation in (29):

w̄ =

n∑
i=1

ui (t)φi (x), (28)

k1d
d2u(t)

dt2 + k2du(t)+ k3du3(t)= k4d + k5du(t)+ k6du2(t)+ k7du3(t)+ k8du4(t)+ k9du5(t), (29)

where

k1d =

∫ 1

0
ηφ2(x) dx, k2d =

∫ 1

0

(
d2φ(x)

dx2

)2

dx, k3d =

[∫ 1

0
α

(
dφ(x)

dx

)2

dx
]2

,

k4d = C1

∫ 1

0
φ(x) dx, k5d = C2

∫ 1

0
φ2(x) dx, k6d = C3

∫ 1

0
φ3(x) dx,

k7d = C4

∫ 1

0
φ4(x) dx, k8d = C5

∫ 1

0
φ5(x) dx, k9d = C5

∫ 1

0
φ6(x) dx .

(30)

2.2.1. The homotopy perturbation method for solving dynamic pull-in. In order to solve the governing
equation of the dynamic behavior of CNTs under step DC voltage, the following technique is applied.
Although the concepts are similar to the previous description in Section 2.1.1, the formulations are
arranged a little differently. Suppose that the nonlinear differential equation to be solved is

R(u(t))= 0, (31)
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where R is the nonlinear operator and u(t) is the unknown function [Moghimi Zand and Ahmadian 2009].
Using q ∈ [0, 1] as an embedding parameter, the homotopy function can be written as

H(8, q)= (1− q)L[8(t, q)− u0(t)] − q R[8(t, q),�(q)] = 0, (32)

where u0(t) is the initial guess satisfying the boundary conditions, L is the nonzero auxiliary operator,
and � is the frequency of the solution. This equation is similar to (17). As q increases from zero to one,
8(t, q) changes from the initial guess 8(t, 0)= u0(t) to the exact solution 8(t, 1)= u(t). Using Taylor
expansion, 8(t, q) can be expanded with respect to q as

8(t, q)=8(t, 0)+ lim
n→∞

n∑
j=1

1
j !
∂ j8(t, q)
∂q j

∣∣∣∣
q=0

q j
= u0(t)+ lim

n→∞

n∑
j=1

u j (t)q j , (33)

where u j (t) is called the j-th order deformation derivative. Solving (33), we can write

(1− q)L[8(t, q)− u0(t)] = q R[8(t, q),�(q)], (34a)

8(0, q)= 0,
d8(0, q)

dt
= 0. (34b)

If q = 0, then (34a) turns to the following relation to obtain the zero-order deformation:

L[8(t, 0)− u0(t)] = 0. (35)

Differentiating (34a) with respect to q and setting q = 0, the first-order deformation relation with zero
initial conditions can be obtained:

L[u1(t)] = q R[8(t, q),�(q)]
∣∣
q=0. (36)

Taking the j-th order differential of (34a) and then setting q = 0 results in the j-th order deformation
equation [Moghimi Zand and Ahmadian 2009]:

L[u j (t)− δ j u j−1(t)] =
1

( j − 1)!
∂ j−1 R[8(t, q),�(q)]

∂q j−1

∣∣∣∣
q=0
, (37)

where

δ j =

{
0, if j ≤ 1,

1, otherwise.
(38)

Higher-order approximations of the exact solution can be achieved by solving (37).
At this stage, the homotopy perturbation method is applied to solve the governing equations of the

CNT deflection and pull-in under step DC voltage. Using a new time scale τ = ωt , (30) can be rewritten
as follows:

k1dω
2 d2u(τ )

dτ 2 +k2du(τ )+k3du3(τ )−k4d−k5du(τ )−k6du2(τ )−k7du3(τ )−k8du4(τ )−k9du5(τ )=0. (39)
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The nonlinear and linear operators of (33) are defined as

R[8(τ, q),�(q)] = k1dω(q)2
∂28(τ, q)
∂τ 2 + k2d8(τ, q)+ k3d8(τ, q)3− k4d

− k5d8(τ, q)− k6d8(τ, q)2− k7d8(τ, q)3− k8d8(τ, q)4− k9d8(τ, q)5, (40)

L[8(t, q)] = ω2
0

(
∂28(t, q)
∂τ 2 +8(t, q)

)
. (41)

The initial guess for the system deflection is considered u0(τ ) = 0. The first-order approximation is
obtained by solving (36):

u1(t)=
k4

ω2
0
(1− cos(τ )). (42)

The governing equation of the undamped vibration of the CNT should be expressed based on the base
functions

cos(mτ)= 0, m = 1, 2, 3, . . . . (43)

Hence, in order to eliminate the secular terms in the j-th order approximation, the coefficients of cos(τ )
in the ( j − 1)-th order deformation equation should be set to zero. This fact results in an algebraic
equation and its solution leads to ω j−2. The second-order approximation is obtained from solving (37)
as

u2(τ )=
k1k4(1+ k1)(1− cos(τ ))

k2+ k5
, ω0 =

√
k1(k2+ k5)

k1
. (44)

Successive solution of (37) for the higher-order approximations and setting q = 1 result in more-exact
results according to

u(τ )=
n+2∑
j=0

u j (t), ω =

n∑
j=0

ω j . (45)

3. Results and discussion

In this section, the results obtained from the above formulations are presented. The results cover the
deflection of CNTs with different geometries and boundary conditions under electrostatic actuation in
the presence of vdW effects as well as their pull-in voltages. The numerical values applied in the paper
are presented in Table 1. They are fixed unless stated explicitly.

First of all, in order to verify the formulation and applied technique to solve the governing equations,
we are going to compare some results of this paper with those reported in [Dequesnes et al. 2002].
Figure 2 illustrates the tip deflection of a cantilever and center-point deflection of a doubly clamped
CNT studied in [ibid.] (Rint = 6.65 A, Rext = 10 A, and E = 1.2 TPa) versus voltage. The results
obtained from the formulation presented in that paper are depicted in the same figures. The diagrams
reveal good agreement between the results and confirm our formulation and applied solutions method.
The inconsequential differences may be due to different solution techniques and various formulations.
Duquesnes et al. considered a one-DOF model, while in this paper we consider a more real distributed
model.
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Parameter Numerical value
Elastic modulus 1 TPa
Electric permittivity 8.854× 10−12 C2/Nm2

Gap distance 4 nm
Length 50 nm
Radius 6.785 A
Lennard-Jones (c6) 2.43× 10−78 Nm7

Lennard-Jones (σ ) 1.14× 1029 m−3

Table 1. Numerical values applied in the paper. For the parameters of the Lennard-Jones
potential, see [Dequesnes et al. 2002].

As shown in Figure 2, the deflections of the CNTs increase with the voltage up to maximum values,
and then suddenly drop on the ground plate. This phenomenon is called pull-in, and the corresponding
voltage, as described before, is the pull-in voltage. The figures reveal that the vdW force decreases the
pull-in voltage of the CNTs with both boundary conditions, but the effects are remarkably higher for the
cantilevered CNTs. Hence, it has a very important role and cannot be disregarded in NEMS. There are
several key points in the figures that we will discuss in detail. At zero voltage (the absence of electrostatic
actuation), there is an initial deflection in the cantilevered CNTs. The deflection is the resulted of the
vdW interaction between the CNT and substrate. Thus, the vdW force not only decreases the pull-in
voltage but also applies an initial deflection to the system before any external actuation. However, this
deflection is ignorable for the doubly clamped CNT due to its stiffer structure. Comparison between the
two parts of Figure 2 reveals that the pull-in voltages of the doubly clamped CNTs are much larger than
those of the cantilevered CNTs with same dimensions. This is also because of the weaker structures
of the cantilevered CNTs in comparison with the doubly clamped CNTs. We now study the effects of
variation in dimensions on the pull-in voltages of CNTs under cantilever and doubly clamped boundary
conditions.

Figure 2. Deflection of CNTs with (left) cantilever and (right) doubly clamped boundary
conditions under electrostatic actuation.
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3.1. Deflection of CNTs under static DC actuation. We next discuss the effects of changes in the dimen-
sions of CNTs on the static electrostatic actuation under the boundary conditions mentioned. Figure 3
shows the pull-in voltages of the cantilevered and doubly clamped CNTs versus length. The figure reveals
that with increasing length of the CNT, the pull-in occurs at smaller voltages. It is worth noting that the
longer cantilevered CNTs may encounter pull-in instability only by the vdW interaction. This means
that in the absence of electrostatic actuation, vdW forces can make the longer nanosystems pull in. For
example, a cantilevered CNT with length of 60 nm and other characteristics the same as those mentioned
in Table 1 pulls in only because of vdW interactions.

Figure 4 illustrates the pull-in voltages of the systems with various radii. The results reveal that CNTs
with larger radii have higher pull-in voltages. Thus, they deflect harder than those with smaller radii
because larger radii lead to stiffer CNTs.
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Figure 3. Static pull-in voltages versus length of CNTs with (left) cantilever and (right)
doubly clamped boundary conditions.
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Figure 4. Static pull-in voltages versus radius of CNTs with (left) cantilever and (right)
doubly clamped boundary conditions.
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Figure 5. Static pull-in voltages versus gap between graphene sheets for CNTs with
(left) cantilever and (right) doubly clamped boundary conditions.

The effects of gap increment on the static pull-in voltages of the CNTs are depicted in Figure 5. Ac-
cording to this figure, an increase in the gap increases the pull-in voltages of CNTs under both boundary
conditions. Similarly to having longer CNTs, smaller gaps may lead to pull-in of the CNTs without
application of electrostatic actuation, that is, only due to vdW effects. In general, the variation of each
parameter resulting in a weaker structure, such as increasing length or decreasing radius or gap, may
increase the possibility of occurrence of pull-in.

3.2. Vibration of CNTs under step DC voltage. The vibration behaviors of the cantilever and doubly
clamped CNTs with dimensions as reported in [Dequesnes et al. 2002] are illustrated in Figure 6. In
this figure, an increment in the applied voltage results in larger vibration amplitudes. This is correct for
both boundary conditions. However, the variation of natural frequency leads to different behaviors. For
cantilever boundary conditions, increasing the applied voltage leads to a decrease in the natural frequency.
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Figure 6. Vibration of CNTs with (left) cantilever and (right) doubly clamped boundary
conditions under step DC voltage.
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Figure 7. Dynamic pull-in voltages versus length of CNTs with (left) cantilever and
(right) doubly clamped boundary conditions.

But, for the doubly clamped boundary conditions, in general, a voltage increment results in increasing
frequency. Dependency of the natural frequency on the applied voltage or applied force is often a sign
of a nonlinear system, because in linear systems the frequency does not depend on the applied force.

We next investigate the effects of changing the dimensions of the nanostructure on the dynamic pull-in
voltages of CNTs under the boundary conditions mentioned. The physical and geometrical conditions
of the CNTs studied in this subsection are same as those in the previous subsection.

Figure 7 show the variation of dynamic pull-in voltages versus length changes of CNTs under step DC
voltage with cantilever and doubly clamped boundary conditions. According to this figure, we conclude
that a length increment results in a decrease in dynamic pull-in voltage. However, the numerical range
of variation is higher for doubly clamped boundary conditions.

Figure 8 shows the dynamic pull-in voltages versus radius increment of CNTs under step DC voltage
with cantilever and doubly clamped boundary conditions. The figure reveals that, similarly to the static
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Figure 8. Dynamic pull-in voltages versus radius of CNTs with (left) cantilever and
(right) doubly clamped boundary conditions.
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Figure 9. Dynamic pull-in voltages versus gap of CNTs with (left) cantilever and
(right) doubly clamped boundary conditions.

case, the radius increment increases the dynamic pull-in voltages of CNTs with both boundary conditions.
This can be attributed to the stiffer structures of CNTs with larger diameters. Comparison between the
static and dynamic pull-in voltages show that the static pull-in voltages exceed the dynamic ones.

Figure 9 depicts the effects of gap increment on the dynamic pull-in voltages of CNTs with the con-
sidered boundary conditions. Based on this figure, it can be concluded that increasing the gap increases
the dynamic pull-in voltages of CNTs with both boundary conditions. This fact can be attributed to
weakening of the electrostatic and vdW forces with an increasing gap. Thus higher voltages should be
applied to compensate for the weakening effects of increasing the gap to reach the pull-in behaviors.

4. Conclusion

This paper presents the static and dynamic deflection of carbon nanotubes (CNTs) under electrostatic
actuation in the presence of vdW interactions. The homotopy perturbation method was applied to inves-
tigate the effects of diameter, length, and gap distance variations on CNTs with cantilever and doubly
clamped boundary conditions. The results suggest that CNTs with longer lengths and smaller diameters
were more vulnerable to pull-in. However, pull-in phenomena noticeably depended also on the gap
distance between the CNT and the substrate. Smaller gaps resulted in lower pull-in voltages. Our figures
suggest that decreasing the gap or increasing the length may lead to conditions in which the pull-in
occurs only via vdW interaction, without electrostatic actuation. Similar investigations were conducted
for nanostructures under step DC voltages and the dynamic behaviors were studied.
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