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Abstract The deviation from the classical elastic characteristics induced by the free
surface energy can be considerable for nanostructures due to the high surface to volume
ratio. Consequently, this type of size dependency should be accounted for in the me-
chanical behaviors of nanoscale structures. In the current investigation, the influence
of free surface energy on the nonlinear primary resonance of silicon nanoshells under
soft harmonic external excitation is studied. In order to obtain more accurate results,
the interaction between the first, third, and fifth symmetric vibration modes with the
main oscillation mode is taken into consideration. Through the implementation of the
Gurtin-Murdoch theory of elasticity into the classical shell theory, a size-dependent shell
model is developed incorporating the effect of surface free energy. With the aid of the
variational approach, the governing differential equations of motion including both of the
cubic and quadratic nonlinearities are derived. Thereafter, the multi-time-scale method
is used to achieve an analytical solution for the nonlinear size-dependent problem. The
frequency-response and amplitude-response of the soft harmonic excited nanoshells are
presented corresponding to different values of shell thickness and surface elastic constants
as well as various vibration mode interactions. It is depicted that through consideration
of the interaction between the higher symmetric vibration modes and the main oscillation
mode, the hardening response of nanoshell changes to the softening one. This pattern is
observed corresponding to both of the positive and negative values of the surface elastic
constants and the surface residual stress.
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1 Introduction

In the last decade, in order to design structures with outstanding mechanical and electrical
characteristics including optical properties, nanostructures have been manufactured via a few
molecular manipulations. These miniaturized small-scaled structures have been considered as
basic elements for several applications, such as nanosensors, transistors, and micro-truss struc-
tures. Consequently, it is fundamentally significant to predict the size-dependent mechanical
behaviors of nanostructures. Because atomistic simulations are often very time-consuming, and
controlled nanoscaled experiments are so hard to implement, continuum mechanics has been
more attractive for researchers to analyze mechanical responses of nanostructures. For this pur-
pose, various non-classical continuum theories of elasticity have been introduced and applied
to capture different size dependencies in mechanical behaviors of small-scaled structures.

Togun and Bagdatlil!! performed a nonlinear vibration analysis of tensioned nanobeams with
different end supported on the basis of the modified couple stress theory of elasticity. Bornassi
and Haddadpour(? investigated the nonlocal dynamical pull-in instability of an electrostatic ac-
tuated carbon nanotube-based nanodevices. Guo et al.[l constructed a modified couple stress
plate model for three-dimensional free vibration of anisotropic layered nanoplates. Li et al.[4
examined the nonlocal resonance of an axially moving viscoelastic piezoelectric nanoplate un-
der thermo-electro-mechanical forces. Zhang et al.[%! implemented the nonlocal elasticity theory
into the classical plate theory to model the nonlinear vibrations of graphene sheets using the
meshfree technique. Lu et al.l% proposed a nonlocal strain gradient shear deformable beam
model for size-dependent free vibrations of nanobeams. Liu et al.l”) put the nonlocal elasticity
and the Kelvin model to capture the size effect on the vibration and buckling characteristics
of the double-viscoelastic-functionally graded nanoplate system. Zhang et al.[¥! presented an-
alytical solutions for buckling and vibration behaviors of lattice-based nonlocal continualized
circular arches at the nanoscale. Yang and Hel?) constructed a microstructure-dependent model
for vibration and buckling responses of orthotropic functionally graded microplates. Fang et
al.l1% developed a size-dependent three-dimensional dynamic model on the basis of the modified
couple stress elasticity theory for the rotating functionally graded Euler-Bernoulli microbeam.
Apuzzo et al.'Y employed the modified nonlocal strain gradient theory of elasticity to ana-
lyze size dependency in axial and flexural free vibrations of Euler-Bernoulli nanoscaled beams.
Kiani and Pakdaman['? explored the free transverse thermos-elastic vibrations of monolay-
ers from double-walled carbon nanotubes under heat dissipation. Wang et al.'3] studied the
free transverse vibrations of axially moving nanobeams including nonlocality and strain gradi-
ent size dependencies. Thanh et al.'¥ utilized the isogeometric technique for size-dependent
analysis of functionally graded nanocomposite nanoplates modeled via the higher-order shear
deformation theory together with the modified couple stress theory. Sahmani et al.'> 17 took
the nonlocality and strain gradient size effect into the nonlinear bending and vibrations of mul-
tilayer functionally graded micro/nanostructures reinforced with graphene platelets. Wang!!8l
proposed a novel differential quadrature element method for free vibration analysis of hybrid
Euler-Bernoulli beams based on the nonlocal theory of elasticity. Shen et al.'®! analyzed the
transverse dynamics of microtubules under axial load and variable transverse load on the basis
of the nonlocal strain gradient theory of elasticity. Tang et al.?% studied the nonlocal strain
gradient vibration response of small-scaled beams including Poisson’s ratio and thickness ef-
fects. Jalaei et al.?!] predicted the dynamic instability of functionally graded Timoshenko
nanobeams subject to thermal and magnetic fields based upon the nonlocal strain gradient
elasticity theory. Sahmani and Safaeil?> 23] employed the nonlocal strain gradient theory of
elasticity for nonlinear free and forced vibration characteristics of bi-directional functionally
graded micro/nanobeams. Jalaei and Civalek!?¥ anticipated the size-dependent dynamic in-
stability of embedded graphene sheet incorporating thermal effects. Zhang et al.l?® developed
multi-scale modeling for Euler-Bernoulli nanobeams with a large deflection on the basis of the
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nonlocal strain gradient elasticity. Sahmani et al.[?6l explored nonlinear mechanical character-
istics of micro/nanostructures in the presence of various types of size dependency. Wang et
al.l27 investigated the nonlinear free vibration response of piezoelectric cylindrical nanoshells
resting on a viscoelastic foundation.

Reduction in the dimension of a structure results in a higher surface to volume ratio. Con-
sequently, there is a difference between material properties associated with free surfaces of an
elastic medium and those of the bulk. This issue is attributed to the fact that the necessary con-
ditions for equilibration of free surface atoms are different from those required for bulk atoms.
In other words, there is excessive energy within the free surface layers namely as the surface
free energy which causes to make a change in mechanical behaviors of micro/nanostructures. In
order to capture this type of size dependency, Gurtin and Murdoch[2®* 29 introduced a generic
theoretical model within the framework of the continuum elasticity. Several investigations have
been carried out in recent years using the Gurtin-Murdoch elasticity theory to analyze me-
chanical behaviors of micro/nanostructures. Wang and Feng[®?) developed a theoretical model
directed towards a study on the effects of surface elasticity and surface residual stress on the
natural frequency of microbeams. Luo and Xiaol®!l explored the interaction between a screw
dislocation and nano inhomogeneity including interface stress effects using the Gurtin-Murdoch
continuum model. Zhao and Rajapakse[®? incorporated the surface free energy effects on the
elastic field within an isotropic elastic layer under surface loading. Wang et al.33! employed
the Gurtin-Murdoch theory of elasticity to analyze the influences of the residual surface stress
and surface tension on the elastic properties of nanostructures. Chiu and Chen[®¥ presented
a closed-form analytical solution for bending and resonance characteristics of nanowires with
various end supports. Shaat et al.[®”] combined the Gurtin-Murdoch elasticity with the mod-
ified couple stress continuum theory to investigate the size-dependent bending behavior of
nanoplates. Sahmani et al.3¢! examined the nonlinear forced vibrations of third-order shear
deformable nanobeams in the presence of surface stress effects. Also, Sahmani and Aghdam/[®”]
captured the surface free energy effects on the nonlinear instability of cylindrical nanoshells
under axial compression. Lu et al.l3® investigated the coupling effects of nonlocal stress and
surface stress on the size-dependent mechanical responses of Kirchhoff and Mindlin nanoplates.
Sun et al.? studied the buckling behavior of piezoelectric nanoshells in the presence of non-
locality and surface stress effects. Lu et al.[*9) presented a unified size-dependent plate model
for buckling analysis of nanoplates including nonlocal strain gradient size dependency and sur-
face stress effects. Sarafraz et al.[*!) analyzed the nonlinear secondary resonance of nanobeams
under subharmonic and superharmonic excitations based on the surface elasticity theory.

The prime aim of this work is to capture the surface free energy effects on the nonlinear
primary resonance of soft harmonic excited nanoshell incorporating the vibration mode interac-
tion. For this purpose, the non-classical governing differential equations of motion are derived
based upon the Gurtin-Murdoch theory of elasticity. Thereafter, with the aid of the multi-time-
scale solution methodology, the size-dependent frequency-response and amplitude-response are
achieved corresponding to various values of surface elastic constants, surface residual stress, and
different interactions between the main vibration mode and the first, third, and fifth symmetric
modes.

2 Derivation of the equations of motion

As illustrated in Fig. 1, a cylindrical nanoshell with free surface layers is considered. In
accordance with the attached coordinate system and the classical shell theory, the components
of the displacement vector can be expressed as
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ur(2,0, 1) = u(w,0,1) — : 220D,
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where u, v, and w are the displacements of the midplane along z-axis, #-axis, and z-axis,
respectively. Also, R and t represent the radius of the nanoshell and time, respectively.
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Fig. 1 Schematic representation of a silicon nanoshell with free surface layers and the attached co-
ordinate system

On the basis of the Dannell’s shell theory and von Karman geometric nonlinearity, the
strain-displacement relationships can be given as

Exx = 82w + ZKg,
_ -0
€09 = Egy T ZKe0, (2)

Yz = 729 + ZKg0,

where
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Within the framework of the linear theory of elasticity, the constitutive stress-strain rela-
tionship takes the following form:

Oua A+2u A 0 Exa
oY) = A A+2u 0 €0 |, (4)
Oz 0 0 2 Yz6

where the Lame’s constants can be introduced in terms of Young’s modulus and Poisson’s ratio
as below,

vE FE

A= 2 =
12 P70y

(5)



Nonlinear primary resonance analysis of nanoshells including vibrational mode interactions 237

In addition, based upon the Gurtin-Murdoch theory of elasticity, the surface stress compo-
nents can be defined as functions of strain components, surface Lame’s constants (g, us), and
surface residual stress (75) as follows?® 29

) (6)

z,o"

S

o

{ 085 = Ts0ap + (Ts + As)€qrOap + 2(1s — Ts)€ap + TsUZ, 5,
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As a consequence, one will have
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Generally, in the classical continuum models, the stress component of ¢, is ignored, since
its value is very small in comparison with other stress components. However, in a continuum
model based on the surface theory of elasticity, in order to satisfy the equilibrium necessities,
it is required to be taken into account. For this purpose, it is assumed that

80’5; n 1 8095; oo, 1 9oy, 80’5; n 1 8095; oo, 100y,
0. — Oz R 00 Ox R 00 . O R 00 Oz R_00 (8)
zZz 2 h ’

where ST and S~ denote the outer and inner surface layers of the nanoshell, respectively.
By inserting Eq. (7) into Eq. (8), it yields
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As a result, substituting Eq. (9) into Eq. (4) gives
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Thereby, the total strain energy of a nanoshell within the framework of the surface theory
of elasticity can be written as follows:
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where the stress resultants can be achieved in the following forms:
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On the other hand, the kinetic energy of a nanoshell modeled based upon the surface elas-
ticity theory can be given as

o= [ s () (22 s

:%/S((ph+2ps)(u2+o2+w2)+(”1—}5+pf2)((%)2+(%%)2))d5, (15)

where ps is the surface density, and the dot symbol indicates the time derivative.
Moreover, the work done by the external harmonic excitation can be calculated as

Hp:/(Fuu—i-Fvv—i-Fww)dS. (16)
S

On the basis of Hamilton’s principle, one will have
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As a result, it yields
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Also, the relevant size-dependent boundary conditions are extracted as
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By neglecting the in-plane inertia and assuming this point that the external harmonic exci-
tation is applied only along the z-axis, the Airy stress function can be introduced as follows:

1 0% 0% 1 9%p
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Consequently, the mid-plane strain components can be expressed as
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According to geometrical compatibility, for a shell-type structure, one will have
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Through inserting Eqgs. (12) and (21) into Egs. (18) and (23), the governing differential equa-
tions of motion for a nanoshell modeled via the surface theory of elasticity under a soft harmonic
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excitation are obtained as
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3 Multi-time-scale solving process

To capture the solution of the problem in a more general form, the following dimensionless
parameters are taken into account:
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where A119 = (A + 2u)h, and Iy = ph.
As a result, the dimensionless form of Eq. (24) can be expressed as
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In order to analyze the nonlinear vibration response of shell-type structures, several expan-
sions have been proposed for the lateral deflection. Refs. [42] and [43] have demonstrated that
in order to capture accurate and practical results, it is necessary to consider the companion
mode in addition to the simple linear vibration mode. On the other hand, those modes which
lead to convergence of the answer are the symmetric modes. As a result, in this work, the
following expansion is assumed for the lateral deflection of a nanoshell:

W(X,0) = A, cos(nd) sin(nX) + A1 osin(nX) 4+ As osin(37X) + As ¢ sin(57X). (29)
Also, based upon the Weaver and Unny theory, the harmonic external excitation can be
modeled in the following form![*2 43

Fy(z,0,t) = f, cos(nb) sin (%:v) cos(Qt). (30)

By inserting Eq. (29) into Eq. (27b), the geometrical compatibility is satisfied. Accordingly,
the solution for the variable of ¢ can be expressed via the summation of the homogenous and
particular parts as below

¢ = ¢n + bp, (31)
where the particular part of the solution can be given as
¢p =c1(t) cos(nd) sin(mX) + co(t) sin(mX) + c3(t) sin(37X) + ca(t) sin(57X)
+ ¢5(t) cos(2mX) + cg(t) cos(nb) + cr(t) cos(nb) cos(2nX)
+ cs(t) cos(nb) cos(4mX) + co(t) cos(nf) cos(67X ) + c10(t) cos(2nb). (32)
The parameters of ¢;(t),i =1,2,---,10, are presented in Appendix A.

The homogeneous part of the solution is extracted in such a way that the following conditions
are satisfied completely!42-43l:
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By using Egs. (12) and (35), one will have
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Substituting Eq. (29) into Eq. (37), and then integrating within the associated limitations
yield
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By inserting Egs. (32), (33), and (38) into Eq. (35), the homogeneous part of the solution
can be extracted as

n _§X2(7;1171 A2 ) (39)

Now, the obtained solution for the Airy stress function is substituted in Eq.(27a) which
results in a general equation with three unknown parameters as unknown general coordinates. In
order to continue the solving process, the Galerkin technique is put to use including orthogonal
basis functions as follows:

cos(nf)sin(rX) for s=1,
in(rX) for s=2,
sin(37X) for s=3,
sin(brX) for s=4.

wn

(40)

As a result, the following four coupled ordinary differential equations are acquired:

Ay + w%)nAl,n + 04114%,” + A1 nAr0 + a3AinAs o+ asAl A5
+ a5 A1 AT g + asAdin A3 o + arAr, A2

+ agAinA1043,0 + a9 A1 A3 0450 = fncos(),

Arp+wigAio+ AL, + BeA1 AL, + B3As04}, =0,

Ao+ w3 gAs0+ 0147, + 0241047, + 9343047, +VsA5047, =
As o+ w2 oAs0 + V1 AT, + Y2 A30A7, +1h3As 04T, =0,
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where «;, §;, ¥;, and 1; are constants as functions of the material properties and geometrical
parameters.

In order to achieve the solution to the problem in a more general form, the following dimen-
sionless parameters are defined:

q1 = Al,na q2 = Al,Ov q3 = A3,Oa q4 = A5,07

ra fn ~ o~

fn:Tu t:wl,nta
wl,n

(42)

where 1 ,, represents the value of wy , without consideration of the surface free energy effect.
As a consequence, Eq. (41) can be rewritten in the dimensionless form as follows:
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i3 + wiqs + U1q; + V24205 + F3q3¢; + Vaquqi =0,
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where
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3.1 Solution for the main vibration mode
In this case, only the terms related to the main vibration mode are considered and the other
ones are ignored. Therefore, it yields only one differential equation of motion as follows:

1 + 2681 0wt + wiqr + ca1g; = efn cos(Q1), (45)

where € denotes the scaling parameter to scale the nonlinear terms, damping, and external
excitation. Also, in accordance with the Rayleigh dissipation function, the damping is assumed
as a function of the linear frequency of the system.

Now, with the aid of the multi-time-scale method, it is assumed that

q1(To, T1) = qio(To, T1) + eq11(To, T1), (46)

where Ty = t and T = et denote different time scales.
On the other hand, the perturbation of the excitation frequency around the linear frequency
of the system is taken into account as below,

Q= wo + en, (47)

where 7 is the detuning parameter.
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Through inserting Eqs. (46) and (47) into Eq. (45) and employing the multi-time-scale tech-
nique, the following set of equations are obtained:

{50 — Diqio +wiqio =0, N (48)
et — Diqu1 + wiq1 = —2DoD1qio — @1¢3y + fn cos(woTo + nTh),
: dJ
where DZJ- = —— are various orders of time derivative.
i
The solution to the first part of the set of Eq. (48) can be expressed as
qo = AewoTo 4 Ae~iwoTo, (49)

where A is a complex function of Ty and T}. Also, A stands for the complex conjugate of A.
Substitution of Eq. (49) into the second part of the set of Eq.(48) leads to the following
differential equation:

0A N\ . .
D§Q11 + wgqll = — (ino(aT + flmwoA) + 361A2A) elwoTo _ 7, A3e3iwoTo
1
1~ .
+3 frei@oTotnTh) L ¢ C. (50)

where the term of C.C. represents the complex conjugate of its previous expressions.
To eliminate the secular terms, one will have

0A — 1~
2iw0(8—Tl + §1,nw0A) + 38 AYA + 5 e =0, (51)

Polar functions are assumed for A(Ty,T1) as follows:
1 io(T1)
A(Th) = Ea(Tl)e . (52)

By inserting Eq. (52) into Eq. (51), each of the real and imaginary parts gives

da 1 .
— = =& pwoa — — sin(nTy — <),
dT1 2w0 (53)
d¢ 3oy 3 1
=—a° — — cos(nTy — ).

ad—T'l N 8(.«)0 2(.«)0

In order to extract the steady-state solution, the derivative terms on the left side of Eq. (53)
are set to be zero. Consequently, it yields

1 .
&1 nwoa = —sin(nTy — <),
5 3 ! cos(nT; )
a— —a° = —— —-q).
1 8&)0 2&)0 1 s

3@1@2 AZ
n= Swo ==y 40,2(.«)(2) — gf,nw?)' (55)

As a result, one will have
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3.2 Solution for the interaction of the main and first symmetric vibration modes

In order to enhance the accuracy of the resonance solution, at the first step, the interaction
of the only first symmetric vibration mode with the main one is taken into consideration.
Therefore, it gives

G1 + 26261 pwodi + wiqr + 2T G; + eqaqig + XTsq1q5 = € f cos(Q1),

_ _ (56)
Go + 26261 ow1do + wige + 6,67 + 2820245 = 0.
To apply the multi-time-scale method, it is supposed that
a1 (To, T1, Tz) = qio(To, Th, T2) + equ1 (To, T1, To) + €2q12(To, Th, To),
a2 (To, T1, T2) = q20(To, T, To) + €qo1(To, Th, T2) + £2qoa (T, T4, T2), (57)

Q = Wwo +52777

where Ty = £21.

By inserting Eq. (57) into Eq. (56) and employing the multi-time-scale technique, the sets of
equations corresponding to different orders of ¢ are obtained which are presented in
Appendix B.

The associated solution can be written as

9A . . .
D3qi2 + wiqi2 = — 2iwp ﬁe“"“T" — 2iglynw§Ae“"“T“ — 3a; A AelwoTo
2
_ @, A2 AeiwoTo | 2a,03, A2 A eiw0To
4(.«)8 — w% w%
a5 — . s —
—— 2 ABBewoTo — 2 ARBRewoTo
(wl + (UQ)2 -1 (wl - (UQ)2 -1
: (55)
— asABBewoTo ¢ anei(“’f)TO*"T?) +N.S.T. +C.C.,
OB : 20,3 .
2 2 _ : iwq T : 2 1w T} 271 iwq T
D0q22 +w1Q22 = — 21&]1 8—Be 10— 215170(41136 150 — mAABe 140
2005 3 . .
__Bb gpeet _ G AABE“ T 4 NST. 4 C.C.,
(wl — (UQ)2 -1
where N.S.T. represents the non-secular terms.
Through the elimination of the secular terms, it yields
. 0A . —  @f — 2@, ,,— 0% _
—2iwp o — 211 pwE A — 3 AZA— L A%A LAZA- 2 ABB
0T, i1, “ 4wd —w? * w? (wi4wo)? —1
a3 — — 1+
B ABB - @sABB + - freT = 0, (59)
(wl — (UQ)2 -1 2
. 0B _. 2,3 — 20,3 o
—2iwy = —2 B — =1 AAB- L AAB-B,AAB = 0.
w1 0T, 151,0W1 (wl +w0)2 -1 (wl_WO)2—1 62

Polar functions are assumed for A(T:) and B(T5) as follows:

1 : 1 )
A(Ty) = §Q(Tz)elg(TZ), B(Tz) = §b(T2)elc(T2)- (60)
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Substitution of Eq. (60) into Eq. (59) leads to the following relationships:

da 1 ~
— = &1 pwoa + 5— fsin(nT = <) =0,
a7 &1.nwoa + 2w0f sin(nTy —¢) =0
d¢ 3o 3 52B1 3 ag 2
— - — b
adTQ 8w0a 4(.()0&}%0/ 8&)0(((.«)1 + WO)Q - 1) “
- % ab® — Eab2 + Lf cos(nTy —¢) =0 (61)
8&)0(((.«)1 —w0)2 - 1) 8(.«)0 2&)0 " 2 =5
db
—_ b =
T §1,0wib =0,
d< @231 @251 Bz
b—= — 2h — 2h— —=-a?b=0.
dT2 4&)1(((.«)1 + WO)Q - l)a 4&)1((&)1 - W0)2 - l)a 8(,«)1a

In order to extract the steady-state solution, the derivative terms in Eq. (61) are set to be
zero. As a consequence, one will have

1~ .
§1,nwoa = 2_wof” sin(nTz — <),

_ _ > _ 5 62
o — ?wﬂag 3 o234 a3 023, 0 — _Lf cos(nTy — <). (62)
S8wo 8wo(4wd — w?) dwow? 2o "
Therefore, it can be concluded that
3oy @231 5231 ) 2 J? 2
=(— - + n_ €2 2, 63
K (Swo 8wo(dwd — w?)  dwow? @ 4a?w? Sety (63)

3.3 Solution for the interaction of the main, first, and third symmetric vibration
modes

In order to achieve more accuracy, the interactions of the first and third symmetric vibration
modes with the main one are taken into consideration. Therefore, it gives

1426281 pwodn +wig +E2T1 G} + eT2q1qo +eT3q1 g3+ T5q195 + 26 G145

+ 2T q1q2q3 = €2 COS(Q?)v

. . - - _ (64)
G + 26261 pw1do + wige +6,G; + €2B2q2a7 + €2 B3q3q7 = 0,
3 + 26263 0w3ds + wiqs + e01¢5 + £202q2q] + e203q3¢5 = 0.
To apply the multi-time-scale method, it is supposed that
1 (To, T1, To) = qio(To, Th, To) + equ1(To, T1, To) + €2q12(To, Th, To),
@2(To, T1, To) = qo0(To, Th, T) + €qo1(T0, T, To) + €2qo2 (1o, T, To), (65)
a3(To, T1, To) = q30(To, Th, T2) + €q31(To, T1, To) + €2qs32(To, T1, To),
Q= wo + 5217.

By inserting Eq. (65) into Eq. (64) and employing the multi-time-scale technique, the sets of
equations corresponding to different orders of ¢ are obtained which are given in Appendix B.
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The associated solution can be expressed as

0A . .
D3g12 + wiqiz = — 2iwg 3761%% 211wy AeoTo — 37, AZAei0To
2
_ 52251 A2ZAciwoTo | a2261 A2 piwoTo
dwg — wl w]
— —ag ABBewoTo — —ag ABBe'woTo
(wl + (UQ)2 -1 (wl — (UQ)2 —1
5351 A2A iwoTo L 2(13191 A2A iwpTo
4w0 — w3 w3
S SYe o A S MYere ARt
(ws +wp)?—1 (wg —wp)2 —1 (66)
. . 1~ .
— a5 ABBe“o 0 — qg ACCe 0T + 3 freiwoTotnT2) L NST. 4 C.C.,
0B | . 2@ _ .
D2 2 —_ 9 Y JiwiTo % 2B iwiTo _ 2M1 AAB iw1To
0422 + Wiqa2 Wy 6T2€ 1§, 0wy Be @ tw)?—1 e
2023, TpaiviTo 3 AT paiwtT
— WAABe 170 — 3,AABe“"° + N.S.T. + C.C,,
w1 —Wwo)” —
oC , 2030 —
D2 2 = _ 9j N~ iwsTy % 2C iwsTo __ 3V1 AAC iwsTo
0432 + w3q32 iws 8T2€ i3, 0w3Ce (w3 +wo)? —1 €
2030, TniwsTo _ T AT raiwsTh
———— = AACe"™¥'° — 9, AACe™“**° + N.S.T. + C.C.
((.(J3 - WO)Q -1
Through the elimination of the secular terms, it yields
A agﬁ 20426 0% —
—2i —2i€) LwiA—3a; AZA — L A2A LA?A-———2____ABB
wo g i€1,nw; ay T2 = + 2 Gt =1
(0% 15 2 5] L% —
—LQABB— &A%‘l—i— s 1A A— LQACC
(w1 —wp)?2—1 4w — w3 w3 (ws+wp)?2—1
—92 o
—#AC@ — 55AB§ — @GACa + ifne”]T2 = O, (67)
. 0B 2023, — 2003, =
—2iw — — 2 2B — =1 _AAB — AAB — (,AAB =0
wion, Al T g1 A T e A T R0
. oC . 2ai391 — 2ai391 — R —
—2iwg———2 2C - AAC— AAC — 9, AAC = 0.
ws o i€3,0w3 o (@s—wo)? =1 2

Polar functions are assumed for A(T%), B(T2), and C(T3) as follows:

1 . 1 . 1 ,
A(Ty) = Ea(Tg)eK(Tz), B(T») = 5b(Tz)elC(Tz), C(Ty) = 5c(TQ)el><<T2>. (68)
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Substitution of Eq. (68) into Eq. (67) leads to the following relationships:

da
I — &1 nwoa + —fn sin(nTy —¢) =0,
i N ?Wﬂ 3 a?ﬁl 3 04261 3 a351 3 a351 3
dTg 8wy 8w (4w — w?) dwow? 8wo (4wd — w3) 4wow3
52 a2
2 ab2 _ 2 ab2
8(.«)0(((,«)1 + WO)Q - 1) 8&)0(((.«)1 - WO)Q — 1)
ag ac?® — ag ac?
8(.«)0(((,«)3 + u}o) 1) 8&)0(((,«)3 - WO)Q - 1)
—&ab2 — ﬁac + —fn cos(nTy —¢) =0, (69)
8w0 8w wo
db
— b =
T §1,0w1b =0,
dC 5251 @231 32
b — 2 — 2 — 222 — 0,
dT2 4(.()1((&)1 + W0)2 - 1)a 4(.()1(((.«)1 - WO)Q - l)a 8w1a
d
—é —&3,0wsc =0,
cd—x — LED! a’c— L a’c— la% =0
dT2 4&)3((&)3 + W0)2 - 1) 4(.4)3((&)3 - (.UO)Q - 1) 8(.«)3 '

In order to extract the steady-state solution, the derivative terms in Eq. (69) are set to zero.
As a consequence, one will have

1 -~ .
&1,nwoa = 2_fn sin(nT — <),

g 3% 3 @, 5, @B 4 azth 5, agdh 4
1 8wy 8w (dwd — wi) dwow? 8w (dwd — w3) Jwow?

1
= —2—w0fn cos(nTz —<).

Therefore, it can be concluded that

:(@ @0, _ mf, a3t @t ) 2 2 _e L2 ()
= 8wo 8wo(dwd —w?P)  dwow?  8wp(dwi —w3) Adwow? 4a2wf ChmTO

3.4 Solution for the interaction of the main, first, third, and fifth symmetric
vibration modes

In order to achieve more accuracy, the interactions of the first, third, and fifth symmetric
vibration modes with the main one are taken into consideration. Therefore, it results in

G+ 26261 nwodi + woq1 + 7015 + EB2q1g2 + ET3q1G3 + ETUq1qs + £XT5q145

+ W q1q3 + £707q1q5 + 70814243 + €T q1G3qs = 2 fn COS@?),

G2 + 26261 0wrde + wige + €B147 + 282424 + €% B3a347 = 0, (72)
s + 26%€3 0wsds + wigs + €017 + 022t + 7034347 + €20aqaqi = 0,

(1 + 2685, 0wsGa + Wi qs + €147 + £P0q2qF + ¥ P3quG; = 0.
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To apply the multi-time-scale method, it is supposed that

1 (To, T1, To) = qio(To, Th, To) + equ1(To, T1, To) + €2q12(To, Th, To),
02(To, Ty, Ta) = qao(To, Ty, T2) + g1 (To, Th, To) + €22 (To, T, To),

( q30(To, T, To) + €q31(To, Th, T2) + €2q32(To, T1, T»), (73)
qao( ) ( ) ( )

10(To, T1, To) + €qa1 (To, Th, To) + £2qua(To, T4, T2),

By inserting Eq. (73) into Eq. (72) and employing the multi-time-scale technique, the sets of
equations corresponding to different orders of ¢ are obtained as presented in Appendix B. The
associated solution can be written as

0A . . _ .
D3q12 + wiqi2 = — 2iwp TN elwoTo _ 2iglynw§Ae“"“T“ — 3 A AlwoTo
2

CYQﬁl A2A iwpTo 4 2rn 2(1261 A2A iwoTo

dwf-ud wi
a; B aiwoT, aj B iwoT
— —2ABBe 020 — —2ABBe 0-0
(wl + (UQ) -1 (wl - (UQ) -1
_ Oé23191 2A2Z6iw0TO L CY3191 A2A iwpTo
dwg — ws w3
—2 =2
- _ACTe T - 8 ACTeTo
((.(J3 + u}o) -1 ((.(J3 - u}o) -1
0441/)1 A2A iwoTo ikl 20[41/)1 A2A iwoToH
4w0 —w? w?
aj T niwo T, aj Trniwo T,
- _AFFeTo —— AFFeioTo
((.(J5 + u}o) -1 ((.(J5 — (.«)0) -1
— 65AB§€iw0TO - agACUGiMUTO - a7AFFei“°T° (74)
1~ .
+ ifne“onMTﬂ +N.S.T.+C.C,
0B ; ; 20,3 -
D2 2 —_ 9 Y JiwiTy % QB iwiTo _ 1 AAB iw1 Ty
522 + wigaa iwy 6T26 &y owi Be T =1 e
200 3 _ . .
- %AABMTO — B,AABe ™ £ N.S.T. + C.C.,
1 —wo) —
oC : 2030 —
2 2 _ . iws T . 2 iws T 3V1 iws T
D0q32 + w3Q32 - — 21W3 6—1126 340 — 215370(.()306 340 — mAAOe 350

2@351

- AACewTo 9, AACe@sTo £ N.S.T. + C.C.,
((.(J3 — WO)Q — 1

oF . ; 2040 7 o
D2 2 — Qs —— iwsTo _ % 2F iwsTo __ —1AAF iwsTo
0942 + W5qa2 1wy 6T2€ i€ ows F'e (ws + wo)2 1 ¢
2041,

- AAFewsTo Y, AAFe@sT0 L N.S.T. + C.C.
((.(J5 — WO)Q — 1
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Through the elimination of the secular terms, it yields

Polar functions are assumed for A(T:), B(Tk), C(T»), and F(Tz) as follows:
1 . 1 _
A(Ty) = Ea(TQ)eK(Tz)’ B(Ty) = §b(T2)elC(T2)7
1 i 1 :
C(TQ) = §C(T2)61X(T2)7 F(Tz) — §f(T2)616(T2).

Substitution of Eq. (76) into Eq. (75) leads to the following relationships:

da 1 ~
—an — &1,nwoa + wofn_Sln(ﬁTz —9) —27 B B
I azf, 3, @b 5 asly 5, Osth
dTg 8wo 8wo (4(.«)8_— w?) dwow? 8wo (4wi — w3) 4wow3
_ 0441/)1 3 a41/)1 3 _ ag ab?
8wo(4dwd — w?) dwow? 8w ( (Zwl +wp)2 —1)
_ a2 (lb2 _ 02
8(.«)0(((,«)1 :WO)Q - 1) 8&)0(( w3 —tzu}o) - 1)
a3 2 Qy 2
— ac® — a
8wp((wg —wp)? — 1) 8wo((ws +wp)? — 1) !
_ % 2_ %5 o T6 o 0T 4
8(.«)0(((,«)5 - WO)Q - 1)af 8w0a 8(.«)0 e 8&)0 af
~—Jn s(nTs — =Y,
+2w0f cos(nTa —¢) =0
db
—an &10w1h —_07 B B
dC a261 2 aQﬁl 2 62 2
b— b— —=a*b=0
dgg 4(.()1((&)1 —|— W0)2 — 1)a 4(.()1(((.«)1 — WO)Q — l)a 8w1 ’
Tan &3,0wsc =0, B B
dX a0, a’c — a3V a2c — =2 % =
dT2 4&]3((&]3 + w0)2 — 1) 4w3((w3 — w0)2 — 1) 8w3 ’
—an —&owsf =0,
do ), 2 a4, 2 Uy 2
_ _ — - = =0
de2 4(.4)5((&)5 —|— W0)2 — 1)a f 4&)5(((,«)5 — WO)Q — l)a f 8w5a f

ABB

—2
—2in g? —2i§1,nw(2)A—361A2Z— 1o 2261 A2A+ 2(1261 AQA—(_’_aﬁ
_ 1 w1 wo —
. ST Uy ot 20‘3191 L TIDEy S T
(wn _1}3)2 -1 4“}_0 _w3 (ws +fo)2 -1
(w3 —110)2 —1 4w0 w5 5 (ulj5 +wp)?—1
-1 a4)2 - AFF —a5ABB —agACC — a; AFF + §fneinT2 —0,
W5 —Wwp)* —
3 9B : 2@2?1 — 25231 _ _ _
—2iwr o =2 2p 2L A 2P AAB - B,AAB =0
iwg T, i1 owi (w1 +wg)? — 1 (@1 —wo)? — 1 By ,
¢ _. 2 200311 — a3 s
_21w3 8T 2153,00130 — WAAC — mAAC — Q92AAC = O,
F 20,1, - 20,1, o
—2i -2 2FP— — 11 AAF - — =1 AAF — 9y, AAF = 0.
ws o i85 0w5 (ws +wo)2 — 1 (@ —w0)? — 1 Py 0

3

(75)

(76)
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In order to extract the steady-state solution, the derivative terms in Eq. (77) are set to zero.
As a consequence, one will have

1 ~
n = — fasin(nTz — <),
&1 nwoa 2w0f sin(nTy — <)

301 5 a3, 5 fy

- — a 3
1 S0 T el — oD T dwel T Bep(ig — )" Twgd” (78)
2K 3, Q4y 4 1 ~
- = — — fucos(nTy — <.
8wo(4wd — w?) Jwow? “ 2wp Jn cos(Tz =)
Therefore, it can be concluded that
:(@ a2, _ a2, a3t 3 a3y
=\ 8wo 8wo(dwd — w?)  dwow?  Bwo(dwd —w?)  dwow?
), ), ) 2 f - 2 9
- + - . 79
8wp(dwd — w?)  dwow? “ 4a2w? $L.nt0 (79)

4 Results and discussion

In this section, the frequency-response and amplitude-response associated with the nonlinear
primary resonance of a silicon nanoshell are given corresponding to various interaction between
vibration modes. The mechanical properties and surface elastic constants of silicon material
are given in Table 1. It is assumed that L/R = 2 which results in m =1 and n = 5.

Table 1 Material properties of a nanoshell made of silicon!** 49!
Variable Value
E/GPa 210
v 0.24
ps/(N-m~1) —2.774
As/(N-m~1) —4.488
7s/(N-m~1) 0.604 8

First, the validity of the present solution methodology is checked. For this purpose, the
linear natural frequencies of a single-walled carbon nanotube modeled via the classical shell
theory are obtained and compared with those reported by Zeighampour and Tadi Benil® using
the Navier-type of the exact solution. As tabulated in Table 2, excellent agreement is found
which confirms the validity and accuracy of the current study.

Table 2 Comparison of the dimensionless linear frequencies of a single-walled carbon nanotube cor-
responding to different mode numbers (h/R = 0.02, R = 2.32 nm, E = 1.06 TPa, and

L/R=5)

Natural frequency Ref. [63] Present study
m=1n=1 0.196 86 0.197 68
m=2,n=2 0.256 32 0.254 37
m=3,n=3 0.277 30 0.277 12
m=4,n=4 0.301 78 0.302 23
m=5n=>5 0.343 75 0.347 81

The stability analysis is performed for the nonlinear primary resonance of a soft harmonic
excited nanoshell including the interaction between all considered vibration modes (the main
mode and the first, third, and fifth symmetric modes). In Figs. 2 and 3, the frequency-response
and amplitude-response are plotted, respectively, in which the stable and unstable parts of the
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responses and the associated bifurcation points are indicated. It is revealed that for very high
and very low values of the detuning parameter, the structure is stable. Through increment in the
value of the detuning parameter, the deflection of the structure increases until approaching the
first saddle-node bifurcation point. After that, the structure becomes unstable as by decreasing
the value of the detuning parameter, the shell deflection increases. Thin increment continues up
to a peak representing the second saddle-node bifurcation point. Subsequently, the structure
becomes stable again in such a way by increasing the detuning parameter, while the deflection
of nanoshell reduces.

Saddle-node
bifurcation

Unstable solution

Jump
up

P Saddle-node
bifurcation

Nondimensional deflection

Nondimensional detuning parameter
Fig. 2 Stability analysis for the frequency-response associated with the nonlinear primary resonance
of a nanoshell incorporating the main mode and 1st, 3rd, and 5th symmetric modes

Saddle-node

bifurcation /

N Jump
IN up

Jump
down \

Saddle-node
bifurcation

Nondimensional deflection

Nondimensional force amplitude
Fig. 3 Stability analysis for the amplitude-response associated with the nonlinear primary resonance
of a nanoshell incorporating the main mode and 1st, 3rd, and 5th symmetric modes

Figure 4 represents the influence of different vibration mode interactions on the nonlinear free
vibration behavior of a silicon nanoshell in the presence of surface free energy effects. It is seen
that by considering only the main vibration mode, the plot curves to the right side representing
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a hardening response. However, by adding the interaction between the first symmetric mode
and the main mode, the curvature to the right side reduces. After that, the addition of higher
symmetric modes including the third and fifth symmetric modes, the frequency-response plot
curves to the left side which shows a softening behavior.

0.7 7

0.6 R
0.5

T
~

0.4 ’
0.3 !

0.2 /!
i
1
1
]

0.0 1 ¥ 1 1 1 1
0.998 0.999 1.000 1.001 1.002 1.003 1.004 1.005

Q/w

0.1

Nondimensional deflection
~

Main mode

= = =Main mode and 1st symmetric mode

— Main mode and 1st and 3rd symmetric modes
Main mode and 1st, 3rd, and 5th symmetric modes

Fig. 4 Influence of the interaction between vibration modes on the frequency-response associated
with the nonlinear free vibrations of a nanoshell

In Fig. 5, the influence of various interactions between vibrations mode on the frequency-
response and amplitude-response associated with the nonlinear primary resonance of a silicon
nanoshell is depicted incorporating surface free energy effects. It is found that by adding the
interaction between higher symmetric vibrations modes (the third and fifth ones), the jump
phenomenon tends to the left side which indicates a softening behavior. Consequently, for a
negative value of the detuning parameter, the amplitude-response including only the interaction
between the main mode and the first symmetric mode has no unstable part.

0.7 4.0
£ o6 g 35f
g g 30
E 0.5 E :
T o4 = 25F
o Y I~
k) S 20 -
n 0 -
= 0.3 o -
< Q - .-
E £ L
'g 0.2 "E 1.0+ - -
3 s) Pie
Z 0.1 Z 05 .
0.0 1 1 1 1 1 1
0.990 0.995 1.000 1.005 1.010 0 0.010 0.020 0.030 0.040
Q/w Nondimensional force amplitude
@ (b)

Main mode and 1st, 3rd, and 5th symmetric modes
—— Main mode and 1st and 3rd symmetric modes
- - - Main mode and 1st symmetric mode

Fig. 5 Influence of the interaction between vibration modes on the nonlinear primary resonance of
a nanoshell under harmonic excitation, (a) the frequency-response and (b) the amplitude-
response

Figure 6 illustrates the surface free energy effects on the frequency-response and amplitude-
response of silicon nanoshells with different shell thicknesses including the interaction between
vibration modes. It is observed that by increasing the shell thickness, the surface effects diminish
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and the responses tend to the classical counterparts. It is indicated that the surface free energy
effects cause to reduce the height of the jump phenomenon. Also, by taking the surface effects
into account, the shell deflection as well as the force amplitude associated with both of the
bifurcation points enhances.
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Fig. 6 Classical and non-classical nonlinear primary resonance responses of a nanoshell including
the interaction between vibration modes, (a) the frequency-response and (b) the amplitude-
response

The influence of surface elastic constants on the frequency-response and amplitude-response
associated with the nonlinear primary resonance of a soft harmonic excited nanoshell is shown
in Fig. 7 including the interaction between the main vibration mode and the symmetric modes.
It can be seen that a positive value of the surface elastic constants leads to a decrease in the
height of the jump phenomenon as well as the shell deflection associated with both of the
bifurcation points, while a negative one causes to increase them.
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Fig. 7 Influence of the surface elastic constants on the nonlinear primary resonance of a nanoshell
including the interaction between vibration modes, (a) the frequency-response and (b) the
amplitude-response

In Fig. 8, the influence of the surface residual stress on the frequency-response and amplitude-
response associated with the nonlinear primary resonance of a soft harmonic excited nanoshell
is displayed including the interaction between the main vibration mode and the symmetric
modes. It is found that a positive value of the surface residual stress makes a reduction in
the height of the jump phenomenon as well as the force amplitude associated with both of the
bifurcation points, while a negative one leads to an increase in them.
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Fig. 8 Influence of the surface residual stress on the nonlinear primary resonance of a nanoshell
including the interaction between vibration modes, (a) the frequency-response and (b) the

amplitude-response

Figures 9 and 10 demonstrate the influence of the interaction between vibration modes on
the nonlinear primary resonance characteristics of a soft harmonic excited nanoshell correspond-
ing to various values of surface elastic constants and surface residual stress, respectively. It is
revealed that for both of the positive and negative values of the surface parameters, by adding
the interaction between higher symmetric vibration modes with the main mode, the hardening
behavior changes to the softening one. As a result, for a negative value of the detuning param-
eter, the amplitude-response plot including only the interaction between the first symmetric
mode and the main mode has no unstable part. However, by taking the third and fifth sym-
metric modes into consideration, the unstable part with the two saddle-node bifurcation points

can be observed.
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Fig. 9 Influence of the interaction between vibration modes on the nonlinear primary resonance
response corresponding to different surface elastic constants, (a) As + 2us = —10 N/m, (b)

As +2ps =0 N/m, and (¢) As +2us = 10 N/m
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Fig. 10 Influence of the interaction between vibration modes on the nonlinear primary resonance
response corresponding to different surface residual stresses, (a) 7s = —1 N/m, (b) 7 =
0 N/m, and (c) 7s = —1 N/m

5 Conclusions

In this investigation, for the first time, the nonlinear primary resonance response of soft
harmonic excited nanoshells including the surface free energy effects and interaction between
vibration modes was studied. To the end, the Gurtin-Murdoch theory of elasticity was imple-
mented into the classical shell theory to develop a non-classical shell model with the capability
to capture the surface effects. Afterward, with the aid of the multi-time-scale method, the
size-dependent nonlinear governing differential equations of motion were solved analytically
corresponding to various interactions between the main mode and symmetric vibration modes.

It was displayed that by adding the interaction between higher symmetric vibrations modes
(the third and fifth ones), the jump phenomenon tends to shift from the hardening response to
the softening one. Consequently, for a negative value of the detuning parameter, the amplitude-
response including only the interaction between the main mode and the first symmetric mode
has no unstable part. Furthermore, it was found that by increasing the shell thickness, the
surface effects diminish and the responses tend to the classical counterparts. It was seen that
the surface free energy effects cause to reduce the height of the jump phenomenon. Also,
by taking the surface effects into account, the shell deflection as well as the force amplitude
associated with both of the bifurcation points enhances. Additionally, it was observed that
a positive value of the surface residual stress makes a reduction in the height of the jump
phenomenon as well as the force amplitude associated with both of the bifurcation points,
while a negative one leads to increasing them.
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Appendix A
The parameters of ¢;(t) with ¢ = 1,2,--- , 10 are presented as follows:
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Appendix B

The following sets of equations corresponding to different orders of € of the main and first symmetric

vibration modes are obtained:

0 Diqio +wiqio =0,
e - 2 2
Dgg20 + wigeo =0,
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The following sets of equations corresponding to different orders of € of the main, first, and third
symmetric vibration modes are obtained:
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The following sets of equations corresponding to different orders of & of the main, first, third, and
fifth symmetric vibration modes are obtained:
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