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Vibration analyses of coupled nanobeam system under initial compressive pre-stressed condition are pre-
sented. An elastically connected double-nanobeam-system is considered. Expressions for bending-vibration
of pre-stressed double-nanobeam-system are formulated using Eringen’s nonlocal elasticity model. An
analytical method is proposed to obtain natural frequencies of the nonlocal double-nanobeam-system
(NDNBS). Nano-scale effects and coupling spring effects in (i) in-phase type, (ii) out-of-phase type vibra-
tion; and (ii) vibration with one nanobeam fixed are examined. Scale effects in higher natural frequencies of
NDNBS are also highlighted in this manuscript. Results reveal the difference (quantitatively) by which the
pre-load affects the nonlocal frequency in the in-phase type and out-of-phase type vibrations mode of
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1. Introduction

A beam is a simple model of one-dimensional continuous system
(Timoshenko, 1953). Its importance in various engineering fields is
well appreciated (Jennings, 2004). Beam-type structures are widely
used in many branches of modern civil, mechanical and aerospace
engineering. Recently, it is being extensively utilized as nano-
structure components (Harik and Salas, 2003) for nano-
electromechanical (NEMS) and microelectromechanical systems
(MEMS). Being important from the theoretical and engineering
points of view, the dynamic problems involving one-dimensional
continuous beam have drawn great deal of attention over the past
few decades.

An important technological extension of the concept of the single
beam is that of the complex coupled-beam-systems. One such simple
coupled beam system is the double-beam-system. The double-beam-
system is a continuous system consisting of two one-dimensional
beams joined by an elastic medium represented by distributed
vertical springs. Employing beam theories, several important works
on vibration and buckling of elastically connected double-beam
systems are reported. Vu et al. (2000) studied the vibration of
homogenous double-beam system subjected to harmonic excitation.
Erol and Gurgoz (2004) extended the analysis of Vu et al. (2000) to
axially vibrating double-rod system coupled by translational springs
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and dampers. Oniszczuk (2000a) studied the free vibrations of two
parallel simply supported beams continuously joined by a Winkler
elastic layer. Undamped forced transverse vibrations of an elastically
connected simply supported double-beam system were analysed.
Free and forced vibration of double-string complex system was also
investigated by Oniszczuk (2000b, 2000c). Hilal (2006) investigated
the dynamic response of a double Euler—Bernoulli beam due to
moving constant load. The effects of the speed of the moving load, the
damping and the elasticity of the coupling viscoelastic layer on the
dynamic responses of the beam system were presented. Vibration
analysis of double-beam systems interconnected only at discrete
points was reported by Hamada et al. (1983) and Gurgoz and Erol
(2004). Buckling and the effect of a compressive load on the free
and forced vibration on double-beam systems were reported by
Zhang et al. (2008a, 2008b). Kelly and Srinivas (2009) carried out
vibrations of elastically connected stretched beam systems. Analyses
of double-beam systems by numerical techniques were also reported.
Rosa and Lippiello (2007) presented non-classical boundary condi-
tions and differential quadrature method for vibrating double-
beams. Li and Hua (2007) presented spectral finite element analysis
of elastically connected double-beam systems.

From the above discussion, it can be observed that the vibration
theory of double-beam systems is well developed and studied
in details. However, there are only few contributions dealing
with the vibrations of beam-systems which are scale-dependent.
Scale-dependent beams structures are those fabricated from nano-
materials. The nanomaterials are future generation engineering
materials and have stimulated the interest of the scientific
researcher’s communities in physics, chemistry, biomedical and


mailto:murmutony@gmail.com
mailto:T.Murmu@swansea.ac.uk
www.sciencedirect.com/science/journal/09977538
http://www.elsevier.com/locate/ejmsol
http://dx.doi.org/10.1016/j.euromechsol.2011.11.010
http://dx.doi.org/10.1016/j.euromechsol.2011.11.010
http://dx.doi.org/10.1016/j.euromechsol.2011.11.010

T. Murmu, S. Adhikari / European Journal of Mechanics A/Solids 34 (2012) 52—62 53

engineering. These nanomaterials have special properties resulting
from their nanoscale dimensions. Common examples of materials
that exhibit interesting properties on the nanoscale include nano-
particles, nanowires and nanotubes (viz. carbon nanotubes, ZnO
nanotubes). These nanomaterials have promising mechanical (tensile
strength), chemical, electrical, optical and electronic properties (Dai
et al,, 1996; Bachtold et al., 2001; Kim and Lieber, 1999). Because of
many desirable properties, nanomaterials are perceived to be the
components for various nanoelectromechanical systems (NEMS) and
nanocomposites. Structural beams fabricated from nanomaterials
and of nanometre dimension are referred as nanobeams.

The understanding of dynamics of single-nanobeam (carbon
nanotubes, nanowires) is important. The vibration characteristics of
nanobeams can be employed for NEMS/MEMS applications (Pugno
et al., 2005; Ke et al., 20053, 2005b). Parallel to vibration of single-
nanobeam, the study of vibrating multiple-nanobeam-system is
also relevant for nanosensors and nanoresonators applications. The
recent development of nano-optomechanical systems (NOMS)
necessitates the use of vibrating double-nanobeam-systems.

The employment of double-nanobeam-systems in NOMS has
been reported by various researchers. Frank et al. (2010) presented
a dynamically reconfigurable photonic crystal nanobeam cavity.
There work involved two closely situated parallel vibrating clamped
double-nanobeam-systems. Eichenfield et al. (2009) described the
design, fabrication, and measurement of a cavity nano-
optomechanical system (NOMS). The NOMS consisting of two
closely separated coupled nanobeams. The researchers fabricated the
low dimension double-beam-system by depositing stoichiometric
silicon nitride using low-pressure-chemical-vapour-deposition on
a silicon wafer. Deotare et al. (2009) studied the coupled photonic
crystal nanobeam cavities consisting of two parallel suspended
nanobeams separated by a small gap. The use of vibration properties
in double-nanobeam-system has also been reported by Lin et al.
(2010). The authors studied the coherent mixing of mechanical
excitations in nano-optomechanical structures. Most of the works
reported here are experimental works.

It is understood that controlling every parameter in experiments
at nanoscale is difficult. Further, since molecular dynamics simula-
tions are computationally expensive, analysis of nanostructures had
been carried out by classical continuum theory. Extensive research
over the past decade has shown that classical continuum models
(Timoshenko, 1974) are able to predict the performance of ‘large’
nanostructures reasonably well. Classical continuum models are
scale-free theory and it lacks the accountability of the effects arising
from the size-effects. Experimental (Ruud et al., 1994; Wong et al.,
1997; Sorop and Jongh, 2007; Kasuya et al, 1997; Juhasz et al,
2004) and atomistic simulations (Chowdhury et al, 2010) have
evidenced a significant ‘size-effect’ in the mechanical properties
when the dimensions of the nanostructures become ‘small’. Size-
effects are related to atoms and molecules that constitute the
materials. The application of classical continuum models thus may
be questionable in the analysis of ‘smaller’ nanostructures. There-
fore, recently there have been research efforts to bring in the scale
effects within the formulation by amending the traditional classical
continuum mechanics. One widely used size-dependant theory is
the nonlocal elasticity theory pioneered by Eringen (Eringen, 1972,
1983, 2002). Nonlocal elasticity accounts for the small-scale effects
arising at the nanoscale level. Recent literature shows that the theory
of nonlocal elasticity is being increasingly used (Peddieson et al.,
2003; Sudak, 2003; Wang, 2005; Wang et al., 2006; Reddy, 2007;
Wang and Wang, 2007; Wang and Varadan, 2007; Lu, 2007; Hu et al.,
2008; Heireche et al., 2008; Reddy and Pang, 2008; Artan and Tepe,
2008; Sun and Liu, 2008; Aydogdu, 2009; Murmu and Pradhan,
2009a, 2009b; Pradhan and Murmu, 2010; Murmu and Adhikari,
2010a, 2012, 2011a, 2011b; Hao et al.,, 2010; Shen, 2010; Xiang

et al,, 2010; Murmu et al.,, 2011) for reliable and quick analysis of
nanostructures viz. nanobeams, nanoplates, nanorings, carbon
nanotubes, graphenes, nanoswitches and microtubules. For double-
nanobeam-system, Murmu and Adhikari (2010b) studied the
nonlocal effects in the longitudinal vibration of double-nanorod
systems. Further using nonlocal elasticity Murmu and Adhikari
(2010c) have proposed nonlocal transverse vibration analysis of
coupled double-nanobeam-systems. The nonlocal elasticity has also
potential in application in wide areas such as nanomaterials with
defects (Pugno and Ruoff, 2004; Pugno, 2006a, 2006b).

In the nonlocal elasticity theory, the small-scale effects are
captured by assuming that the stress at a point is a function of the
strains at all points in the domain (Eringen, 1983). This is unlike
classical elasticity theory. Nonlocal theory considers long-range
inter-atomic interaction and yields results dependent on the size of
a body. Some drawbacks of the classical continuum theory could be
efficiently avoided and the size-dependent phenomena can be
reasonably explained by the nonlocal elasticity theory. The majority
of the existing works on nonlocal elasticity are pertaining to the free
transverse vibration of single nanobeams. Though the mechanical
studies of nanobeams may include vibration of multiple-walled
nanotubes, the study of discrete multiple-nanobeam-system is
particularly limited in literature.

Further it is observed that during the fabrication of nano-
structures, the residual stresses can be developed within the struc-
tures. This initial residual stresses could significantly modify the
mechanical and electrical properties of MEMS or NEMS devices.
Strains are usually developed during the material growth and
temperature relaxation. For a suspended structure, this process-
induced strain may cause the axial residual stress within the struc-
ture. This calls for a deep understanding of its influence on the
performance of the devices for the optimum design.

Therefore, based on the above discussion there is a strong
encouragement to gain an understanding of the entire subject of
vibration of complex-nanobeam-system and the mathematical
modelling of such phenomena. In this paper an investigation is
carried out to understand the small-scale effects in the free bending-
vibration of nonlocal double-nanobeam-system (NDNBS) subjected
to initial compressive pre-stressed load. The two nanobeams are
subjected to initially pre-stress compressive loads. Initial pre-
stressed compressive load may arise due to fabrication on nano-
beam (Carr and Wybourne, 2003) or due to external applied
compressive loads. Further, this paper presents a unique yet simple
method of obtaining the exact solution for free vibration of double-
nanobeam system. Equations for free bending-vibration of a pre-
stressed double-nanobeam-system (NDNBS) are formulated
within the framework of Eringen’s nonlocal elasticity. The two
nanobeams are assumed to be attached by distributed vertical
transverse springs. These springs may represent the stiffness of an
enclosed elastic medium, forces due to nano-optomechanical effects
(Eichenfield et al., 2009; Deotare et al., 2009; Lin et al., 2010) or
Vander Waals forces. An exact analytical method is proposed for
solving the nonlocal frequencies of transversely vibrating NDNBS.
The simplification in the computation is achieved based on the
change of variables to decouple the set of two fourth-order partial
differential equations. It is assumed that the two nanobeams in the
NDNBS are identical, and the boundary conditions on the same side
of the system are the same. Simply-supported boundary conditions
are employed in this study. Explicit expressions for the natural
frequencies of NDNBS are derived. The results are obtained for
various vibration-phases of the NDNBS. The vibration phases include
in-phase (synchronous) and out-of-phase (asynchronous) modes of
vibration. The effects of (i) axial pre-stressed load, (ii) nonlocal
parameter or scale coefficient, (iii) stiffness of the springs and (iv) the
higher modes, on the frequency of the NDNBS are discussed.
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2. Nonlocal elasticity for nanostructure applications

For completeness, here we provide a brief review of the theory
of nonlocal elasticity. According to nonlocal elasticity, the basic
equations for an isotropic linear homogenous nonlocal elastic body
neglecting the body force are given as (Eringen, 1983)

7ijj = 0,

0i(X) = /¢(\x—x’|,oz)tijdV(x’), VxeV
v

ti = Hijuex,
1
gij = = (Uij + Uji)

The terms ajj, tjj, ek, Hjjia are the nonlocal stress, classical stress,
classical strain and fourth-order elasticity tensors respectively.
The volume integral is over the region V occupied by the body. The
above equation (Eq. (1)) couples the stress due to nonlocal elas-
ticity and the stress due to classical elasticity. The kernel function
¢(]x — x'|, @) is the nonlocal modulus. The nonlocal modulus acts
as an attenuation function incorporating into constitutive equa-
tions the nonlocal effects at the reference point x produced by
local strain at the source X'. The term |X —X'| represents the
distance in the Euclidean form and « is a material constant that
depends on the internal (e.g. lattice parameter, granular size,
distance between the C—C bonds) and external characteristics
lengths (e.g. crack length, wave length). Material constant « is
defined as o« = ega/%. Here ep is a constant for calibrating the
model with experimental results and other validated models. The
parameter eg is estimated such that the relations of the nonlocal
elasticity model could provide satisfactory approximation to the
atomic dispersion curves of the plane waves with those obtained
from the atomistic lattice dynamics. The terms a and ¢ are the
internal (e.g. lattice parameter, granular size, distance between
C—C bonds) and external characteristics lengths (e.g. crack length,
wave length) of the nanostructure.

Equation (1) is in partial-integral form and generally difficult to
solve analytically. Thus a differential form of nonlocal elasticity
equation is often used. According to Eringen (1983), the expression
of nonlocal modulus can be given as

d(IX|,a) = (27r$22a2>711<0(\/ﬁ/9a) 2)

where Kj is the modified Bessel function.
The equation of motion in terms of nonlocal elasticity can be
expressed as

o +fi = pu (3)

where f;, p and u; are the components of the body forces, mass
density, and the displacement vector, respectively. The terms i, j
takes up the symbols x, ¥, and z.

Assuming the kernel function ¢ as the Green’s function, Eringen
(1983) proposed a differential form of the nonlocal constitutive
relation as

UijJ+J(fi7pu.i> =0 (4)
where
7 = [1 - (eoa)zvz] (5)

and V2 is the Laplacian.

Using Eq. (5) the nonlocal constitutive stress—strain relation can
be simplified as

(1-a2e9?)0y = ¢ (6)

Since we are considering nanobeams, in one dimensional form
the constitutive relation is given by

a(x) — (e0a)®d” (x) = t; (7)

For the stress resultant we use [ ¢dA and Eq. (7). We get
A

N — (epa)*>N"(x) = EAU'(x,t) (8)

and the stress resultant in nonlocal moment’s relation becomes

M — (ega)’M" (x) = —EIW"(x,t) 9)

Employing the nonlocal constitutive stress—strain relation, the
one-dimensional equation of motion of a nonlocal Euler-Bernoulli
beam can be written as (Reddy, 2007)

EW" (x,t) — q(x) + (e0a)*q" (x) + NW"(x,t) — (ega)> Nw"" (x, t)
+ mw(x,t) — (ega)*mi’(x,t) = 0 (10)

where w denotes the deflection of the beam. The terms E, [ and m
are the Young’s modulus, second moment of inertia and mass of the
nonlocal beam, respectively. Term q is the distributed transverse
load on the nonlocal beam. In the next Section we present the
equation of motion of pre-stressed double-nanobeam-system.

3. Formulation of pre-stressed nonlocal
double-nanobeam-systems

Consider a compressive pre-stressed nonlocal double-nanobeam-
system (NDNBS) as shown in Fig. 1. The two nanobeams are denoted
as Nanobeam-1 and Nanobeam-2. Vertically distributed springs
attaches the two nanobeams. The stiffness of the springs is equivalent
to the Winkler constant in a Winkler foundation model (Oniszczuk,
2000a). The springs can be used to substitute elastic medium,
forces due to nano-optomechanical effects (Eichenfield et al., 2009;
Deotare et al., 2009; Lin et al., 2010) or Vander Waals forces between
the two nanobeams. These forces arise when the dimension of
system approaches nanoscale. Generating a potential difference
directly across the nanobeams an attractive electrostatic force can be
induced between the two nanobeams (Frank et al., 2010). Thereby the
spring stiffness can be varied between the nanobeams. The springs
are considered to have stiffness, k. The two nanobeams are different
where the length, mass per unit length and bending rigidity of the ith
beam are L;, m; and Ejl; (i = 1, 2) respectively. These parameters are
assumed to be constant along each nanobeam. The bending
displacements over the two nanobeams are denoted by wq (x, t) and
ws (x, t), respectively (Fig. 1).

The two nanobeams are subjected to initially pre-stress
compressive loads. The initial axial stress effects can occur in
micro/nanobeam-based devices. In the bottom-up or top-down

Nanobeam-1 0
0 Edyym, Ao

E,Lym,

Nanobeam-2

Fig.1. Schematic diagram of elastically connected double-nanobeam-system subjected
to pre-stressed compressive axial load.
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fabrication of micro/nanobeam-like structures, the strains can
develop during the material growth and temperature relaxation,
resulting in axial compressive residual stress (Carr and Wybourne,
2003; Heireche et al., 2008; Murmu and Pradhan, 2009a).

Let the nanobeams subjected to initial pre-stress ¢%. Then the
initial axial forces are given as
N9 = A102; N9 = Ayof (11)

Employing the nonlocal elastic theory, the equations of motion
of two pre-stressed nanobeams can be given by

nanobeam-1

E[hwy"(x,t) + kiwq (X, t) — wa(x,t)] — (eoa)2k [W](x,t)
—Wh(x,0)] + NYW/ (x, £) — (eo@)* Nw/" (x,t)
+ My (%, £) — (e0@)?mw  (X,1) = 0 (12)
nanobeam-2

Exl,wy (x, £) — k[wy (X, ) — wa (%, 1)] + (eoa)*k[w] (x, £)
— Wh(x,t)] + NSW)(x,t) — (eoa)’NSw4" (x,t)
MW 5 (%, £) — (e0a@)maw 5(x, 1) = 0 (13)

Dots (-) and primes (') denote partial derivatives with respect to
time t and position coordinate x, respectively. For the complete
derivation of the equation of motion of a single nonlocal Euler-
Bernoulli beam, one can see Ref. (Reddy, 2007)

4. Simplification of nonlocal double-nanobeam-systems

We assume that both the nanobeams and the forces within
them are identical, that is

Eil; = (Ezlp) = ElI=constant (14)
my; = m, = m=constant (15)
N? = N9 = N=constant (uniformly prestressed) (16)

Considering the Egs. (12) and (13) and assumptions from Egs.
(14)—(16) we get the individual equations.

nanobeam-1
EIW" (x,t) + k[wy (%, £) — wa (x, £)] — (eoa)?k W] (x,t)
Wy (x,t)] + NW/j(x,t) — (eoa)>Nw}” (x,t)

+mw 1 (x,t) — (ega)’>mW} (x,t) = 0 (17)

nanobeam-2

EIWy" (x, £) — k[wy (%, £) — Wy (x, £)] + (e0a)*k[W/ (x, t)
~Wy(x, 6)] + Nwj(x, £) — (eoa)*Nw5" (x, )
. 0 n
+mw (X, t) — (eoa) mWZ(Xa t)=0 (18)
For the NDNBS we propose a change of variables (Vu et al., 2000)

w(x, t) = wi(x,t) —wy(x,t), (19)

such that

wi(x,t) = w(x, t) +wy(x,t) (20)

Here w (x, t) is the relative displacement of the main nano beam
with respect to the auxiliary beam.
Subtracting Eqn. (17) from Eqn. (18) gives

EIWY" (x,t) — Wy (x,£)] + 2k[wq (x, £) — wa(x,t)]
~2(eoa)’k[W] (x,t) — w5 (x, 6)] + N(W](x, 1)
~W5(x.1)) — (eo@)*N(W" (x, ) — w5"(x.1))
+m[w i (x0) = w(x,0)] - m(eoa)® [w(x,0)

~w5(x, 1)) =0 (21)
By introducing Egs. (19) and (20) and using Eq. (21) we get two
equations
EW" (x,t) + 2kw(x, t) — 2(ega)*kw” (x, t)

+NW (x, t) — (ega)’Nw""(x,t) + mw (x,t)

—(ega)*mw " (x,t) = 0 (22)

EIW5" (x, t) + Nw) (x, t) — (eg@)> Nwh" (x, t) + mw 5 (x, t)
—(e0a)2mw 5(x,t) = kw(x, )
—(eoa)?kw” (x, t) (23)

It should be noted that when the nonlocal effects are ignored
(epa = 0) and a single nanobeam is considered, the above equations
revert to the equations of classical Euler-Bernoulli beam theory
(Timoshenko, 1974). For the present analysis of coupled NDNBS, we
see the simplicity in using Eq. (22). Here we will be dealing with
Eq. (22) for coupled NDNBS.

5. Exact solutions of governing equations

Now we determine the solution of Eqgs. (22) and (23). Let the
solution of Eqn. (22) be

w(x,t) = W(x)e! (24)

where o is the circular natural frequency and W (x) is the mode
shape. Term i is the conventional imaginary number, i = v —1.
Substituting the Eq. (24) into Eq. (22) yields

AW (x) + AW (x) — AsW(x) = O (25)
where

Ay = El — (ega)’N; Ay = —mw?(ega)?+N — 2k(ega)?;

A3 = —mw? — 2k (26)

The general solution of Eq. (25) is given as

W(x) = Cysin ax + Cycos ax + Cssinh fx + C4cosh fx  (27)
Where

a? = le] (Az + \/M) (28)
P o () 29)
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The terms C;, C3, C3 and C4 are the constants of integrations
determined from the boundary conditions. Here « is not the
nonlocal modulus.

6. Nonlocal boundary conditions of pre-stressed NDNBS

Now we present the mathematical expressions of the boundary
conditions in NDNBS. The boundary conditions of simply supported
conditions are described here. At each end of the nanobeams in
NDNBS the displacement and the nonlocal moments are considered
to be zero (Reddy, 2007). They can be mathematically expressed as

(nanobeam-1): atx = 0

w1(0,£) = 0; (30)

M;(0,t) = —EIW/(0, t) + (ega)*mw 1 (0, t)
+(e0a)*k[w; (0,t) — wy(0, )]
+(eoa)’ Nw/(0,t) = 0 (31)

(nanobeam-1): atx = L
wy(L,t) = 0; (32)
M;(L,t) = —EIW/(L,t) + (epa)*mw 1 (L, t) + (eoa)*k[wy (L, t)
—ws (L, t)] + (ega)’Nw/(L,t) = 0O (33)

(nanobeam-2): atx = 0

wy(0,t) = 0; (34)

M,(0,t) = —EIWj(0,t) + (ega)’mw 1 — (epa)*k[w (0, t)
—w5(0,t)] + (epa)’Nw4(0,t) = 0 (35)

(nanobeam-2): atx = L

wy(L,t) = 0; (36)

My (L,t) = —EWj(L,t) + (eoa)*mw 1 — (eoa)*k[w+ (L, t)
—ws (L, t)] + (ega)>Nw}(0,t) = 0 (37)

a Nanobeam-1
e/
—

Nanobeam-2

Out-of-phase Vibration

Now we utilise Eq. (19) and the above boundary condition
simplifies to
NDNBS: atx = 0

w(0,t) = wq(0,t) —wy(0,t) = 0; (38)

M;(0,t) — My (0,t) = —EIW/ (0,t)+ (ega)? [mv& L(0.0)+kw1 (0.1)
—w;(0,0)]] +EW5(0,6) — (eoa)? [mw
kw1 (0,0) ~w2(0,0)]| +(e0a)N [w{ (0,1)
-wj5(0,t)] =0; (39)

NDNBS: atx = L

w(L,t) = wq(L,t) —wy(L,t) = 0; (40)

M (L,t) — My (L,t) = — EW/ (L,t) + (eoa)> [mw (L) +k[ws (L,t)
W, (L,t)ﬂ +EIW)(L,t) — (ega)?® [mw' ;
k(W (L) = wa (L,0)]] + (e N[WA (L)
-w4(L,t)] =0; (41)
By the use of Eq. (19) and Eqs. (30)—(41); the boundary conditions
effectively reduce to

W(0) = 0Oand W”(0) = 0, W(L) = Oand W/(L) = 0, (42)

Here it can be seen that the boundary conditions due to local
elasticity and nonlocal elasticity are equivalent.

7. Vibration of NDNBS under pre-stressed condition
7.1. Out-of-phase vibration:(w; — wy = 0)

Consider the case of the NDBNS when the both the nanobeams
vibrate in out-of-phase sequence. The NDNBS is subjected to a pres-
stress load. The configuration of the NDNBS with out-of-phase
sequence of vibration (w; — wy # 0) is shown in Fig. 2a.

We consider the case when all the ends have simply-supported
boundary conditions (Fig. 2). For simply-supported case, the use of
the boundary conditions in (42) yields

b Nanobeam-1

Nanobeam-2

In-phase vibration

C Nanobeam-1

A

Nanobeam-2 fixed

Fig. 2. Configuration of (a) out-of-phase vibration and (b) in-phase vibration of pre-stressed double-nanobeam-system, (c) vibration of double-nanobeam-system when one

nanobeam is fixed.
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G, =0 C =0 (43)
and
sin al sinh AL Gl _JoO (44)
Ele?sin aL EI8%sinh BL|\C3 [ — 10O

For non- trivial solution, the determinant yields
sin ol (Elﬁzsinh BL — Ela®sinh ﬂL) -0 (45)

Thus the Eigen equation reduces to

sin aLl = 0 (46)
Therefore
al =nw, n=1,2.... (47)

From Eq. (28) we have

2107 = Ay + \/AS + 4A1As (48)

which yields,

Aot —Aa*> —A; =0 (49)

We introduce the following parameters for sake of simplicity and
generality

mw2L4 kL4 ega NL?
S - - AR - (50)

Using Eq. (50) the expression of natural frequency of NDNBS is
evaluated as

,n=1,2...

0 (nm)A 42K + 2K (1)? (nTc)? —F(nm)? —F (w)? (nm)*
1+ () (nm)?

(51)

Note that when the nonlocal parameter u is set to zero we get the
expression of classical double-beam-system (Vu et al., 2000; Zhang
et al.,, 2008a).

7.2. In-phase vibration: (w; — wy = 0)

Next, the in-phase sequence of vibration will be considered
(Fig.2b). For the present NDNBS, the relative displacements between
the two nanobeams are absent (w; — w, = 0). Here we solve the Eq.
(23) for the vibration of NDNBS. The vibration of nanobeam-2 would
represent the vibration of the coupled vibrating system. We apply
the same procedure for solving Eq. (23).

Using Eqs. (43)—(50) we can obtain the natural frequencies. The
natural frequencies for the NDNBS in this case can be expressed as

Qdmmtnmﬂfw%mf 1o 52)

1+ (w)?(nm)?

Note that in in-phase mode of vibration, the NDNBS is independent
of stiffness of springs.

7.3. Vibration of nanobeam when one nanobeam is fixed: (w, = 0)

Consider the case of NDNBS when one of the two nanobeams
(viz. nanobeam-2) is stationary (w = 0). The schematic diagram is
shown in Fig. 2c. Like the case of buckling, the NDNBS behaves like

a vibrating beam embedded in an elastic medium .The elastic
medium can be modelled as Winkler elastic foundation.

By following the same procedure as solution of Eq. (22), the
explicit nonlocal frequency of NDNBS can be expressed as

,r=1,2...

o | KK (rm) —F(rm)? —F(w)*(rm)*
1+ (w)?*(rm)?
(53)

In fact when one of the nanobeam (viz. nanobeam-2) in
NDNBS is fixed (w, = 0), the NDNBS vibrates as a beam on elastic
medium.

8. Results and discussion
8.1. Coupled-carbon-nanotube-systems

The nonlocal theory for NDNBS illustrated here is a general-
ised theory and can be applied for the bending-vibration anal-
ysis of coupled carbon nanotubes, double ZnO nanobeam
systems and double-nanobeam-systems for NOMS application;
and in nanocomposites. The applicability of nonlocal elasticity
theory in the analysis of single nanostructures (nanotubes and
graphene sheet) has been established in various previous works.
For the present study we assume two carbon nanotubes being
elastically attached by an elastic medium. The properties of the
nanobeams considered are that of a single-walled carbon
nanotube (SWCNT) (Lu, 1997). An armchair SWCNT with
chirality (5, 5) is considered. The radius of each individual
SWCNT is assumed as 0.34 nm. Young’s modulus, E, is taken as
0.971 TPa (Lu, 1997). Density p is taken as 2300 kg/m>. Length of
both nanotubes is considered as 5 nm. The frequency results of
the NDNBS are presented in terms of the frequency parameters
(Eq. (51)). The nonlocal parameter and the stiffness of the
springs are computed as given in Eq. (50). Spring stiffness
represents the stiffness of the enclosing elastic medium.
Different values of spring parameters, K, are considered. This is
because the elastic medium can be of low as well as of high
stiffness (Liew et al., 2006). The values of K range from 5 to 500.
Both the nanotubes (nanotube-1 and nanotube-2) are assumed
to have the same geometrical and material properties. It should
be noted that the coupled carbon nanotubes system is different
from the conventional double-walled carbon nanotubes.

The nonlocal parameters are generally taken as eg = 0.39 (Eringen,
1983) and a = 0.142 nm (distance between carbon—carbon atoms).
For carbon nanotubes and graphenes the range of ega = 0—2.0 nm has
been widely used. In the present study we take the scale coefficient
or nonlocal parameter in the similar range as u = 0—1.

8.2. Vibration response of coupled-vibrating-systems

This Section presents the vibration response of initially pre-
stressed coupled-carbon-nanotubes-systems using the frame-
work of nonlocal elasticity theory. Here we see the influence of
small-scale (or nonlocality) on the natural frequency of the
coupled-carbon-nanotube-systems. Curves have been plotted for
natural frequencies against scale coefficient (nonlocal parameter)
and depicted in Fig. 3. To signify the small-scale effect we intro-
duce the parameter Frequency Reduction Percent (FRP). FRP is
defined as

FRP — <'QLocal Theory — QNonocal Theory) % 100 (54)
'QLocal Theory
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Fig. 3. Effect of scale coefficient (1 = epa/L) on frequency reduction percent (FRP) for higher different values of stiffness of springs in coupled-SWCNT-systems, (a) K= 1; (b) K = 10;

(c) K = 20; (d) K = 30; (e) K = 40; (f) K = 50.

8.2.1. Small-scale effects

Fig. 4a shows the variation of FRP against scale coefficient (epa/
L). Both the coupled SWCNT is considered to be subjected to
a constant initial compressive axial pre-load. A constant pre-load
parameter of F = 5 is arbitrarily assumed. The stiffness parameter
of the coupling springs is assumed as K = 1. From the figure it is
observed that as the scale coefficient u increases the FRP
increases. This implies that for increasing scale coefficient the
value of natural frequencies decreases. The reduction in natural
frequency is due to the incorporation of nonlocal effects in the
material properties of the carbon nanotubes.

The nonlocal effect reduces the stiffness of the material and
hence the comparative lower natural frequencies. At a certain value

of scale coefficient u the FRP reaches 100%; and associated natural
frequency has reached its maximum limit. Further increase of scale
coefficient has no effect on the coupled SWCNT system and the
curves become flat (Fig. 3a). This implies that the vibration system
has reached the buckling state of mode. And the vibrating system
cannot be considered to be vibrator any more.

Three cases of vibration response are considered here; case 1:
out-of-phase vibration; case 2: vibration with one SWCNT fixed and
case 3: in-phase type of vibration. On comparison of the three cases
of coupled-carbon nanobeam system, the FRP for case 3 (in-phase
vibration) is higher than the FRP for case 1 (out of phase vibration)
and case 2 (one-SWCNT fixed). Though in all three cases the
difference is slight (Fig. 3a). In other words, the scale coefficient
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higher natural frequencies of coupled-SWCNT-systems.

reduces the in-phase natural frequencies (case 3) (thus higher FRP)
compared to other cases considered. The relative higher FRP in
case-3 (Eq. (51)) is due to the absence of coupling effect of the
springs and the two SWCNT. Further we see that the values of the
FRP for the case-2 are larger than the values of the FRP for the case-
1. For Case-2 the coupled carbon nanotubes system becomes
similar to the vibration characteristics of the single SWCNT with the
effect of elastic medium.

8.2.2. Effect of stiffness of coupling springs

To illustrate the influence of stiffness of the springs on the
natural frequency of the coupled-carbon-nanotube-systems curves
have been plotted for FRP against the scale coefficient. Fig. 3(a—f)
depicts the effect of stiffness of the springs on the natural
frequencies of coupled systems. Different values of stiffness
parameter of the coupling springs are considered. Ratio K is
considered in range 1-50. The initial pre-stress load, F is constant
and assumed as 5. As the spring stiffness K of the coupling springs
increases the FRP decreases. Considering all values of K and
comparing the three cases of coupled-carbon nanobeam system, it
is noticed that the FRP for case 3 (in-phase vibration) is larger than
the FRP for case 1 (out of phase vibration) and case 2 (one-SWCNT
fixed). These different changes of FRP with increasing scale coeffi-
cient for the three different cases are more amplified as the stiffness
parameter (K/F) of the spring’s increases. For case 1(out-of-phase
vibration) and case 2 (one-SWCNT fixed) the FRP reduces with
increasing values of K. This observation implies that case 1(out-of-
phase vibration) and case 2 (one-SWCNT fixed) are less affected by
scale effects. Comparing between case 1 and case 2, it is seen the
FRP is lesser for out-of-phase vibration than for vibration in case 2.
Thus the out-of-phase vibration phenomenon is less affected by
small-scale or nonlocal effects. This phenomenon in out-of-phase
vibration can be attributed to the fact that the coupling springs in
the vibrating system dampens the nonlocal effects.

In-phase vibration of coupled system is unchangeable with
increasing stiffness of springs. This is accounted due to the in-phase

behaviour of vibration. For in-phase type of vibration the coupled
system behaves as if a single SWCNT without the effect of internal
elastic medium. In other words the whole coupled system can be
treated as a single nano element and the coupling internal structure
is effectless.

As discussed in the previous sub Section that at certain value of
scale coefficient u the FRP reaches 100%; and the vibration system
has reached the buckling state of mode (Lu, 2007). By increasing
stiffness parameter of the springs K, the ‘saturation’ of FRP (100%)
happens at higher scale coefficient. This can be observed in the
Fig. 3(a—f); that with increasing K the curves shifts towards the
right (Fig. 3). This is significantly prominent in out-of phase
vibration phenomenon; and in vibration with one SWCNT fixed
(the former is highly affected). Thus, coupling medium (springs,
elastic medium, and forces due to nano-optomechanical effects) in
the initially pre-stressed coupled vibration system plays an
important role from being buckled easily. For designing of coupled-
nanobeam-systems the interrelation of coupling medium, nonlocal
effects and the initial pre-stress load thus becomes important. The
in-phase type of vibration here is unaffected by increasing K
because of its independence of coupling medium as discussed
earlier.

8.2.3. Analysis of higher natural frequencies

To see the effect of higher natural frequencies of coupled carbon
nanotubes systems, curves have been plotted for higher natural
frequencies. Fig. 4 shows the effect of scale coefficient (1) on
frequency reduction percent (FRP) for higher natural frequencies of
coupled-SWCNT-systems. We have considered exclusive natural
frequencies. The sequence of higher modes is based accordingly
when nonlocal elasticity is negligible. Three cases of vibration
response are considered (a) out-of-phase vibrations (b) one SWCNT
fixed and (c) in-phase vibration. The coupling springs is chosen
such that the stiffness parameter, K = 30. The initial pre-stress
condition is neglected (F = 0). From Fig. 4 we see that with
increase of higher natural frequencies the FRP for all case of
vibration response increases. This implies that the higher natural
frequencies of the coupled system are significantly reduced due to
the nonlocal effects. Further we see that the small-scale effects are
more pronounced for higher natural frequencies as steeper curves
are found for higher natural frequencies. Further, it is also noticed
that the difference between the in-phase type vibration, out-of-
phase type vibration and vibration with one SWCNT fixed
become less for higher modes of buckling loads. Thus it can be
concluded that although the small-scale effects are more in
prominent higher natural frequencies, the effect of stiffness of
coupling springs reduces the nonlocal effects. Here it should be
noted that the resonance frequency is the natural frequency in first
in-phase type vibration.

8.2.4. Effect of initial compressive pre-stress load on coupled system

To illustrate the influence of initial compressive pre-stress load
on the vibration response of the coupled-carbon-nanotube-
systems, curves have been plotted for FRP against the scale coeffi-
cient. Fig. 5(a—f) depicts the effect of compressive pre-stress load F
on the natural frequencies of coupled systems. Constant stiffness of
the springs is considered, i.e. as K = 5. Different values of
compressive pre-stress load F are considered. Preload F is assumed
to be in range 1—6. As the load F increases, the frequency decreases
and the vibrating system is ‘saturated’ at lesser values of scale
coefficient.

At the saturation state, the vibrating system reaches the buck-
ling state of mode (FRP is 100%). By increasing F, the curves shift to
the left (lower scale coefficient). This is unlike the effect of coupling
springs, where by increasing the stiffness parameter the curves
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(f)F=6.

shift to the right. All the three types of vibration phenomenon (out-
of-phase vibration, vibration with one SWCNT fixed and in-phase
vibration) are equally affected by the increasing pre-load.

8.2.5. Analysis of higher natural frequencies for initial pre-stress
load

To see the effect of higher natural frequencies of initially pre-
stressed coupled carbon nanotubes systems, curves have been
plotted for higher natural frequencies. Fig. 6 completely illustrates
the effect of scale coefficient (1) on frequency reduction percent
(FRP) for higher natural frequencies of coupled-SWCNT-systems.
The coupling springs is chosen such that the stiffness parameter,
K = 30. The initial pre-stress condition is assumed constant and
taken as F = 5. From Fig. 6 we see that with the increase of higher
buckling loads, the FRP for all cases of vibration response

increases. We see that the small-scale effects are more
pronounced for higher natural frequencies as steeper curves are
found for higher natural frequencies. The difference between the
in-phase type vibration, out-of-phase type vibration and vibration
with one SWCNT fixed become less for higher modes of vibration.
With the application of initial pre-stress, the buckled state is
reached at certain scale coefficient values. With increasing natural
frequencies the buckling state is reached at closer range of small-
scale coefficient (Fig. 6). This is also true for in-phase, out-of-phase
and vibration with one SWCNT fixed. Here it should be noted that
the resonance frequency is the natural frequency in first in-phase
type vibration. The buckling state reached at first in-phase type
vibration is referred as critical buckling state (Fig. 6). The critical
buckling state in vibration of NDNBS is reached at approximately
u = 0.33.
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In the end, we say that this present work can be extended to
triple-nanobeam systems (TNBS). The work on vibration of TNBS is
underway. Further different boundary conditions at the ends will
result in different vibration and buckling behaviour which will be
interesting to study. This would find practical application in the
design of nanosensors, nanoresonators and also for devising better
NOMS structures. The present work could also be useful in the
study of double-nanoplate system for future NOMS studies. In
summary, the present work illustrated here provides an analytical
solution that serves as a benchmark for further investigation of
more complex n-nanobeam systems using scale-based nonlocal
elastic theory.

9. Conclusions

In this paper a theoretical scale-based nonlocal elasticity is
considered for the stability and free bending-vibration of a pre-
stressed double-nanobeam-system (NDNBS). An exact analytical
method is developed for determining the nonlocal frequencies
of transversely vibrating NDNBS. Study of NDNBS is applied to
a twin single-walled carbon nanotube system coupled by elastic
medium. The study shows that nonlocal effects are important in the
transverse vibration. Nonlocal effects reduce the frequencies of the
NDNBS(coupled-nanotube-system). Increasing the stiffness of the
springs in coupled nanosystems reduces the nonlocal effects.
The small-scale effects in coupled nano systems are more prom-
inent with the increasing nonlocal parameter in the in-phase
vibration than in the out-of-phase motion condition. For pre-
stressed double nanobeam system (couple nanotubes) the natural
frequencies is reduced with increasing pre-stressed load. At
a certain value of the scale coefficient the frequency is reduced to
zero and the double nanobeam system considered to be buckled.
The increasing scale effects contribute to the phenomenon of
buckled state for one carbon nanotubes. Finally, this present study
gives physical insights which may be useful for the design and
vibration analysis of nano-optomechanical systems (NOMS),
nanocomposites and sensor applications.

Acknowledgements

The authors greatly acknowledge the funding from the Lev-
erhulme Trust via the Philip Leverhulme Prize.

References

Artan, R, Tepe, A., 2008. The initial values method for buckling of nonlocal bars
with application in nanotechnology. European Journal of Mechanics — A/Solids
27, 469—477.

Aydogdu, M., 2009. A general nonlocal beam theory: its application to nanobeam
bending, buckling and vibration. Physica E 41, 1651-1655.

Bachtold, A., Hadley, P., Nakanishi, T., Dekker, C., 2001. Logic circuits with carbon
nanotube transistors. Science 294, 1317—1320.

Carr, S.M., Wybourne, M.N., 2003. Elastic instability of nanomechanical beams.
Applied Physics Letters 82, 1539924.

Chowdhury, R., Adhikari, S., Wang, C.W., Scarpa, F., 2010. A molecular mechanics
approach for the vibration of single walled carbon nanotubes. Computational
Materials Science 48, 730—735.

Dai, H., Hafner, ].H., Rinzler, A.G., Colbert, D.T., Smalley, R.E., 1996. Nanotubes as
nanoprobes in scanning probe microscopy. Nature 384, 147—150.

Deotare, P.B., McCutcheon, M.W,, Frank, LW.,, Khan, M., Loncar, M., 2009. Coupled
photonic crystal nanobeam cavities. Applied Physics Letters 95, 031102.

Eichenfield, M., Camacho, R., Chan, J., Vahala, K]J., Painter, O., 2009. A picogram-
and nanometre-scale photonic-crystal optomechanical cavity. Nature 459,
550—555.

Eringen, A.C., 1972. Nonlocal polar elastic continua. International Journal of Engi-
neering Science 10, 1-16.

Eringen, A.C., 1983. On differential equations of nonlocal elasticity and solutions of
screw dislocation and surface waves. Journal of Applied Physics 54, 4703—4710.

Eringen, A.C., 2002. Nonlocal Continuum Field Theories. Springer, New York.

Erol, H., Gurgoz, M., 2004. Longitudinal vibrations of a double-rod system coupled
by springs and dampers. Journal of Sound and Vibration 276, 419—430.

Frank, LW.,, Deotare, P.B., McCutcheon, M.\W., Loncar, M., 2010. Programmable
photonic crystal nanobeam cavities. Optics Express 18, 8705—8712.

Gurgoz, M., Erol, H., 2004. On laterally vibrating beams carrying tip masses, coupled
by several double spring—mass systems. Journal of Sound and Vibration 269,
431-438.

Hamada, T.R., Nakayama, H., Hayashi, K., 1983. Free and Forced vibration of elasti-
cally connected double-beam systems. Bulletin of the Japan Society of
Mechanical Engineers, 1936—1942.

Hao, M.J., Guo, X.M., Wang, Q., 2010. Small-scale effect on torsional buckling of
multi-walled carbon nanotubes. European Journal of Mechanics — A/Solids 29,
49-55.

Harik, V.M., Salas, M.D., 2003. Trends in Nanoscale Mechanics, Analysis of Nano-
structured Materials and Multiscale Modeling. Kluwer Academic Publishers.

Heireche, H., Tounsi, A., Benzair, A., Mechab, 1., 2008. Sound wave propagation in
single-walled carbon nanotubes with initial axial stress. Journal of Applied
Physics 104, 014301.

Hilal, M.A., 2006. Dynamic response of a double Euler—Bernoulli beam due to
a moving constant load. Journal of Sound and Vibration 297, 477—491.

Hu, Y.G., Liew, K.M., Wang, Q., 2008. Nonlocal shell model for elastic wave propa-
gation in single-and double-walled carbon nanotubes. Journal of Mechanics and
Physics of Solids 56, 3475—3485.

Jennings, A., 2004. Structures from Theory to Practice. Taylor & Francis.

Juhasz, J.A., Best, S.M., Brooks, R., Kawashita, M., Miyata, N., Kokubo, T., Nakamura, T.,
Bonfield, W., 2004. Mechanical properties of glass-ceramic A—W-polyethylene
composites: effect of filler content and particle size. Biomaterials 25, 949—955.

Kasuya, A., Sasaki, Y., Saito, Y., Tohji, K., Nishina, Y., 1997. Evidence for size-
dependent discrete dispersions in single-wall nanotubes. Physical Review
Letters 78, 4434—4437.

Ke, C.H., Espinosa, H.D., Pugno, N., 2005a. Numerical analysis of nanotube based
NEMS devices. Part II: role of finite kinematics, stretching and charge concen-
trations. Journal of Applied Mechanics 72, 726—731.

Ke, C.H., Pugno, N., Peng, B., Espinosa, H.D., 2005b. Experiments and modeling of
nanotube NEMS devices. Journal of the Mechanics and Physics of Solids 53,
1314—1333.

Kelly, S.G., Srinivas, S., 2009. Free vibrations of elastically connected stretched
beams. Journal of Sound and Vibration 326, 883—893.

Kim, P, Lieber, C.M., 1999. Nanotube nanotweezers. Science 286, 2148—2150.

Li, J., Hua, H., 2007. Spectral finite element analysis of elastically connected double-
beam systems. Finite Elements in Analysis and Design 43, 1155—1168.

Liew, KM, He, X.Q., Kitipornchai, S., 2006. Predicting nanovibration of multi
-layered graphene sheets embedded in an elastic matrix. Acta Materialia 54,
4229-4236.

Lin, Q., Rosenberg, J., Chang, D., Camacho, R,, Eichenfield, M., Vahala, K., Painter, O.,
2010. Coherent mixing of mechanical excitations in nano-optomechanical
structures. Nature Photonics 4, 236—242.

Lu, J.P., 1997. Elastic properties of carbon nanotubes and nanoropes. Physical Review
Letters 79, 1297—1300.

Lu, P, 2007. Dynamic analysis of axially prestressed micro/nanobeam structures
based on nonlocal beam theory. Journal of Applied Physics 101, 073504.



62 T. Murmu, S. Adhikari / European Journal of Mechanics A/Solids 34 (2012) 52—62

Murmu, T., Adhikari, S., 2010a. Scale-dependent vibration analysis of pre-stressed
carbon nanotubes undergoing rotation. Journal of Applied Physics 108
(123507), 1-7.

Murmu, T., Adhikari, S., 2010b. Nonlocal effects in the longitudinal vibration of
double-nanorod systems. Physica E 43, 415—422.

Murmu, T., Adhikari, S., 2010c. Nonlocal transverse vibration of double-nanobeam-
systems. Journal of Applied Physics 108 (083514), 1-9.

Murmu, T., Adhikari, S., Wang, C.Y., 2011. Torsional vibration of carbon nanotube—
buckyball systems based on nonlocal elasticity theory. Physica E: Low-
Dimensional Systems and Nanostructures 43, 1276—1280.

Murmu, T., Adhikari, S., 2012. Nonlocal frequency analysis of nanoscale biosensors,
Sensors & Actuators: A. Physical 173, 41—48.

Murmu, T., Adhikari, S., 2011a. Nonlocal vibration of carbon nanotubes with
attached buckyballs at tip. Mechanics Research Communication 38, 62—67.
Murmu, T., Adhikari, S., 2011b. Axial instability of double-nanobeam-systems.

Physics Letters A 375, 601—608.

Murmu, T., Pradhan, S.C.,, 2009a. Vibration analysis of nanoplates under uniaxial
prestressed conditions via nonlocal elasticity. Journal of Applied Physics 106,
104301.

Murmu, T., Pradhan, S.C., 2009b. Buckling of biaxially compressed orthotropic plates
at small scales. Mechanics Research Communications 36, 933—938.

Oniszczuk, Z., 2000a. Free transverse vibrations of elastically connected simply
supported double-beams complex system. Journal of Sound and Vibration 232,
387—-403.

Oniszczuk, Z., 2000b. Transverse vibrations of elastically connected double-string
complex system—part [: free vibrations. Journal of Sound and Vibration 232,
355—366.

Oniszczuk, Z., 2000c. Transverse vibrations of elastically connected double-string
complex system—part II: forced vibrations. Journal of Sound and Vibration
232, 367—386.

Peddieson, J., Buchanan, G.R., McNitt, R.P., 2003. Application of nonlocal continuum
models to nanotechnology. International Journal of Engineering Science 41,
305-312.

Pradhan, S.C., Murmu, T., 2010. Small scale effect on the buckling analysis of single-
layered graphene sheet embedded in an elastic medium based on nonlocal
plate theory. Physica E 42, 1293—-1301.

Pugno, N., 2006a. Dynamic quantized fracture mechanics. International of Fracture
140, 159-168.

Pugno, N., 2006b. New quantized failure criteria: application to nanotubes and
nanowires. International of Fracture 141, 311-323.

Pugno, N., Ke, CH., Espinosa, H.D., 2005. Analysis of doubly-clamped nanotube
devices in the finite deformation regime. Journal of Applied Mechanics 72,
445—-449.

Pugno, N., Ruoff, R,, 2004. Quantized fracture mechanics. Philosophical Magazine
84, 2829—-2845.

Reddy, J.N., Pang, S.D., 2008. Nonlocal continuum theories of beams for the analysis
of carbon nanotubes. Journal of Applied Physics 103, 023511.

Reddy, J.N., 2007. Nonlocal theories for bending, buckling and vibration of beams.
International Journal of Engineering Science 45, 288—307.

Rosa, M.A.D., Lippiello, M., 2007. Non-classical boundary conditions and DQM for
double-beams. Mechanics Research Communications 34, 538—544 pp.

Ruud, J.A., Jervis, T.R,, Spaepan, F, 1994. Nanoindention of Ag/Ni multilayered thin
films. Journal of Applied Physics 75, 4969—4974.

Shen, H.S., 2010. Buckling and postbuckling of radially loaded microtubules by
nonlocal shear deformable shell model. Journal of Theoretical Biology 264,
386—394.

Sorop, T.G., Jongh, LJ., 2007. Size-dependent anisotropic diamagnetic screening in
super conducting Sn nanowires. Physical Review B 75, 014510.

Sudak, L.J., 2003. Column buckling of multiwalled carbon nanotubes using nonlocal
continuum mechanics. Journal of Applied Physics 94, 7281—7287.

Sun, C, Liu, K, 2008. Dynamic torsional buckling of a double-walled carbon
nanotube embedded in an elastic medium. European Journal of Mechanics —
A/Solids 27, 40—49.

Timoshenko, S., 1953. History of Strength of Materials. McGraw-Hill, New York.

Timoshenko, S., 1974. Vibration Problems in Engineering. Wiley, New York.

Vu, H.V,, Ordonez, A.M., Karnopp, B.H., 2000. Vibration of a double-beam system.
Journal of Sound and Vibration 229, 807—822.

Wang, C.M.,, Zhang, Y.Y., Ramesh, S.S., Kitipornchai, S., 2006. Buckling analysis of
micro- and nano-rods/tubes based on nonlocal Timoshenko beam theory.
Journal of Physics D 39, 3904—3909.

Wang, Q., 2005. Wave propagation in carbon nanotubes via nonlocal continuum
mechanics. Journal of Applied Physics 98, 124301.

Wang, Q., Wang, C.M., 2007. The constitutive relation and small scale parameter of
nonlocal continuum mechanics for modelling carbon nanotubes. Nanotech-
nology 18, 075702.

Wang, Q., Varadan, V.K,, 2007. Application of nonlocal elastic shell theory in wave
propagation analysis of carbon nanotubes. Smart Materials and Structures 16,
178—-190.

Wong, E.W., Sheehan, PE., Lieber, C.M., 1997. Nanobeam mechanics: elasticity,
strength, and toughness of nanorods and nanotubes. Science 277,
1971-1975.

Xiang, Y., Wang, C.M., Kitipornchai, S., Wang, Q., 2010. Dynamic instability of
Nanorods/Nanotubes subjected to an end Follower force. Journal of Engineering
Mechanics 136, 1054—1058.

Zhang, Y.Q., Ly, Y., Ma, G.W., 2008a. Effect of compressive axial load on forced
transverse vibrations of a double-beam system. International Journal of
Mechanical Sciences 50, 299—305.

Zhang, Y.Q., Ly, Y., Wang, S.L., Liu, X., 2008b. Vibration and buckling of a double-
beam system under compressive axial loading. Journal of Sound and Vibration
318, 341-352.



	Nonlocal elasticity based vibration of initially pre-stressed coupled nanobeam systems
	1. Introduction
	2. Nonlocal elasticity for nanostructure applications
	3. Formulation of pre-stressed nonlocal double-nanobeam-systems
	4. Simplification of nonlocal double-nanobeam-systems
	5. Exact solutions of governing equations
	6. Nonlocal boundary conditions of pre-stressed NDNBS
	7. Vibration of NDNBS under pre-stressed condition
	7.1. Out-of-phase vibration:(w1 − w2 ≠ 0)
	7.2. In-phase vibration: (w1 − w2 = 0)
	7.3. Vibration of nanobeam when one nanobeam is fixed: (w2 = 0)

	8. Results and discussion
	8.1. Coupled-carbon-nanotube-systems
	8.2. Vibration response of coupled-vibrating-systems
	8.2.1. Small-scale effects
	8.2.2. Effect of stiffness of coupling springs
	8.2.3. Analysis of higher natural frequencies
	8.2.4. Effect of initial compressive pre-stress load on coupled system
	8.2.5. Analysis of higher natural frequencies for initial pre-stress load


	9. Conclusions
	Acknowledgements
	References


