95

Latin American Journal of
Solids and Structures

www.lajss.org

Abstract

In this paper, analytical couple-stress solution for size-dependent
large-amplitude vibrations of FG (functionally-graded) tapered-
nanobeams is presented. Using the modified couple-stress theory,
the small scale effects are accounted for. Employing the
Homotopy-Pade Analysis Method, efficient and accurate analytical
expressions for the deflection and non-linear frequencies of the
both single and double tapered nanobeam are presented. Very
good agreement is observed between the present work results and
some available results reported in the literature. This study may
be helpful to investigate the size-dependent mechanical properties
of MEMS\NEMS. Therefore, the proposed analytical solution can
be used as an efficient tool for the material or geometrical para-
metric studies of small scale devices consisting of beams for their
design and optimization which involves a large number of simula-

tions.
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Micro/nano-scale mechanical structures are structures whose characteristic size is in the order of
micron or submicrons, e.g., micro/nano-beams and micro/nano-cylinders. These elements are widely
used in micro- and nano-electromechanical devices (MEMS and NEMS) (Baghani, 2012; Sadeghi et
al., 2012; Koochi et al., 2014; Rezaiee-Pajand and Yaghoobi, 2014). Micro/nano-scale mechanical
elements are also used in micro-pumps, accelerometers, micro-mirrors and microswitches. A large
number of engineering applications utilize the mechanical properties of thin films materials for tar-
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geted performance specifications such as those vibration shock sensor, atomic force microscopes and
resonant testing method (Kong et al., 2008).

Functionally gradient materials (FGMs) utilized in e.g., space devices are high-performance heat-
resistant materials which are able to tolerate extremely large temperature gradients (Koizumi and
Niino, 1995; Ansari et al., 2014). Meanwhile, FGM concepts have triggered world-wide research
activities which are applied to metals, ceramics and organic composites to produce modified compo-
nents with superior physical and mechanical properties (Schulz et al., 2003). In recent years, the
application of FGMs has broadly been spread in micro and nano structures such as thin films in the
form of shape memory alloys (Fu et al., 2003, 2004) and also in MEMS and NEMS (Witvrouw and
Mehta, 2005; Lee et al., 2006). In addition to FG functionality, especially in beams, changes in the
cross-section (gradually or abruptly along the length) could also play an important role in different
engineering fields as a design tool. They are used in optimization of the structures' weight and
strength, as well as in architectural and aesthetical aspects of structural engineering design. These
particular features enable the engineers to design and construct precise structures, e.g., aerospace
structures.

There are several experimental evidences which reveal that the behavior of micro-structures is
size dependent (Fleck et al., 1994; Lam et al., 2003; McFarland and Colton, 2005; Stolken and Ev-
ans, 1998). Lam et al. (2003) observed that during the bending test of epoxy polymeric micro-beams
the normalized bending rigidity of the beams becomes 2.4 times larger when the thickness of the
beam reduces from 115 pm to 20 um . McFarland and Colton (2005) have experimentally investi-

gated the bending of polypropylene small-sized cantilever beams. They observed that the stiffness of
the small-sized cantilevers was at least 4 times larger than the value which the classical theory of
elasticity anticipated. To properly predict the behavior of such structures, non-classical theories
such as couple-stress theory, nonlocal elasticity, Cosserat continuum and strain gradient elasticity
have been developed to take into account the size-dependent materials' behavior in small-scales
(Mindlin and Eshel, 1968; Yang et al., 2002; Yoshiyuki, 1968).

MEMS /NEMS systems' responses have been the subject of several analytical studies in two past
decades. Based on the modified couple-stress theory introduced by Yang et al. (2002), Kong et al.
(2008) analytically calculated the size-dependent natural frequencies of Euler-Bernoulli beams.
Shahba et al. (2011) studied the free vibration and stability analysis of axially FG tapered Timo-
shenko beams using a finite element approach. There are also several numerical investigations about
different aspects of vibration of tapered beams (see e.g., Cheng et al. (2011); Saffari et al. (2008);
Bazoune et al. (2001) among others). Baghani (2012) have analytically studied the deflection and
static pull-in voltage of cantilevers based on the modified couple-stress theory. It has been shown
that the couple-stress theory can successfully remove the gap between the experimental observa-
tions and the classical theory based simulations for the static pull-in voltage. Ke and Wang (2011)
have studied the size effect on dynamic stability of FG microbeams based on a modified couple
stress theory. They have also investigated on nonlinear free vibration of size-dependent functionally
graded microbeams (Ke et al., (2012)).

It is noted that the governing equations of such systems are essentially non-linear. Generally in a
non-linear problem, it is hard to arrive at an analytical solution unless numbers of different simpli-
fying assumptions are considered. Otherwise, application of different numerical techniques is una-
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voidable (Baghani et al., 2011, 2012). However, it is difficult to arrive at an indispensable under-
standing of a non-linear problem out of the numerical results. Further, numerical complications
may occur, if a non-linear problem contain singularities or multiple solutions. Among different ana-
lytical methods, the Homotopy Perturbation Method (HPM) is one of the most accurate and effi-
cient methods for studying non-linear systems (Liao, 2004, 2003).

In this paper, employing the modified couple-stress theory, the size-dependent non-linear vibra-
tion of FG tapered Euler-Bernoulli beams is analytically investigated. Incorporating the inextensi-
bility condition in the model, a kinematic dependency between axial and transverse displacements is
produced. Analytical expressions for the deflection of these beams are obtained using the HAM. The
impact of FG parameters and also size-dependent effects on the non-linear response of beams are
analytically studied. Finally, results are compared with experimental data as well as the numerical
results available from the literature.

2 GOVERNING EQUATIONS BASED ON THE MODIFIED COUPLE-STRESS THEORY

In the modified couple-stress theory, the strain energy density for an elastic material in the infini-
tesimal deformation is introduced as (Yang et al., 2002; Asghari et al., 2011)1:

(7:1/2(6:s+m:x) (1)

In especial isotropic case, we may write:

e =1/2(Vu+ vu' (2)

o = Atr(e)1+2ue (3)

1 =1/2(vo+ve’);  0=1/2curl(u) (4)
m = 2%y (5)

where u and 0 are the displacement and rotation vectors, respectively. Also € 06,m and y stand

for strain, stress, couple stress and curvature tensors, respectively. The material length scale param-
eter is represented by [, while A and p are Lame' constants.

We now consider a FG tapered beam (shown in Figure 1). The axial and transverse components
of the displacement vector are:
ow (w, t )

u, = u(x,t)—zT, u, =0; u, = w(m,t) (6)

in which w,, u, and u, are the displacement components. It is assumed that all cross sections

y
remain plane after deformation; but, they can experience a rigid body displacement in xz plane

"Double contraction between second order tensors A and B denoted by : is defined as A : B = A;By; ;5 (i,j = 1..3)
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and/or a rotation about y-axis. Assuming small slopes after deformation but finite deflection w, the

98
axial strain can be approximately calculated by the von-Karman strain as:
2 2
TT:@_Z_‘?“’ 1{ow (7)
ox o9z2 2\ 0z
In view of equations (2-5), we obtain:
ow|( z,t
oz ‘

\ 4

Figure 1: An Euler-Bernoulli, loading and coordinate system.

(9)

Substitution of (8) in to (4) gives x,, = —82w/ dz? while other components vanish. Therefore, non-
oz

ou A*w
o g
2

zero components of the stress and couple-stress tensors are easily found as follows:
2
1 [ ow J
0x?

O = & oz
0*w
)
m;z;y =TH ! 81’2
To obtain the governing equations, the kinetic energy of the beam T and the beam strain energy U
(10)

T %fOLp[AuQ + 1”4 A |da

Beam strain energy due to

existence of initially axial load N,
—
N, (2u' + w' ) dx

are considered as follows:

Beam strain energy due to bending

2
L
U= %fo EA[U'+§U/2] +(E1 +uAl2)w”2 +
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where A, I, L and Nis the cross-sectional area, the second moment of inertia of the cross-section
about the y-axis, beam length and the initial axial load, respectively. F and p are also the effective

Young's modulus and density, respectively. The strain energy is composed of two parts: first part
due to bending and also due to the change of the stretch with respect to the initial configuration,
and second part the increase in the stored energy with respect to the initial configuration due to the
existence of initially axial load N, . It is noted that the x-axis lies on the neutral-axis of the beam
( f 2dA =0).
A
To derive the governing equations of motion of the FG tapered beam, the Hamilton principle is

utilized as:

£:2{76T+6U76W}dt:0 (12)

After some mathematical manipulations (integral by parts, ...), we arrive at:

t t, oL
[Ferdar=—["["p Aijéu+[Ai1}[h'1}’]/]6w dedt
t, t, 0 (13)
L E t
+ [ plAusu + Ii'sw’ + Aisw]ds| — [ plis'owd
0 t, b x=0,L
And
f 8U dt = f “EA[U +;w’2 +N, wéw}dt
z=0,L
bl r 1o / / N "
i[f FEAlu' + —w™ |+ Ny| w + |EA|u" +—w* |+ N, |w” téwdrdt
4 Jo 2 2
t " (14)
+f (EI+uA12)w”6w’f(w”(EI+;LA12)) Sw dt +f f EI+MA12) ") swdzd
I " "
- A’ + " |+ N, 6udxdt+f A’ + " |+ N, st
=0
In addition, the virtual work done by external loads are expressed as:
_rt L reo 1 T 7 15
oW = [ F(at)6uds + [G(x,t)6ude + [ Mow' + Véw + Nou],_ (15)

in which G (m,t) and F (x,t) are body forces along x and y axes, respectively. The external trans-

verse force, the axial force and the total moment acting on the beam ends are expressed by 17, N
and M , respectively.

Finally, substitution of (13), (14) and (15) into (12) and equating coefficients of similar varia-
tions, we obtain:
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/

ou:  pAi = EA[u’—i—%w/Q]—i—NO —|—G<:z:,t>
) o (16)
[EA[u’+—w’2]+NO—N =0 or 6u| =0
2 r=0,L
r=0,L
/
2 m\" / 1 2 / . L
ow : ((EI—i—uAl )w ) —||FA|u +§w + Ny |w —l—pAw—[pr] :F(az,t)
1 . (17)
EAlu' + =w" + N, w/—((EI—i—,uAlQ)w") —V + pli/ =0 or 5w| =0
2 r=0,L =0t
’. 2\, " _ 7y —
ow' : (EI + pnAl )w M:E:O,L =0 (18)
In the following sections, we focus on analytical solution of set of equations (16-18).
[ — ( :8* 1
=1 ! i
— L i p
=L o T T T
/l’” / n
(a) (b)
Figure 2: a: Initial configuration of the FG tapered nanobeam. b: Deflection of the neutral axis.
3 INEXTENSIBILITY CONDITION
Consider the FG tapered micro-cantilever beam as illustrated in Figure 2, where # = 2 /L and

k is the curvature of the beam neutral axis. (is a dimensionless parameter which varies from e
(free end) to 1 (clamped end). Applying the change of parameter w’ = sing (prime represents the

derivative with respect to z) and using the fact that x = ¢’ it is concluded that:
wll
P (19)
1—w"”
Applying the Taylor series to (19), we may write:
o = w//<1+1/2w’2) (20)

Considering the relation x = ¢’ , we derive an explicit form for the beam curvature as:

K? = w" (1 +w'? + 1/4w’4) (21)
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The inextensibility condition in special case of w’ << 1 leads to the following relation for the axial
displacement u (Abdel-Jaber et al., 2008; Al-Qaisia and Hamdan, 1999):

_ oo 14 29
u-l/?fo(w +1/4w )dzz: (22)
Differentiating the relation (22) with respect to z gives:
u = 1/2(10/2 + 1/4w/4 ) (23)
Substituting (23) into (17), we may write:

/
((Er+ uAlQ)w”)” [EA[w’3 +%w’5]+ Now’] + pAis — [ plit'| = F(a,t) (24)

with the following boundary conditions:

1 5 -
13 L5 o 2 AN ./ _ _
\EA[w L ]+ Nyw ((EI + pAl )w ) V + pliv L 0 or duw|_,, =0 25)
2 " 17 _ / —
(E] + pAl )w — M;r,:o, =0 or éw |m:07L =0
Introducing the dimensionless parameters,
~ h ~ ~
R TR S S L N (N e
L hy L L I? r
B L2 2
Po B By Yo B
N, ~ v =~ — ~ F .’L’,t
Ny=—L; V= Y . r=—— F(i,r)= (2]
E,I? EyhyL Eyh,I? Eqyhy
the governing equations are represented as follows:
!
s s ” . B / ~OO [e]e) ~
((EJ + uAZQ) ~”) [ A[X%:u“ + X4w’5] + Noﬂz’] +&|pAo—|pla | |=F(z7) (27
OO/
321[;(2@’5 Ll ~’5J+ Ny’ — (( BT + AT?) ~”)' —V+iplw =0 oréw| =0

=0, (28)

where o denotes the derivative with respect to ¢ . In order to account for functionality of the mate-
rial parameters, the following forms are used for the density, elastic modulus and Poisson's ratio:
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,Z)zl—l—(pl/po—l)f”; Ezl—l—(El/EO—l)fm; 1/:1/0+(1/1—1/0)jp
_ BB 1+(B/E 1) (29)
. 2(1+v) 2(1+y0+(y1—u0):zf’)

in which py, p, B, Ey,Vy,v;,n,m and p are material parameters. In this work, we focus on the solu-

tion of the system under a single active mode. Therefore, a preferred single mode method is used in
the following form:

(1) =y(7)q(t) (30)

where ¢<:E> is the dominant assumed mode while q(f ) stands for the time dependency of the trans-
verse displacement 11;(:%,1? ) Multiplying equation (28) by 1/J<i'>and integrating along the x-axis,
the governing equation of motion is calculated as:

[e]e)

a+cq+¢q® +eq° :f(z?) (31)
where
¢ = I%j;?ﬂ[f)/]’l/) - [ﬁf@//]/]di
o= ol ey — (e as @)
X (B Y as e — X Y
¢, = . fo ¢(EA1/1 ) i e = o s ¢(EA1/1 ) dz
The beam neutral axis is subjected to the following initial conditions:
@(1,0) = 4, ¢(0)=0 (33)

where @ is the initial amplitude of beam deflection at the free end. Mode shape amplitudes are nor-
malized in such a way that they satisfy the relation ¢<1> = 1. This assumption gives q(O) =a.

o

It is also from (33) obtained that q(O) = 0. For both single and double tapered beams we use the

following mode shapes (Gorman, 1975; Abdel-Jaber et al., 2008). For the single tapered beam we
have:

v(&) = %(,41&11 (26V< ) + Ay, (26 ) + 457, (26V< ) + Ak, (2645 ) (34)
and for the double tapered beam:

(&)= %(AlJQ (26Vs ) + 4., (26 ) + AL, (26 ) + A K, (26V5 ) (35)
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where ¢ =1+ (5* —1)z and « is determined using linear frequency-analysis of the system
(B = pOw%AOL4 /EyI, ). Also J;, and Y| are Bessel functions of the first and the second kind,
respectively, and I; and K, are modified Bessel functions of the first and the second kind, respec-
tively. Moreover, A 's are arbitrary constants that to be found by imposing the boundary condi-

tions of the clamped tapered beam as:

#(0) =0 w/(0) =0, w(1) =0 (1) =0 2

=1

In the following, we present an approximate analytical solution based on the Homotopy analysis
method (HAM) and discuss on the effect of material parameters functionality, length-scale parame-
ter and geometrical parameters on the large displacement response of both single (STB) and double
(DTB) tapered FG nanobeams.

4 SOLUTION APPROACH: HOMOTOPY ANALYSIS METHOD

In most cases, it is difficult to arrive at an analytical solution for non-linear problems. Perturbation
technique is one of the basic methods to analytically solve non-linear problems. In addition to per-
turbation methods, some non-perturbative methods are developed to be not limited to such con-
straints. Among several different existing methods, HAM is an effective analytical method for solv-
ing non-linear equations. HAM transforms a general non-linear problem into an infinite number of
linear problems embedding an auxiliary parameter s. As svaries from 0 to 1, the solution moves
from the initial guess to the exact solution. To describe the basic idea of HAM, we consider a gen-
eral non-linear problem as:

N[q(7)]=0 (37)

in which N is a general non-linear differential operator and q(7) is an unknown function. Let q(7)
represent an initial guess of the exact solution for q(T) , #ran auxiliary parameter, H <’7’> = 0an

auxiliary function, and L an auxiliary linear operator, respectively. Then, using an embedding pa-
rameter s € [0,1], the homotopy function is constructed as (Liao, 2003):

N[@(T,S),u()(T),H(T),'IT,S] = (1 — 3){]L[©(T,5> — u0(7'>] — S#H<T>N[©<T,s>]} (38)

where .@(T,s) s the primary asymptotic solution. Defining homotopy function as (38), we have a

vast number of choices for initial guess, auxiliary linear operator, the nonzero auxiliary parameter
and the auxiliary function, which have direct impact on the solution convergence.
Setting the homotopy function zero, the zero-order deformation equation is obtained as:

(1*5)]1.4[(1)(7',8)*’11,0(7')]:S'h'H<T>N[CI)<T,8>] (39)

8@(0,5)

with @(O,s) =a and
s

= 0 . Setting s = 0, the zero-order deformation equation becomes:
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L[®(7,0) = gy(7)] =0 (40)

Using (40), it is easy to show that <I><T,O) =q, (7') . When s = 1, the zero-order deformation equa-

tion is reduced to:

N[e(7.1)] =0 (41)

which is the same as the non-linear equation (37), provided CI><7',1> = q(T). It is observed that as
the embedding parameter s increases from 0 to 1, @(T,S) varies continuously from the initial guess
4 (T) to the exact solution q(7>of (37). Equation (39) is called the zero-order deformation equa-

tion. The mth-order deformation derivative is constructed as:

qm<7-> - %8@_(7’,8) (42)
m!  Js™
s=0
Using Taylors series, @(T,s) and w(s) could be expanded as:
@(T’S) _ @(T’()) N * 10 <I>(T,8) o — CI)(T’O)JF iqm (7_>sm (43)
m_lm‘ ds™ s=0 m=1
1 0"wl(s 0

with ¢, (0) =0 and g¢,, (0) = 0. Using (41) and (43), we have:

o(7) = a(r)+ S, (7) (45)

m=1
To find ¢, (7'), the higher order deformation equations should be identified. Differentiating (39) m

times with respect to s, and then setting s = 0 and finally dividing by m!, higher order approxima-
tions of the solution q(T) can be determined by:

0 m<l1
Llg, (7)) = Y, L]g,_ (7)] + #H (7) R, [0 s Q1> W@y | T,y = {1 e (46)
where
1 O™ IN|®(7,5),w(s
Rm[ql,...,qmil,wo,...,wmil] — (m — 1>! [a{fml) ( )] (47)
s=0

According to (47), the right-hand side of (45) is only dependent on {q1<7),q2 (T),...,qm/71<7')}.

Thus, solving (45), ¢, is calculated. The mth-order approximation of q<7) is represented by:
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a(7)~ > q;(7) (48)
There are also some techniques to accelerate the convergence of a solution series. Among them, the
Pade technique is widely used. The homotopy-Pade technique was proposed by combining the Pade

technique with the HAM (Liao, 2003). The corresponding [m, n| Pade approximant for series of (43)
about the embedding parameter s, is introduced by:

00 iAm,k <T>Sk
— k=0

328, ()
k=0

where 4, (T) and B, , (T) are determined by following set of approximations:

(90 (7)s01 (7). (7)1 (7)] (50)

Setting s = 0, the [m, n] Homotopy-Pade approximant is obtained as:

éAm,k(T)
gjOBW(T)

The Homotopy-Pade technique can greatly enlarge the convergence region of the solution series.

(49)

®(7,1) = (51)

Besides, Homotopy-Pade approximants often converge faster than solutions calculated by HAM. In
many cases, the [m, m| Homotopy-Pade approximants do not depend on the auxiliary parameter #
. In such cases, even if the corresponding solution series diverge, utilizing the Homotopy-Pade tech-
nique results in a convergent series (Liao, 2003).

5 APPLICATION OF HOMOTOPY-PAD'E METHOD TO THE MODEL

Considering the free vibrations, the governing non-linear equation (31) can be recast as follows:

82
2 q+q+c4q3+c5q5:0 (52)
or?

where 7 = w\/gf . Free oscillation of a system (without damping) represents a periodic motion
which could be described by the base functions cos(mr),{m =1, 2,...}. To satisfy the initial condi-
tions, the following form is considered as the initial guess of q(7>f0r zero-order deformation equa-
tion:

qO(T):dcos<7'> (53)

To produce the Homotopy function, the auxiliary linear operator is chosen as:
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82q(7,s)

]L[q(T,s>] = wg P

+ q(T,s)J (54)
Furthermore, from (50), the non-linear operator is:

,#%a(.5)

N[q(T,s),w]:w 02

+q<7,s)+c4q3(7',s>+c5q5(7',s) (55>

Whereas the solution should comply with the base functions, the auxiliary function must be selected
as H (T) = 1. Considering the odd non-linearity of the system, it is found that R can be expressed

by:
Rm(T,wm&): Z@ncos((2n+1)7') (56)
n=0
To avoid appearing secular terms in the final solution, the coefficient of COS(T)should vanish.
Thus, we have ©, (wmfl) = 0 . Solving this equation, w,,_,is obtained. For the first-order approx-

imation of HAM, R, is obtained as:

3, 3 2 5 5 O 5, 1,3 I 5
=|- —wy,a +a + —va°® |cos(T7 )+ |—va’ + —=0a’ |cos|{3T | + —~a’ cos| 5T 57
R =20 0 27 ] () [167 P (37) 7 (57) (57)
Thus, wis:
Wy = \/ZﬁaQ + gfyaA‘ +1 (58)

Solving (46) for m = 1, ¢, is written as:

ﬁ(lQﬂas +16va® )c0s<7) — (12ﬂa3 +15vya® )cos(?)T) —ya® 005(57)
28834’ 4 240va* + 384

q =

Moreover, using the coefficient of cos(7'> in R,, wis:

NG a4+r<96ﬂa2’y 13682 + 657%4)
192

le

3/2
(6/3(12 + 8 4+ 5’ya4) /
Solving (46) for m = 2, we arrive at the following expression for ¢, :

1 —(3001 +5C; +10C, + 304)cos<7'> + 3001008(37')
q2<T) B 240C,, +1002cos(57') + 503cos(77') + 3C4COS(9T)
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in which

((600+ 615h )¢ a* + 480(1 +r )a? )

+(300 + 320h ) ac? + (1+r )¢, (288¢,0% + 384) (62)
192(6c,0* + 5c;0* + 8)

o™ (20~ + (245 — ThB )a® + 32(1+# )y — 1257 )
—64(6&@2 + 8+ 57@4)

N (725 + 957a? |
46085a® + 6144 + 3840~a®

3 (64)

5_]7‘_2720/9

C, =
46083a® + 6144 + 3840~a*

4

(65)

The procedure described in this section is straight-forward and can be followed to higher order of
approximations. In next section, it is shown that, q[m]and its correspondent frequency W) give

very good results compared to the numerical results as well as the experimental data. Thus, we cut
the procedure at this step. Whereas q[n}is lengthy, it is not reported, however, in the following

section, to arrive at an acceptable accuracy we report 9a2] results (Liao, 2003).
The [1, 1] and [2, 2] Homotopy-Pade approximations of w and q(T) can be written in the follow-

ing form (Liao, 2003; Pirbodaghi et al., 2009):

2
w0<wl—w2)+wl

1 2
" _ (w3 — w4)w]2 +w0(w2(w3 + w4) + wy (w3 — w4)) +w]w2(2w3 —wz) —w23 — wo(w32 —|—w22)
2 WyWy — “’32 —Wywy Wy + wwy — “’22 (67)
0o(a—o)+a

Q[Ll] — 0( 1 2> 1 (68)

ql _QQ
(Q3 _Q4)Q12 + qO(QQ(Q3 +Q4) +Q1(Q3 - Q4)) +Q1QQ(2Q3 - QQ) _QQS _qO(Q32 +QQ2)
U22) = (69)

i

Uy — 455 — 04 + By T 005 — 6
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6 RESULTS AND DISCUSSION

In this Section, in order to investigate the size effects (through the couple stress theory) on the
large amplitude vibrations of axially FG beam, numerical results are provided in various material
and geometrical properties, e.g., taper ratios, FG parameters and length scale parameters. The non-
linear natural frequencies of the both STB and DTB are calculated and reported in Tables 1-3. A
comparison study is performed to verify the reliability of the present work formulation with those
reported in Rao and Rao (1988). It is observed that the present work results are in good agreement
with those of Rao and Rao (1988). The difference between the present work results and Rao and
Rao (1988) results is due to employing the Finite element method in Rao and Rao (1988), while in
this work, we developed analytic approximate solutions through assuming a mode shape. To verify
the validity of the analytical solution, Table 2 reports the present work results in comparison with
the numerical results obtained based on the FFT analysis (with a signal length of 350000 and sam-
pling frequency of 560 Hz). As one may observe, the maximum difference is 1.64%.

STB € =02 € =04 € =06 € =08
F;Z;t;p Rao and Present  Rao and Rao  Present Ragaind Present R?{)aind Present
amplitnde 10 (1959 worke 9 otk g WO gy YO
0.01 4.292 %62.3)2 3.934 323331 3.137 ?073)7 3608 32582)3
10 4.299 Zégfg)l 3.941 (%?6667) 3.744 é?;’) 3.615 (%?04)
20 4.317 ?1‘130623) 3.961 é%ﬁ; 3.764 (3;9755) 3.636 ?;1592)
30 4.348 (42%;:17) 3.994 é’?;g?) 3.799 (46?3319) 3.671 é?8211)
40 4.392 (42..52576) 4.042 éfoof) 3.848 (1162.;13) 3.721 (111'11‘33)
0w M e BB g, M 10
o ams MM Mg gy

Table 1: Nonlinear natural frequency ratio for a STB and comparison between

the present work and Rao and Rao (1988) (p, / py = E; / E, =y, / v, =11 =0).
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Figs. 3 and 4 depict the effect of changing the mechanical properties along the beam axis, such as
density and Young modulus, on the nonlinear frequency ratio with different taper ratio (&) (for
both the first and second mode shapes), while the effect of length scale parameter is neglected. To
this end, the axially FG beam made of material properties tabulated in Table 4 is considered. In
Fig. 3, the nonlinear frequency ratio is plotted as a function of dimensionless amplitude of vibration
for different mechanical properties. From Fig. 3 results, it is concluded that for the first mode
shape, the nonlinear frequency ratio increases where we encounter an increase in FG parameters (n
and m). In contrary to the first mode results, as seen in Fig. 4, we have an opposite trend. Larger
values for n and m indicate the conditions in which the equivalent material behavior is more similar
to that of the left end of the beam constituent (for both the first and second mode shapes).

STB € =02 € =04 € =06 =08

F::leg lt;p FET Present — Present FFT Present FFT Present
amplitude work ok " -
0.01 4.292 tﬁg? 3.934 ?Egg;l S ?073)7 5.008 3266.835
10 4.306 ?6?1021) 3.979 ?6?;07) 41736 (301753) 3654 (?)(f;;)

20 4.383 ééfﬁ?)) 4103 ?6996; 3.904 ?6?775) 3.765 5’07552)
T T o S S s
10 4.584 ?d?ﬁ 4.375 (40'.47016) 4179 ?1'.25464) It (41'.15%54)

50 4.692 ?6.62831) 4.647 é'g)) 4.461 é&f% 4.402 é’?f%

o amo S a0 e 4T e o

Table 2: Nonlinear natural frequency ratio for a STB and comparison between the present

work and numerical results based on the FFT analysis. Numbers in parentheses are relative

differences in percent (p; / Py = By /EO =v / v, =11 =0).
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DTB € =02 e =04 € =0.6 €=08
Free tip Rao and Present Rao and Rao  Present Rao and Present Rao and Present
angle Rao (1988) work (1988) work Rao work Rao work

amplitude (1988) (1988)
I I T W
10 6.203 5021131) 5.017 (5000291) 4.326 éigfj) 3.862 (3082700)
20 6.225 (6(i.21386) 5.040 50046;) 4.349 ?03506) 3.884 (%?5076)
30 6.261 8?6919) 5.079 (5111357) 4.387 é47271) 3.921 (?)1"91604)
b e S e e s
50 6.385 (614372) 5.210 (5232267) 4.515 ?053361) 4.044 (41..18117)
60 6.475 (6055029) 5.306 (5133715) 4.609 éf;;) 4.134 (4633915)

Table 3: Nonlinear natural frequency ratio for a DTB and comparison between

the present work and Rao and Rao (1988) ( p; / p, = E, / E, =v, / v, =L1=0).
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Figure 3: Nonlinear frequency ratio of the single tapered beam versus free tip nondimensional amplitude

for the first mode. a) e = 0.2,b) e = 0.4, c) e = 0.6,d) e =0.8.

Material Density | kg/m3 |  Young modulus | GPa |
Steel 7810 212.3
Aluminum 2370 72.6

Table 4: Material properties of constituents in the FG beam.
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T T T T
0 0.1 0.2 03 04 0.5 0 . 03 0.4
Dimensionless amplitude (a) Dimensionless amplitude (a)

() (d)
Figure 4: Nonlinear frequency ratio of the single tapered beam versus free tip nondimensional

amplitude for the second mode. a) e =02.b ) e =04, c) e =06,d ) e =08.

In Figs. 5 and 6, the influence of the dimensionless length scale parameter (I / h;) on the nonlinear

natural frequencies of the structure is shown (for both the first and second mode shapes). The non-
linear frequency ratio with dimensionless amplitude is plotted at different values for the mechanical
properties (n and m). As observed from Fig. 5, it can be deduced that for the first mode shape, an
increase in the length scale parameter decreases the nonlinear frequency ratio, since the increase in
the linear frequency is larger than increase in the nonlinear frequency. For the second mode shape
(Fig. 6), the trend is reversed.

The effect of the taper ratio on the nonlinear frequency is scrutinized in Figs. 7 and 8 where the
nonlinear frequency ratio is plotted versus the dimensionless amplitude in different taper ratios with
different mechanical properties (for both the first and second mode shapes). As it can be seen, for
the first mode shape, the nonlinear frequency ratio goes up by increasing the taper ratio with differ-
ent mechanical properties. For the second mode shape, this trend is opposite (Fig. 8).
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Figure 5: Nonlinear frequency ratio of the single tapered beam versus free tip nondimensional
amplitude for the first mode. n =m =1,b)n=m = 2,¢) n = m = 6.
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Figure 6: Nonlinear frequency ratio of the single tapered beam versus free tip
nondimensional amplitude for the second mode. n =m =1,b)n=m = 2,¢) n = m = 6.
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Figure 7: Nonlinear frequency ratio of the single tapered beam versus free tip
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Figure 8: Nonlinear frequency ratio of the single tapered beam versus free tip nondimensional

amplitude for the second mode at different s a)n=m=1b)n=m=2¢)n=m=6.

7 SUMMARY AND CONCLUSIONS

In this study, Homotopy-Pade analysis method is employed to obtain simple analytical expressions
for the non-linear natural frequency and load-deflection relationship of the (single and double) func-
tionally graded tapered nanobeams. The presented expressions are simple, convenient and efficient
for the non-linear analysis of the tapered FG beams. Besides, the presented model is valid for a
wide range of vibration amplitudes while predictions of the other analytical methods such as per-
turbation techniques are valid only for the small amplitude vibrations. Comparison between results
of the present work and other available data in the literature reveals the accuracy of the presented
method. The effects of different parameters such as vibration amplitude and different mode shapes
on the natural frequency ratios and displacement response of the FG tapered nanobeams are also
investigated. It was shown that increasing the taper ratio, at a given free end initial deflection, in-
creases the non-linear frequency ratio of the single and double tapered beams under the first mode
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shape excitation. It was also shown that the beam behaves completely different under the second
mode shapes. Moreover, for a given value of a taper ratio, the non-linear natural frequency of a
double tapered beam is higher than that of a single tapered beam. Regarding the size-dependency
effects, it was observed that in the smaller structures in which these effects are more prominent,
fixing the other material parameters, we have larger values for the natural frequency ratios, regard-
less of the mode shape and/or type of the tapered beam. Moreover, larger values for FG indexes (n
and m) indicated that the conditions in which the equivalent material behavior was more similar to
that of the left end of the beam constituent (for both the first and second mode shapes regardless of
the type of tapered beam).
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