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NONLOCAL FORCED VIBRATION OF A
DOUBLE SINGLE-WALLED CARBON NANOTUBE SYSTEM
UNDER THE INFLUENCE OF AN AXIAL MAGNETIC FIELD

MARIJA B. STAMENKOVIC, DANILO KARLICIC, GORAN JANEVSKI AND PREDRAG Ko0zIC

The influence of various physical phenomena on the dynamic behavior of nanostructures has been attract-
ing more and more attention of the scientific community. This paper discusses the effects of the axial
magnetic field on the externally excited double single-walled carbon nanotube (DSWCNT) coupled by a
Winkler elastic medium. It is assumed that both carbon nanotubes are identical and under the influence
of compressive axial load with simply supported ends. Based on the Eringen nonlocal elasticity and
Euler-Bernoulli beam theory, the system of two coupled nonhomogeneous partial differential equations
of motion is derived, where the effects of the Lorentz magnetic force are obtained via a Maxwell relation.
The dynamic responses of the DSWCNT system for four different cases of external transversal load are
considered. The closed form solutions for the transversal displacements are obtained by applying the
Bernoulli-Fourier method of particular integrals on the system of nonhomogeneous partial differential
equations of motion. Also, analytical expressions of the amplitude ratio for forced vibration are derived
and then validated with existing results. Moreover, the obtained analytical results for fundamental nat-
ural frequency are validated with results obtained by molecular dynamics (MD) simulation and show
fine agreements. The effects of compressive axial load, nonlocal parameter, axial magnetic field and
stiffness coefficient of the elastic medium on the forced dynamic behavior of DSWCNT are considered
through numerical examples. From numerical results we can conclude that the dynamical behavior of
DSWCNT is greatly influenced by the magnetic field and nonlocal parameter. Furthermore, by selecting
the intensity of the axial magnetic field in a certain range, it is possible to adjust the stiffness of the
system without changing the material and geometric parameters. This effect implies a change in the
natural frequencies of the system.

1. Introduction

In the last few decades, carbon nanotubes (CNTs) [lijima 1991; Hata et al. 2004; Iijima et al. 1996]
have drawn considerable attention from scientists and engineers in the field of nanotechnology due to
their extraordinary physical [Reich et al. 2008], chemical [Hu et al. 1999], and mechanical properties
[Lu 1997]. Salvetat et al. [1999] explain the properties of nanotubes in the wider context of materi-
als science, where experimental results confirm the theoretical predictions that carbon nanotubes have
high strength, extraordinary flexibility and resilience. Moreover, these superior characteristics provide
them with a wide range of applications in nanoscale devices, such as biosensors [Murmu and Adhikari
2012; Adhikari and Chowdhury 2010], mass sensors [Murmu and Adhikari 2011; Li and Chou 2004],
nanoactuators [Li et al. 2008; Roth and Baughman 2002], field emitters [Saito 2003], nanoelectronic
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devices [Avouris et al. 2007], and fillers for nanocomposite structures [Moniruzzaman and Winey 2006;
Ajayan et al. 2006]. Single-walled carbon nanotubes (SWCNT) are cylindrical macromolecules obtained
in specific technological processes by rolling the two-dimensional structures such as graphene sheets into
a tube. Based on the experimental analyses [Ruoff et al. 2003; Dresselhaus et al. 2005] and atomistic
theories [Dubay and Kresse 2003; Liu et al. 2003], it has been shown that the “size-effect” plays an
important role in describing the physical and mechanical properties of materials on the nanoscale level
of CNTs. However, conducting experiments on the nano level is a very complex and expensive task due
to difficulties in the control of all system parameters.

Furthermore, an atomistic theory such as molecular dynamic (MD) simulation [Duan et al. 2007]
is suitable only for systems with a small number of particles; such theories can be expensive in view
of time or computational resources for larger systems. Due to the disadvantages of these two methods,
researchers are increasingly turning to models obtained through continuum mechanics. However, because
of the existence of small-scale effects, the classical continuum theories need to be reformulated to take
these effects into account.

This can be done by introducing nonlocality in the space domain, modifying the corresponding consti-
tutive equation and introducing the material parameter, which takes into account the effects of length scale
and influence of the interatomic forces. One of the first scale-dependent continuum theories proposed by
Eringen and coworkers [Eringen 1972; 1983; Eringen and Edelen 1972], which takes nonlocal effects
into account is known as the nonlocal elasticity theory. According to Eringen [2002], the nonlocal
theory gives great approximation for a large class of problems in nanosystems where the influence of
length-scales is very pronounced. Yang et al. [2010] investigated nonlinear free vibration of single-
walled carbon nanotubes (SWCNTs), while Ke et al. [2009] investigated nonlinear free vibration of
embedded double-walled carbon nanotubes (DWNTs), based on Eringen’s nonlocal elasticity theory and
von Kdrman geometric nonlinearity.

Consideration of magnetic field effects is important to complete the knowledge of the mechanical
behavior of nanomaterials such as CNTs [Bellucci et al. 2007; Correa-Duarte et al. 2005] and graphene
sheets [Goerbig et al. 2006; Ghorbanpour Arani and Shokravi 2014]. Arani et al. [2013] studied ther-
mononlocal vibration of a double bounded graphene sheet under the influence of two-dimensional mag-
netic field with biaxial in-plane load. They obtained a numerical solution of the coupled partial dif-
ferential equation by the differential quadrature method for simply supported boundary conditions and
analyzed the influences of the magnetic field on the frequency ratio. Based on the nonlocal elasticity the-
ory, Kiani [2012] reformulated Rayleigh, Timoshenko and higher-order beam theories for modeling wave
propagation in embedded SWCNT under the influence of an axial magnetic field. The authors derived
phase and group velocity and investigated the influence of small-scale parameters, longitudinal magnetic
field stiffness coefficients of the surrounding medium on the flexural and shear waves. Narendar et al.
[2012] analyzed the effects of a longitudinal magnetic field on wave dispersion characteristics of SWCNT
embedded in a Pasternak elastic medium in the framework of nonlocal elasticity. They found that the
nonlocality reduces the wave velocity in the presence of a magnetic field, but without the influence on the
higher frequency region. In the paper proposed by Murmu et al. [2012b], authors considered transversal
vibration of magnetic influenced double walled carbon nanotubes (DWCNT) according to the Eringen
nonlocal continuum theory. Analytical solutions of natural frequency and transversal displacements of
DWCNT were obtained for simply supported boundary conditions. Also, the effects of different materials
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parameters on the vibration behavior were analyzed and discussed in detail. Consideration of the effects
of an axial magnetic field on the dynamical behavior of double single-walled carbon nanotubes using
the nonlocal Euler—Bernoulli beam theory is shown in the work of Murmu et al. [2012a]. Applying a
method of separation of variables, they solved the system of two coupled partial differential equations and
obtained a closed form solution for natural frequency. The effects of a nonlocal parameter and intensity
of longitudinal magnetic field on the synchronous and asynchronous vibration phases of a double single
walled carbon system were also investigated. Karli¢i¢ et al. [2014c] investigated the influence of damping
and axial magnetic field effects on the vibration behavior of a viscoelasticity system of m coupled carbon
nanotubes based on the nonlocal viscoelasticity theory. They obtained an analytical solution for damping
natural frequency, damping ratio and their critical values in the case when the mode and number of
nanotubes tend to infinity.

The modeling of forced vibration states in nanosystems becomes a more and more important part
in the design of MEMS and NEMS devices [Kacem et al. 2011; Lazarus et al. 2012]. Based on the
Kirchhoff plate theory and Eringen constitutive relation, governing equations of motion are derived and
then solved by using the Galerkin procedures for vibration frequencies and forced response. Aksencer
and Aydogdu [2012] investigated forced vibration of nanoplates by using the nonlocal elasticity and
Kirchhoff plate theory. The Navier-type solution method was used for simply supported nanoplates
where forced vibration response was obtained in the analytical form. Claeyssen et al. [2013] explored
the forced response of a single carbon nanotube modeled via the nonlocal Euler—Bernoulli beam theory.
Forced responses were determined for different external loads and boundary conditions using the Galerkin
method. Recently, researchers have focused their investigations on the particular problem of forced
vibration such as the influence of moving nanoparticles on nanostructural elements such as nanotubes
and nanoplates [Kiani and Mehri 2010; Simgsek 2010a]. Simsek [2011] presented an analytical method
for the forced vibration of an elastically connected double-carbon nanotube system carrying a moving
nanoparticle based on the nonlocal elasticity and Euler—Bernoulli beam theory. The closed-form solutions
for the dynamic deflections of the two nanobeams were derived for two sets of critical velocity, and
then effects of the nonlocal parameter, aspect ratio, velocity of the moving nanoparticle and the elastic
layer between the nanotubes on the dynamic responses were discussed. Zhang et al. [2008] introduced
compressive axial load on the external excited double beam system. They obtained analytical solutions
of forced vibration responses for two cases of particular excitation loadings. Oniszczuk [2003] analyzed
undamped forced transverse vibrations of an elastically connected complex double-beam system, based
on the Euler—Bernoulli beam and classical elasticity theory. Several cases of particularly interesting
excitation loadings such as of stationary harmonic loads and moving forces were investigated.

In this paper, using the Euler—Bernoulli beam theory we analyze the effects of axial compressive
load and magnetic field on the forced transversal vibration of a magnetically sensitive double SWCNT
system. The Eringen nonlocal continuum theory is used to introduce small-scale effects via a material
parameter. It is assumed that the double coupled SWCNT system is modeled as a system of two slender
parallel nanobeams elastically connected by a Winkler elastic medium. The system of two coupled
partial differential equations of motion is derived by considering the nonlocal Euler—Bernoulli beam
theory and classical Maxwell relation. Analytical solutions for natural frequencies, amplitude ratio and
forced response in four cases of external excitation load are determined by applying the Bernoulli-Fourier
methods. Numerical simulations show that the nonlocal parameter and intensity of axial magnetic fields
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have a significant influence on the natural frequencies and dynamical response of the DSWCNT system.
It should be noted that this study is limited only to the armchair SWCNT system, where the influence
of rotation of magnetically influenced nanotubes is neglected [Popov et al. 2014; Krsti¢ et al. 2004;
Slavcheva and Roussignol 2011]. Then molecular dynamics (MD) simulation is implemented to obtain
fundamental frequencies of nanotubes for armchair SWCNT and values of aspect ratio to compare them
with the results obtained by the nonlocal beam models, presented by Ansari and Sahmani [2012] and
Ansari et al. [2012]. The results presented here are validated with the results found in the literature.

2. Problem formulation

2.1. Nonlocal elastic constitutive relation. The fundamental equations of the nonlocal elasticity theory
are considered in this section. The basic assumption in this continuum theory is that the stress at a
point is a function of the strains at all points of the whole body. The constitutive elastic relation for a
three-dimensional homogeneous isotropic body in the integral form is given by Eringen and coworkers
[Eringen 1972; Eringen and Edelen 1972] as

0ij(x) = / a(lx —x'|, 1) Cijuen(x)dV (x") forall x eV, (1a)
0ij,j =0, (1b)
€ =3 uij+uj), (Ic)

where C;jy is the elastic modulus tensor for classical isotropic elasticity; o;; and ¢;; are the stress and the
strain tensors, respectively, and u; is the displacement vector. By a(|x — x|, T) we denote the nonlocal
modulus or attenuation function, which incorporates nonlocal effects into the constitutive equation at a
reference point x produced by the local strain at a source x". The above absolute value of the difference
|x — x’| denotes the Euclidean metric, and t is the parameter t = (ega)/l, where [ is the external
characteristic length (crack length, wave length), a describes the internal characteristic length (lattice
parameter, granular size and distance between C-C bounds) and e is a constant appropriate to each
material that can be identified from atomistic simulations or by using the dispersive curve of the Born—
Karman model of lattice dynamics.

As Equation (1) is difficult to use in practical examples, simplified constitutive relations in the differ-
ential form are developed. According to Eringen [1983], constitutive relations in differential form are
given as

d*c

Oxx — M dx;cx = Eeyy, )
d*c

Oxz — dx;Z = GYxz, 3)

where E and G are the elastic modulus and the shear modulus of the beam, respectively, © = (epa)®
is the nonlocal parameter, oy, 0y, are the normal and the shear nonlocal stresses, respectively, and
€xx = 0u/0x is the axial deformation. The internal characteristic lengths (epa) are often assumed to be
in the range 0-2 [nm] for nanomaterials such as carbon nanotubes, zinc oxide, etc. When epa = 0, the
nonlocal constitutive relation is reduced to the classical constitutive relation of the elastic body.
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2.2. Maxwell’s relation. According to Murmu et al. [2012b; 2012a], the equation which connects the
current density J, distributing vector of magnetic field &, strength vector of the electric fields e, and
magnetic field permeability p, is represented by Maxwell’s expressions [Kraus 1984] as

oh
J=Vxh, Vxe:—ng, V-h=0, )]
where the vectors of distributing magnetic field & and the electric field e are defined as

h=V x (U x H), e:—n(%xH), ©)

in which V = (9/0x)i + (3/3dy)j + (9/0z)k is the Hamilton operator, U = (x, y, z) is the displacement
vector and H = (Hy, 0, 0) is the vector of the axial magnetic field. In the present study, we assume that
the axial magnetic field acts on the double SWCNT in the x-direction of the system. Now, we can write
the vector of the distributing magnetic field [Murmu et al. 2012b; 2012a] in the form

v Jdw). ov ., ow
h=—-H—+—)i+H—j+ H.—k. (6)
ay 0z ox 0x

Then we introduce (6) into the first expression of (4):

9%y 2w\ . v tw 9w . %v 0% 3w

dxdz  0xdy dydz  Ix% 972 dy?  9zdy
Introducing (7) into the expressions for the Lorentz force induced by the axial magnetic field yields
f=fHi+ fij+ fik=n(J x H), (®)

where fy, fy and f; express the Lorentz force along the x, y and z directions, as follows:

fx=0, %a)
v v w
=nH* —+—+—|, 9b
Jy = nH; <8x2 + dy? * 818y> ©b)
PR 3w N 3w N 3%v )
= . C
SRl PP dy2  9zdy

We assume that the transversal displacements of the first and second SWCNT in the system are denoted
as wi(x, t) and wy(x, t), respectively, and the Lorentz force acts only in the z direction, which can be
written as

fri=nHe— =, i=12. (10)

Finally, it is possible to obtain force per unit length of both SWCNTSs in the system as

- 282wi .
gi(x,1) = fz,idA=ﬂAHxW, i=1,2. (1)
A



284 MARIJA B. STAMENKOVIC, DANILO KARLICIC, GORAN JANEVSKI AND PREDRAG KOZIC

Biomolecules o

Axial Fixed Foov v sl v v v v v v v + v v v v v+ vy F
Magnetic ‘y)Carbon =] = Nanobeam 1 = = ]<-X ’

field gt Atoms A " Wyl H, LNaobean Y \
swenTd | : , , , =

= F w,(xt)7 Hy ; E

Aial  PF Fixed = NN e =
Magnetic ot YT 31 Carbon Al I A

field XX LT T T/ Atoms g —~1 1 11 | l-—ae———1 |

L L&Y

v

Figure 1. The system of double SWCNT affected by an axial magnetic field. Left: the
physical model of external excited DSWCNTS with fixed single layer of carbon atoms
[Ansari and Sahmani 2012] coupled by an elastic medium and influenced by an axial
magnetic field. Right: the equivalent mechanical model.

2.3. Mathematical model. Consider a compressive nonlocal double SWCNT system which is under the
influence of an axial magnetic field as shown in Figure 1, left. The nonlocal double SWCNT system is
assumed to be modeled as a system composed of two parallel nanobeams, which have the same length and
are continuously joined by a Winkler elastic layer. It should be noted that the fixed atomic layers on the
sides of the carbon nanotubes represent, from the mechanical point of view, simply supported boundary
conditions, as shown in [Ansari and Sahmani 2012]. The stiffness modulus of the Winkler elastic layer
is denoted with k. The transversal displacement over the two nanobeams is denoted by w;(x, ) and
wy(x, t), respectively; see Figure 1, right. For the sake of simplicity, we will consider only the case
of identical nanobeams, where geometric and physical properties are the same for both nanobeams and
defined as follows: A is the cross-sectional area, E is the Young’s modulus, p is the mass density, [ is
the moment of inertia and L is the length of the nanobeam. Also, we assume that nanobeams 1 and 2
are subjected to positive axial compressions F; and F, and arbitrarily distributed transverse continuous
loads fi(x,t) and f>(x, t), respectively, that are positive when they act downward. The influence of the
Lorentz magnetic force on the double nanobeam system is caused by the axial magnetic field which acts
in the x direction, as shown in Figure 1.

Using the Euler—Bernoulli beam theory and Eringen nonlocal elasticity following the methodology
presented in the work of Kozi¢ et al. [2014], the governing equations of motion of the nonlocal double
nanobeam system (NDNBS) can be given as

A82w1 f +k( )—I—F 3211)1 AH232w1 +E184w1
PG P P R e ot
92 32w, P VA F 32w, AHzaZwl (12)
= U— _— w —w - ’
”axZ p o2 ! ! 2 1ox2 A 9x2
92w, 92w, 282w2 9w,
A — fo—k — F —nAH:——=+ FEI
1% 8t2 f2 (wl w2)+ 2 axz n X axz + 8x4

92 02w, 92w, 92w,
= p—| pA—= — 5, —k(w| — F —nAH? ) 13
Ho [P o2 fo—k(wy —w2) + F, a2 AR 3 ] (13)
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The boundary conditions of the NDNBS are assumed to be simply supported and considered as

w;(0,¢) =w;(L,t) =0, (14)
0w 0. 1) O, (L.1)=0, i=1,2 (15)
A A ) == ) =V, 1 =1, 2z

dx? ox2

where L is the length of the two nanobeams, and ¢ is the time.
In order to simplify the solving of Equations (12) and (13), we introduce the dimensionless parameters

A - L
M:Lz 2, x=L$, L:)—C, t2=12L402, cz=—p, fi=—fi,
£ EI EI (16)
2. 4 2
_  L’F, kL L 5 _
=g K= MP=gpnAHn wi=Lwn i=12.

Introducing dimensionless parameters (16) into Equations (12) and (13), we can write the system of
partial differential equations as

82w K@, — T + (F MP)a%l N d%w,
w)p —w —
972 = ! 9E2 | 9gd
32 [ 8%w,; _ 02w - 32 £
2 — — 2
P K () — Fi-MP)Z L =F — , 17
852[ 5.2 T (W) —wz) + (Fy ) 322 } fi—n 0e2 (17)
32w, K@, — ) + (F MP)Eﬂwl N 9w,
972 e z 9E2 | pEs
82 [ 3w, _ 82w - 32 f»
2 — — 2
P — K@ — Fs—MP — Fye , 18
852[ o2 (W) —wz) + (F2 ) 9e2 } fa—n 052 (18)

where £ is the dimensionless axial coordinate, and t is the dimensionless time. Expressions (17) and
(18) represent dimensionless governing equations of motion of the NDNBS shown in Figure 1, right.

3. Analytical solution of equations

3.1. Free vibrations. The homogeneous governing partial differential equations (17) and (18) of the
NDNBS with boundary conditions (14) and (15) can be solved by the Bernoulli-Fourier method, assum-
ing the solutions in the forms

Wi ) =) Xu(E)T1a(7), (19)
n=1

Wo (€, T) =Y Xn(€)Tou(7), (20)
n=1

where T, (t) and T3,(t) denote the unknown dimensionless time functions, and X,, (&) is the known
mode shape function for the simply supported single nanobeam, which is defined as

X, (§) = sin(k,§), 21
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with

kn=nm, n=1,2,3,.... (22)
The substitution of Equations (19) and (20) into Equations (17) and (18), neglecting the external transver-
sal load f| and f>5, yields

4

. _ K
Tin + |:K — (F1 —MP)k2 + —zkz]Tln KT, =0, (23)

.. _ K
Ton + |:K — (Fy —MP)k> + —2](2]5,1 KT, =0. (24)

We assume the solutions of differential equations (23) and (24) in the forms
Tin = Cpe/", Ty =D/, j=+—1, (25)

where w, denotes the natural frequency of the double-nanobeam system, and C,, and D, represent the
amplitude coefficients of the two nanobeams, respectively. Substituting (25) into (23) and (24) yields
K —(Fi —MP)k2 + 1 — 2 —K
MBI + i e [C1-[). e

4
—K K — (F, —MP)k2 + 1+"2k2—a>,3 D, 0

Nontrivial solutions for the constants C,, and D,, can be obtained only when the determinant of the
coefficients in equations (26) vanishes. This gives the following frequency equation:

k4
o — o [21{ F1k? — Fok? +2M Pk + 2—]

1+ 2k2
= 2 ky = 2 ks 2
K—(Fi—MP)k,+ —2—=||K—(F,—MP)k; + —~— | —K"=0. (27
+|: (F1 )”+1+n2k,2,]|: (F2 )n+1+772k%:| 27)
From (27) we obtain
ot =[p— VP —4c], (28)
wny = 5[b+ Vb —4c], (29)

where w, is the lower natural frequency of the system, and w, is the higher natural frequency. In the
relations (28) and (29) the parameters are given as

k4
2 2 2
b= [21{ Fik; — Fak; +2M Pk; +2W} (30)

4

c=|K—(F —MP)k2+k—" K — (F —MP)k2+k—: —K? (31)
n
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For each of the natural frequencies, the associated amplitude ratio of vibration modes of the two nanobeams
is given by

4
p, kK- (F1 —MP)k2 + o —wp K .
oy, = = e = a , i=L1IIL (32)
Cy, — (F2 —MP)k2 + o T w?,
By entering “’51 and a)ﬁn from (28) and (29) into (32), respectively, we obtain
4
K — (F| —MP)k2 + T — W} K
30(”1 = K = — i 5 y (33)
K —(FQ—MP)k,%—f—W —a)n[
4
K — (F1 —MP)k2 + f —wgu K
Qp1l = X = a - (34)
—(Fy— MP)k2 + ankz — Wy

3.2. Forced vibrations. The above analysis showed the solution of the homogeneous system of par-
tial differential equations. In the following analysis we will consider the nonhomogeneous differential
equations (17) and (18) representing forced vibrations of the (SWCNT) system, assuming solutions in
the forms

00 1I

WiET) =Y Xa€) Y Suil0), (35)
n=1 i=I
00 I

W€, ) =) Xu(§) ) i Sui(2), (36)
n=1 i=I

where S,;(t), i =1, II, denote the unknown dimensionless time functions corresponding to the natural
frequencies wy;, i =1, II. Introduction (35) and (36) into (17) and (18), we obtain

00 II k4 aZfl
§ a 2, 212\ _ 7 2
an;[sniJr(K—(Fl—MP)kn e Kozm)Sni](l-i—n kK3 =fi—n T (37)

00 I =
.. _ Kk - 3 f2
2 27,2 _ 2
ng_ Xn iE:I |:Sni+<K—(F2—MP)kn+l+ 2k2_Ka )Sm-](l—l-n ko = fa—n _852 . (38)

By multiplying relations (37) and (38) by the mode shape function X, (§), then integrating with respect
to & from O to 1 and using the orthogonality condition

1 1 1
/0 Xon (8) X, (&) dE = /0 Sin(mrE)sin(nE) di = By = /O X,2(6)de = 1, (39)
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where §,,,,, is the Kronecker delta function, we have

II 4

.. _ k; e 9 f1
Z |:Sni+(K_(F1_MP)k,21+1+n2kr2l_Kani>Snij| :ZM/(; (fl_nz 352 )Xn(é)dé:v (40)

i=I

1I 4

Z[Sni+(K—<F2—MP>kE, kzkz_K ‘I)Sm}am_zM/( — asfz)x &) ds, (41)

i=I

with
1

- “2)
By combining equations (33), (34), (40) and (41) we obtain
Z [0 + 02, Syl = 2M / (f - )X (&) d, 3)
Z [S;ni +w5iSni]am = 2M/ <f2 - 852 )X (S) d%— (44)
i=I
From equations (43) and (44) we obtain
Sui + @2 Spi = Ryi(r), i=LII, (45)
where
! - 9% f1 = 3% f2
— 2 _
Rn=2M—— [ [ ( —n 852) (fz 7o )]X ©ds,  46)
‘ = ¥ f L b
R, =2M n? — 2 )1|X d 47
1 Otnl—otnn/o [ ( 8§2> (fz oE2 () ds§. (47)
From the equations (45) we obtain
Spi(t) = L /T R, (s) sin[wy,; (t —s)]ds, i=11I (48)
Wni Jo

By combining (35), (36) and (48), the forced vibrations of the (SWCNT) system can be described by

0 II T
Wi, 1) = Z sin(né) y wi f Ryi (5) sin[wg; (v — 5)1ds, (49)
— i— Pni JO
(&, r)—Zsm(mrs) 3 i / Roi (5) sinfs (z — )] ds. (50)
i=loy,;

Solutions (49) and (50) can be used to find the dynamic responses of this system for an arbitrary
exciting transversal loading in cases with both stationary and moving loads. For the sake of simplicity
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in further consideration, it is assumed that only the first nanobeam is subjected to the exciting load.
Introducing f1(€,7) #0and f1(£, ) = 0 into (46) and (47), we obtain

1 2r
R, = 2ML/ (fl - nza f;) sin(n€) de, (51)
it — 1 Jo &
1 27
Rup = 2M —2m / (fl - nza—le> sin(né) de. (52)
on1 — ount Jo 0&

In the following, we conduct an analysis of forced vibrations for four cases of exciting loadings:
uniformly distributed harmonic continuous load, concentrated harmonic force, moving constant force F
and moving harmonic force.

3.2.1. Uniformly distributed harmonic load. The uniformly distributed harmonic load

F1E, 1) =rsin(Qr) (53)
acts upon the SWCNT system (see Figure 2), where r is the amplitude and €2 is the frequency of the
exciting harmonic load. By substituting Equation (53) into (51) and (52), we obtain

Ru=4Mr—™  in(Qs), n=1,3,5,..., (54)
N7t (ou1r — nl)

Ry = 4Mr——" sin(Qs), n=1,3.5..... (55)
N7t (Qul — Opll)

The introduction of equations (54) and (55) into equations (49) and (50) gives

00 11
Wi (¢, 1) =Y _sin(nré) [A,d Sin(QT)+ Y By sin(wnit):|, (56)
n=1 i=I
00 1T
Wo(E,T) =Y _sin(nwé) [Ann Sin(QT) + Y i By Sin(wnir)], (57)
n=1 i=I
where
Cnll Opl
Ay = )»1|: - ] (58)
! (0 =9 (0 — Q)
1 1
Ay = Moo — , 59
all = A0yt nII|:(wr2lI_ P Wi - 92)} (59)
1 1
By=—MQu,— ———m, 60
nl 182011 on (@2 — ) (60)
B N ! ! (61)
n=ArLor— —5——,
! "o (o — Q)
AdMr 1
h=——— and M=-——>. (62)
n (Qu1r — Aul) 1 +n%k;

It can be noticed that equations (56) and (57) consist of two parts. The first part, containing the
term sin(€27t), represents the steady-state forced vibrations of the SWCNT system, while the second part,
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Figure 2. The double nanobeam system coupled by the Winkler elastic medium sub-

jected to the uniformly

distributed harmonic load.

L/2 I fixt)
E F
— e ) -_— -— } -
L w, (X,tl; Hx (:Nanobeam 1\ { | A X
= : : i =27
E ) Wz (X; t)ir\ Hx z}Nanobeam 2‘ ;‘7 : E
A . A
VAl

Figure 3. The double nanobeam system coupled by the Winkler elastic medium sub-
jected to the concentrated harmonic force.

involving the terms sin(wt), denotes the free vibration of the SWCNT system. Assuming that only the
steady-state response has practical significance, and ignoring the free response, the forced vibrations of
the SWCNT system can be obtained by

W (5, 7) =sin(Qr) Y Ayrsin(nré),

n=1

Wo(§, 7) =sin(Qr) Y Ay sin(nré),

n=1

(63)

(64)

where A,1 and A,y denote the steady-state vibration amplitudes of the two nanobeams, respectively.

3.2.2. Concentrated harmonic force. The concentrated harmonic force

1€, ©) =rsin(Qr)8(& — )

(65)

acts at the middle of the SWCNT system (see Figure 3), where r is the amplitude and €2 is the frequency
of the exciting harmonic force and §(§) is the Dirac delta function.
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By substituting (65) into equations (51) and (52), we obtain

Rup=2Mr— 2 sin($nm) sin(Qo)[1 + nk; ], (66)
Onll — Opl

Run = 2Mr —" sin(Ln) sin(Qo)[1 + n2k2]. (67)
Onl — Opll

The introduction of (66) and (67) into (49) and (50) gives

00 1I
Wi, 7) =) _sin(nm) [A,,I Sin(QT) + Y B sin(a)mr):|, (68)
n=1 i=I
oo 11
Wy(€, ) =) _sin(nwé) [Ann Sin(Q1) + Y i By sin(wnm], (69)
n=1 i=I
where
Qnll Al
Apr = /\z[ - } (70)
Tl - @ -9
1 1
Apn = Ao 11[ - ], (71)
e N R
1 1
Bu = —ha Q0 — - —5————, 72
nl 28201 = @ — ) (72)
Bort = Aoty — : (73)
I = A28l —— * ——H 5>
n n OnTl (a)in _ 92)
2rM (1 + n’n?n?) | 2r |
=—— and M= sin(5nmw) = sin(5n), (74)
1+ n2k? (an1r — an1) (3n7) (@n1r — 1) (3n7)

It can be noticed that equations (68) and (69) consist of two parts described in Section 3.2.1. Assuming
that only the steady-state response has practical significance, and ignoring the free response, the forced
vibrations of the SWCNT system can be obtained by relations (63) and (64).

3.2.3. Moving constant force F. The moving loads with constant force F(t) = F and

fi1E, )= F§(¢E —v1) (75)

act upon the SWCNT system (see Figure 4), where F is the magnitude of a constant force and §(§) is
the Dirac delta function. By substituting (75) into (51) and (52), we obtain

R =2MF—""_ Gin(rvo)[l+12k2], n=1,3,5,..., (76)
Opll — Oyl
Rut = 2MF—"" sin(nwor)[1+n%2), n=1,3,5,.... (77)

Cnl — Opll
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The introduction of (76) and (77) into (49) and (50) gives

00 1II
W€, 1) =) sin(nn§) [Anl sin(Qu7) + ) Bui sin(wnir)}, (78)
n=1 i=I
00 I
Wy(5, 7) =) _sin(nmé) [Anu SIn(QuT) + ) i By Sin(wnif)], (79)
n=1 i=I
where
Anll Ol
Apr = A3 [ - ] (80)
Wy — Qo — Q7
A = A [ ! ! ] (81)
nll = A30nI 11 - s
Tlop -2 o -9
1 1

B, = —A3Q —_— 82
nl 3 nOlnIIwnI (w?ﬂ _ Q%) ( )
1 1
B = MQua—m7 ———, (83)
nll n annH (a)%lH—Q%)
2FM (1 + nk? 2F
= A+nk) _ ’ 84)
(Qu11 — 0tp1) (Qu11 — 0p1)
Q,=nnv=k,v, n=1,3,5,.... (85)

It can be noticed that equations (78) and (79) consist of two parts described in Section 3.2.1. Assuming
that only the steady-state response has practical significance, and ignoring the free response, the forced
vibrations of the SWCNT system can be obtained by

Wi (E, T) =sin(Qu1) Y Ausin(nré), (86)
n=1

Wo(E, T) =sin(Qu1) Y Auusin(nr), (87)
n=1

where A,1 and A,y denote the steady-state vibration amplitudes of the two nanobeams, respectively.

3.2.4. Moving concentrated harmonic force. The moving loads with harmonic concentrated force F(t) =
F sin(27) and

f1(5, 1) = Fsin(Qr)8(€ — v7) (88)

acts upon the SWCNT system (see Figure 4), where F is the amplitude and €2 is the frequency of the
harmonic force. By substituting (88) into (51) and (52), we obtain

R =2MF—2"M in(Qr) sin(arvo)[l + n*k;1, (89)
Qpll — Oyl
Anl . . 272
Ry = 2M F—————— sin(Qt) sin(nwvt)[1 + k. (90)

Opl — Opll
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Figure 4. The double nanobeam system coupled by the Winkler elastic medium sub-

jected to the moving concentrated force.

The introduction of (89) and (90) into (49) and (50) gives

W, T) = Z sin(nmé) [Anlsin(Qnr)sin(Qf)—i-BnI

n=1

1I

cos(2,7)cos(R21) —i—Z Cricos(wp; T)] ,

i=I
1I

293

oD

wy(&, 1) = Z sin(nw&) [Anllsin(ﬂnr)sin(ﬂr)—I—Bnncos(San)cos(Qt)—I—ZaniCnicos(wnit)}, (92)

n=1

where

i=I

AnI = )¥4|:

Unl

UpllUnl CnTUpll ]
9
Nu1Mpy NuIIMp1n

Aun = )\4anlanll|:

(271

_ UnTl :|
9
NpiMpr  NpMall

By = 2A4QnS2|:

Onll ]
9
NupllMapll gaun|

Byt = 21482, QOlnIOCnn[

1 1 ]
NpIIMp1n nyu1Mpy

2482, Q0,11
[=—,
! nuIMul
2)\.49,, Qanl
pll = ————————,
NupliMaunn
2FM(1+n%k2) 2F
4= = )
(@n1r — A1) (@n1r — An1)
Q, =nmv =k,v,
— 2 2
My = Wy; — (82, — )7,
npi = wh; — (2 + Q)7
Upi = 0k — Q2 — Q% i=LIL

93)

(94)

(95)

(96)

o7

(98)

99)
(100)
(101)
(102)
(103)
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It can be noticed that equations (91) and (92) consist of three parts. Assuming that only the steady-state
response has practical significance, and ignoring the free response, the forced vibrations of the SWCNT
system can be obtained by

wi, )= Z sin(nw&)[A,sin(£2,7)sin(¢1) + B,1c0s(£2,,T)cos(27)], (104)
n=1

wh(E, )= Z sin(nmw&)[A,sin(£2,7)sin(¢t) + B,icos(£2,7)cos(L27)], (105)
n=1

where A,; and A, and B,1 and B,y denote the steady-state vibration amplitudes of the two nanobeams,
respectively. In this paper we will analyze only A, and A, steady-state vibration amplitudes.

4. Comparative study and numerical results

The presented methodology for the analyzed forced response of the double nanobeam system coupled
by the elastic medium based on the nonlocal elasticity theory can be applied for the forced transversal
vibration analysis of coupled carbon nanotubes, ZnO nanotubes, boron-nitride nanobeams and other
magnetically affected nanomaterials [Barone and Peralta 2008; Kumar and Mohammad 2011]. Also, the
Winkler elastic layer may represent some interatomic forces between two nanotubes, such as van der
Waals interaction [Ru 2001]. We present a comparative study of the analytical results obtained in this
paper and the results found in the literature.

This section is divided into three parts. In the first part, the fundamental frequency of the first
nanobeam is compared with [Simgek 2010b] and implemented via the MD simulation of vibrational
response of the SWCNT according to Ansari and Sahmani [2012] and Ansari et al. [2012]. In the second
part, the obtained numerical results for the ratio of the steady-state vibration amplitude of the double
nanobeam system influenced by the axial magnetic field are compared with the results obtained by the
scale-free structural theory proposed by Zhang et al. [2008], who analyzed the forced response of an
axially compressed double beam system using the classical elasticity theory where the influence of the
magnetic field was neglected. The third part discusses the influence of small scale and the axial magnetic
field on the forced response of the double nanobeam system.

4.1. Fundamental frequency results. In this section, the natural frequency of the first nanobeam is
compared with [Simsek 2010b]. For DSWCNT it is well known that the lowest natural frequency and
buckling load of such a system represents the fundamental frequency and critical buckling load and it is
independent of the influence of the number of nanobeams in the system and chain coupling conditions;
see [Karli¢i¢ et al. 2014b; 2014a]. Fundamental frequency and critical buckling load are equivalent to
the natural frequency and buckling load of a single nanobeam. The following parameters are used in
computing the numerical results: E = 1 TPa, p = 2300kg/m>, d = 1 nm, #, = 0.35 nm [Simsek 2010b].
The length of the nanotube is taken as variable for the various values of the aspect ratio L/d. The
parameter eg was estimated as ey = (m? —4)1/? /27 = 0.39 by Eringen [1983]. Therefore, in this study,
the nonlocal parameter u is taken as 0, 1, 2, 3, 4.

Excellent agreement between the present frequencies and those of [Simsek 2010b] can be observed
from Table 1. It is shown that inclusion of the nonlocal parameter u decreases the frequencies of the



NONLOCAL VIBRATION OF A CARBON NANOTUBE SYSTEM IN AN AXIAL MAGNETIC FIELD 295

L/d u @Y
Simgek [2010b] Present study Present study Present study
(MP =0) (MP =10) (MP =20)
10 0 9.8696 9.8696 11.3501 12.6586
1 9.4158 9.4158 10.9578 12.3081
2 9.0194 9.0194 10.6191 12.0076
3 8.6692 8.6692 10.3233 11.7468
4 8.3569 8.3569 10.0625 11.5182
20 0 9.8696 9.8696 11.3501 12.6586
1 9.7501 9.7501 11.2463 12.5656
2 9.6347 9.6347 11.1464 12.4763
3 9.5234 9.5234 11.0504 12.3906
4 9.4158 9.4158 10.9578 12.3081
50 0 9.8696 9.8696 11.3501 12.6586
1 9.8501 9.8501 11.3332 12.6435
2 9.8308 9.8308 11.3164 12.6285
3 9.8116 9.8116 11.2998 12.6135
4 9.7925 9.7925 11.2832 12.5987

Table 1. Comparison of the nondimensional frequencies from Equation (111) for the
simply supported nanobeam.

nanobeam 1. It is seen that the effect of the magnetic field (MP = 10, 20) is to increase frequencies of
SWCNT. When the value of L/d is increased, the effect of the nonlocal parameter x on the frequencies
decreases.

Without loss of generality, we assume

Fr=xF;, 0<yx<l. (106)

Based on (106), we obtain the same form of natural frequencies for (28) and (29) with different coeffi-
cients by and c¢y:

=[bFvb2—4c], i=LIIL (107)
where
2 2 4
by =2K — D)F k2 +2M Pk> +2 , 108
1 (x+1D + + T 2k2 (108)
fal 2 k4 fnl 2 k4 2
=|K—-(F;—MP)k = K —(xFi—MP)k = —K-. 109
c1 [ (F1 )"+1+772k,%i|[ (X F1 )"+1+772k,%i| (109)

By substituting the new expressions (107) for natural frequencies into (33) and (34), we obtain the new
expressions for the amplitude as

4
K — (F, —MP)k2 + T "2kz — @2,
Tpi = e , i=L1L (110)
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When the axial compression is absent, we obtain

—0 2 ky 2
@) = 1 o Tk M P (111)
@) = 2K + ke, (112)
1+n2%k2 "
a =1, a;=-1. (113)

To determine the effect of the axial compressive load and magnetic field on the steady-state vibration
amplitudes A,; and A,y of the system and also for the comparative study, we define the ratio of the
steady-state vibration amplitudes as

A A
= V= (114)

AnI

=—
AnII

14

where ASI and ASH are the steady-state vibration amplitudes of the two beams without axial compression.
We then introduce the ratio of the axial compressive force and critical buckling load as

F (115)
P=—>
P,
with
7.[2
Pcr= Tﬂzﬂz’ (116)

where P, is the nonlocal critical buckling load, which is the smallest load at which a single nanobeam
ceases to be in stable equilibrium under axial compression. From (27) it follows that

_ k2
F=—"—. 117
1+ n2k? (1
By substituting the dimensionless F from (16) we can write
1 n?
P“:mElﬁ' (118)
For n = 0, namely for an ordinary beam,
72
Pcr:EIﬁ, (119)

where P is known as the Euler load, which is the smallest load at which a single beam ceases to be in
stable equilibrium under axial compression [Zhang et al. 2008].

4.1.1. Molecular dynamics simulation results. In order to justify the accuracy of this paper, it is neces-
sary to implement the MD simulation of vibrational response of the SWCNT. Molecular dynamics (MD)
simulation is an atomistic method for analysis of different nanostructures. Through the fast development
of various fields of nanotechnology, MD simulation has been considered as a powerful and accurate
implement to study of systems at nanoscale, according to Ansari et al. [2012]. Without introducing the
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L/d MD simulation Present study Present study
[Ansari etal. 2012]  (nH?=0)  (nH? > 0)
8.3 0.5299 0.5485 0.8284
10.1 0.3618 0.3707 0.6306
13.7 0.1931 0.2016 0.4267
17.3 0.1103 0.1264 0.3236
20.9 0.0724 0.0860 0.2613
245 0.0519 0.0630 0.2195
28.1 0.0425 0.0479 0.1895
31.6 0.0358 0.0379 0.1674
353 0.0287 0.0303 0.1491
39.1 0.0259 0.0247 0.1341

Table 2. Fundamental frequencies (THz) for (8, 8) armchair SWCNT obtained from
MD simulations of Euler-Bernoulli beam models, R/l =3, = /L]/ 2 H =1- 108 A/m,
n=4m- 107",

dimensionless expression (16), the fundamental frequency of the first nanobeam is presented in the form

2 4
o1 = \/ H L) — ST /L) (120)

P pA(+ p(nm/L)?)

Authors have found MD simulation results for vibration and buckling of a single-layer graphene sheet
presented by Ansari and Sahmani [2012] and Ansari et al. [2012]. Thus, our results for the lowest natural
frequency of DSWCNT can be used to validate them with the results obtained for the free vibration of a
SWCNT via molecular dynamics simulation in [Ansari and Sahmani 2012] and [Ansari et al. 2012].

In the current study, the effective thickness of the SWCNTs is assumed to be equal to the spacing of
graphite, 7 = 0.34 nm, radius of the nanotubes is R = d/2, where d is diameter of the SWCNT [Ansari
et al. 2012]. The Poisson’s ratio v = 0.3, Young’s modulus £ = 1.1 TPa and mass density p = 2300 kg/m?
are considered in the analysis. To validate the present approach, MD simulations are conducted for a
simply supported (8, 8) armchair SWCNT with different aspect ratios ranging from 8.3 to 39.1. Table 2
present the values of fundamental frequency obtained from MD simulations and also the Euler—Bernoulli
beam models based on the nonlocal elastic theory. The results predicted by the present models are found
to be in excellent agreement with the ones obtained from MD simulation, which indicates the capability
of the present approach to accurately predict frequencies of SWCNT. From Table 2, the frequency of
SWCNT is decreasing with increasing length-to-diameter ratio.

It can be noticed that the results obtained by using the Bernoulli—Fourier method, when is n H f =0, are
in agreement with the results presented by Ansari and Sahmani [2012] and Ansari et al. [2012]. Between
these values there is a very little variation because we neglected moment of inertia. Taking into account
the value of magnetic field permeability n and axial magnetic field H, from [Murmu et al. 2012b], as
expected, the values of frequency of SWCNT are greater than the values from [Ansari and Sahmani
2012] and [Ansari et al. 2012].
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4.2. Steady-state amplitudes results of the DSWCNT system. In the second part, to validate the results
obtained for the steady-state vibration amplitude we adopt the values for material characteristics from
[Zhang et al. 2008], where E = 1010 [Pa] is the elastic modulus, I = 4 % 10~* [m*] is the moment of
inertia, L = 10 [m)] is the length of beam, and K = 2 % 10° [N/m?] is the stiffness coefficient of the elastic
medium. The results obtained by the classical and nonlocal theories are comparable in the case when the
results are given in the dimensionless form. Since the steady-state vibration amplitude is expressed in
dimensionless form here, it is possible to compare these results with the results obtained in [Zhang et al.
2008]. It should be noted that the validation of the obtained results was conducted for cases of uniform
and concentrated harmonic load, and excellent agreement is shown with the results proposed by Zhang
et al. [2008].

In order to compare the obtained results for the ratio of the steady-state amplitudes for the case of the
uniformly distributed harmonic load, we determine the steady-state vibration amplitudes (A,; and A1)
and (A(,)lI and ASH) by substituting equations (107)—(110) and (111)—(113) into equations (58) and (59),
respectively. For the vibration mode number n = 3 and the exciting frequency 2 = 0.6w;11, the variation
of the steady-state amplitude ratios 1| and ¥, with a change in the axial force ratio for different values
of axial magnetic fields is shown in Figure 5. It can be observed that the steady-state amplitude ratios
Y1 and ¥, increase with an increase in the axial compressive load, which leads to an increase in the
steady-state amplitudes A,; and A, of DNBS. Moreover, it can be noticed that the axial compression
ratio y has negligible effects on the first steady-state amplitude ratio y;, but a significant influence on the
second steady-state amplitude ratio i,. Also, decreasing the axial compression ratio x causes an obvious
reduction of the second steady-state amplitude A,y. It is clear from Figure 5 that larger values of the
amplitude of the axial magnetic field lead to a reduction in the ratios vr; and ¥r», which implies that the
amplitudes of the steady-state vibrations A,r and A,y also decrease. However, from the physical point
of view, the axial magnetic field leads to an increase in the overall stiffness and thereby to an increase
in the natural frequencies of the system. This effect allows us the practical application of such a system,
because it is possible to change the natural frequencies w,; and w, 1 and the steady-state amplitudes A,
and A,y without changing any other material and geometric parameters of the DNBS. It should be noted
that when the intensity of the axial magnetic field and nonlocal parameter are equal to zero, the nonlocal
double nanobeam system is reduced to the classical double beam system analyzed in [Zhang et al. 2008].
The results for ratios ¥; and v, obtained in the case when MP = 0 and n = 0 are also shown in Figure 5.
The comparative study for the case of the concentrated harmonic force is also carried out in a similar
manner. The analysis of the obtained results for the ratios | and ¥, shows that we get exactly the same
results as in the case of the continuous uniformly distributed load. The results obtained in this study are
in line with the results obtained in [Zhang et al. 2008].

In the following part of the comparative study we provide an analysis of the steady-state amplitude
ratios Y, and i, for the cases of the uniformly distributed load (Figures 5 and 6), and the moving
concentrated harmonic force (Figures 7 and 8). The dimensionless parameters of the coupled DNBS
which are used in numerical simulations in Figures 6, 7 and 8 are: K =50, x =0.5,£ =0.5,v=0.3
and n = 1. As already mentioned, the results obtained for the steady-state amplitude ratio in the case
of the harmonic concentrated load are identical with the results obtained for the first case of excitation,
while the case of the moving constant force represents only a special case of the moving harmonic
concentrated force.
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Figure 5. The relationship between the dimensionless parameter p = F/ P, and (left)
the ratio V| = A1/ ABI and (right) the ratio ¥, = A, 11/ ABH, for different axial compres-
sion ratios x and magnetic fields MP in the case of a uniformly distributed load.
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Figure 6. The relationship between the dimensionless parameter p = F /P, and (left)
the ratio ¥y = A1/ Agl and (right) the ratio ¥, = A,n/ ASH for different nonlocal param-
eters 7 in the case of a uniformly distributed load.

Figure 6 shows the relationship between the ratios ¥r; and v, in the case of the uniformly distributed
load, and the dimensionless parameter p = F /P, in the range 0—1 for different nonlocal parameters 7.
From these figures, the ratios yr; and ¥, decrease with an increase in the nonlocal parameter 1, which
implies that the magnitudes of the steady-state vibration amplitudes A,; and A, get smaller when the
nonlocal parameter n becomes larger. Also, it is interesting to note that from the physical point of view
the nonlocal parameter has dampening effects on the steady-state vibration amplitudes. In addition, an
increase in the ratio p leads to an increase in both steady-state amplitude ratios ¥, and i, in a similar
manner. So from the physical point of view, it can be concluded that the overall stiffness of the system
decreases with the increase in the ratio p.

Figures 7 and 8 show the influence of the longitudinal magnetic field MP and the nonlocal parameter n
on the relationship between the ratios ¥ and ¥, and ratio p = F/ P, in the range 0-1 in the case of the
moving harmonic concentrated force, respectively. From these figures we can see that the steady-state
vibration amplitude ratios ¥r; and v, decrease with the increase in the parameter of the magnetic field
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Figure 7. The relationship between the dimensionless parameter p = F /P and (left)
the ratio v = A1/ ASI and (right) the ratio ¥, = A,/ A?zH for different axial magnetic
fields MP in the case of a moving concentrated harmonic force.
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Figure 8. The relationship between the dimensionless parameter p = F /P, and (left)
the ratio Y| = A1/ ASI and (right) the ratio ¥, = A,n1/ ASH for different nonlocal param-
eters 7 in the case of a moving concentrated harmonic force.

and nonlocality n. This implies that the magnitudes of the steady-state vibration amplitudes A, and A,
act in a similar manner to the case of the uniform harmonic excitation. It is interesting to note that
values for the steady-state amplitude ratio are higher for the moving harmonic load than for the uniform
harmonic loads. However, from the physical point of view, it can be noted that the speed of the moving
load significantly affects the value of the steady-state vibration amplitudes A, and A,y of the coupled
nanobeams. The present results for the ratio of amplitudes are consistent with the results found in the
literature [Zhang et al. 2008].

In order to compare the results of the presented study with those in the existing study by Zhang et al.
[2008], the values of the steady-state vibration amplitude ratios ¥; and i, for the uniformly distributed
harmonic load and the concentrated harmonic force are represented in Table 3. It is found that the ratios
Y1 and v in this case are totally the same. From the presented data we can conclude that the influence
of the longitudinal magnetic field MP and the nonlocal parameter 1 on the relationship between ratio v
and 1, causes a decrease in their values, as shown in the above figures.
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[Zhang et al. 2008]
MP n Y1 = Au/AY Vo= Aui/AY
0 0 1.1965 1.3019
50 0.3 1.1499 1.2277
50 0.5 1.0872 1.1309
100 0.3 1.0779 1.1175
100 0.5 1.0436 1.0658

Table 3. Analytical validation of the steady-state vibration amplitude ratios ¥; and ¥.
Here x =0.5.

4.3. Forced vibration response. In this subsection, forced vibration responses at the nanobeams mid-
points are analyzed for two cases of external excitation under the influence of the longitudinal magnetic
field within the framework of the nonlocal elasticity theory. In the first case we consider that the uniform
harmonic load acts on the first nanobeam in the DNBS (Figure 2) while in the second one we consider
the moving harmonic concentrated force (Figure 4). Also, we assume that both nanobeams in the DNBS
have the same geometric and material characteristics and are subjected to the axial compressive loads F
and F,. By using the analytical solution for transversal displacements obtained for these two particular
cases of external excitation, we plot w; (&, ) and w; (&, t) as functions of time for different nonlocal
and magnetic field parameters, as shown in Figures 9-12.

To analyze forced vibrations, we use smaller values for the dimensionless stiffness modulus K and
magnetic fields MP, because using larger values leads to obtaining very smaller values for the vibration
amplitude of transversal displacements w (0.5, ) and w»(0.5, t). The following dimensionless param-
eters of the coupled DNBS are used here in the numerical simulations: K =5, x = 0.5, F, =02,
& = 0.5, and n = 1, where the exciting frequency is 2 = 0.6w,1. It can be observed that the axial
magnetic field diminishes the amplitudes of transversal vibration w1 (&, t) and w, (&, 7) in both cases
of external excitation. Moreover, this effect allows us to change the stiffness of the carbon nanotubes
and therefore change the overall stiffness of the DNBS. However, changing the stiffness of the system
leads to changes in the natural frequency of the system, so it is possible to avoid the resonance region
for different cases of external excitation [Karli¢i¢ et al. 2014c]. Furthermore, by carefully selecting the
intensity of the magnetic field we can set the response vibration amplitude in a certain range without
changing any other material and geometric characteristics of the DNBS. This fact has significance in
practical applications for the control of vibration amplitude in the NEMS and nanocomposite structures
based on the CNTs. Also, these figures show how the coupled DNBS responds to changes in the nonlocal
parameter n for different cases of external excitation. It can be noticed that the nonlocal parameter has
a dampening effect on both response vibration amplitudes of the DNBS, but in the case of the moving
harmonic concentrated force we observe a larger effect on the vibration amplitude. This means that the
effect of nonlocality causes a larger reduction of the vibration amplitude of transversal displacements
w1(0.5, ) and w»(0.5, ) than in the first case of external excitation.

The presented work shows the possibility to control vibration amplitudes and natural frequencies in a
certain range by changing only the external magnetic field parameter without changing any other physical
parameter of the DNBS. Also, this ability provides us with a great practical application of such systems
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Figure 9. The relationship between forced vibrations w;(0.5, ) (left) and w,(0.5, 1)
(right) and dimensionless time for different nonlocal parameters 1 in the case of the
uniformly distributed harmonic load.
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Figure 10. The relationship between forced vibrations w1 (0.5, ) (left) and w,(0.5, 1)
(right) and dimensionless time for different axial magnetic fields MP in the case of the
uniformly distributed harmonic load.

in dynamic absorbers, nanoresonators and nanoactuator devices. It should be noted that the longitudinal
magnetic field can be considered analogous to a Pasternak-type foundation, where the Winkler medium
represented by stiffness of the springs and magnetic field parameter represents shear coefficients of the
Pasternak foundation, as shown in reference [Murmu et al. 2012a].

5. Conclusions

On the basis of the Euler—Bernoulli beam theory and Eringen nonlocal elasticity, this paper investigates
a compressive nonlocal double single-walled carbon nanotube (SWCNT) system, under the influence
of an axial magnetic field. The dynamic responses of the DSWCNT system for four different cases
of external transversal load are considered. By using the nonlocal Euler—Bernoulli beam theory and
classical Maxwell relation, the system of two nonhomogeneous partial differential equations of transver-
sal motion is derived for the coupled DNBS. Closed form solutions for natural frequencies, amplitude
ratio and forced vibration response under the influence of the magnetic field and the nonlocal parameter
for four cases of external excitation are obtained by applying the method of separation of variables.
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Figure 12. The relationship between forced vibrations w1 (0.5, ) (left) and w,(0.5, 7)
(right) and dimensionless time for different axial magnetic fields MP in the case of the
moving concentrated harmonic force.

Analytical expressions for the steady-state vibration amplitudes of the two nanobeams with the influence
of the magnetic field and the nonlocal parameter are obtained, and numerical results based on them are
presented. From the obtained results, we found that the nonlocal parameter and longitudinal magnetic
field have a damping effect on the response vibration amplitude. In order to validate our results we
compared the obtained results for the steady-state amplitude ratios with the results found in the literature
and excellent agreement was achieved. It was found that the natural frequencies and response vibration
amplitude of the system can change by varying the intensity of the axial magnetic field without the
necessity to change any other material and geometric parameter of the DNBS. We analyzed amplitudes
of transversal displacements for four cases of external excitation vibration and numerically presented
the case of the uniformly distributed harmonic load and the case of the moving harmonic concentrated
force with different nonlocal parameters and different axial magnetic fields. The obtained amplitudes
of transversal vibration in both cases of external excitation are reduced due to the influence of the axial
magnetic field. We noted that the effect of the magnetic field allows a change in the stiffness of carbon
nanotubes and therefore a change in the overall stiffness of the DNBS. Changing the stiffness of the
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system causes changes in the natural frequency of the system, thus avoiding the resonance region for
different cases of external excitation. This possibility has great practical importance in the design of
NEMS devices such as nanoactuators, nanoresonators, dynamic absorbers and nanocomposite structures
based on the CNTs. Also, to validate the present analysis, MD simulations were conducted for an
armchair SWCNT with different aspect ratios. The results predicted by the present model are found
to be in agreement with the ones obtained from MD simulation, which indicates the capability of the
present approach in accurately predicting frequencies of SWCNTs.
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