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Abstract This paper investigates the nonlinear
dynamics of a doubly clamped piezoelectric nanobeam
subjected to a combined AC and DC loadings in the
presence of three-to-one internal resonance. Surface
effects are taken into account in the governing equation
of motion to incorporate the associated size effects at
nanoscales. The reduced-order model equation (ROM)
is obtained based on the Galerkin method. The mul-
tiple scales method is applied directly to the nonlin-
ear equation of motion and associated boundary con-
ditions to obtain the modulation equations. The equi-
librium solutions of the modulation equations and the
dynamic solutions of the ROM equation are investi-
gated in the case of primary and principal parametric
resonances of the first mode. Stability, bifurcations and
frequency response curves of the nanobeam are inves-
tigated. Dynamic behaviors of the motion are shown
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in the form of time traces, phase portraits, Poincare
sections and fast Fourier transforms. The results indi-
cate rich dynamic behaviors such as Hopf bifurcations,
periodic and quasiperiodic motions in both directly and
indirectly excited modes illustrating the influence of
modal interactions on the response.
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1 Introduction

In recent years, nanoelectromechanical systems
(NEMSs) have been the focus of attention of vast major-
ity of researchers. Thanks to their inherent characteris-
tics, NEMSs are being used in a wide variety of applica-
tions such as capacitive sensors, actuators, narrow band
filtering, mass and force detection and atomic-force
microscopes. NEMS resonators excited electrostati-
cally could experience different sources of nonlinear-
ity such as molecular interactions (Casimir and van der
Waals forces) and nonlinear electrostatic forces. This
reveals the importance of the nonlinear dynamics in
modeling a NEMS-based resonator under electrostatic
actuation. Many studies have been carried out in the lit-
erature on the nonlinear behavior of the NEMS/MEMS
resonators. Nonlinear dynamics of NEMS-based sen-
sors under superharmonic resonance was investigated
by Kacem et al. [1] using the method of multiple
scales. They obtained a way to retard the pull-in volt-
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age by decreasing the AC voltage. Ouakad and Younis
[2] studied nonlinear dynamics of an electrostatically
actuated carbon nanotube (CNT) resonator. Primary
and secondary resonances were studied using shoot-
ing method [3,4]. Several nonlinear phenomena have
been reported such as hysteresis [5,6], dynamic pull-in
[7-9], hardening behavior [8] and softening behavior
[10]. In a series of works [11-14], they investigated
the nonlinear dynamics of a CNT resonator in the pres-
ence of the initial curvature. They studied the effect
of DC electrostatic force and the slack level on the
CNT natural frequencies and mode shapes. Rasekh and
Khadem [15] investigated pull-in instability of a CNT
cantilever using direct numerical integration. Curvature
and inertia nonlinearities were also taken into account.
Asemi et al. [16] obtained a nonlinear continuum
model for the large amplitude vibration of nanoelec-
tromechanical resonators using piezoelectric nanofilms
(PNFs) under external electric voltage. Ke et al. [17]
investigated nonlinear vibration of the piezoelectric
nanobeams based on the nonlocal and Timoshenko
beam theories using the DQM. They studied the effect
of nonlocal parameter and piezoelectric voltage on the
nanobeam behavior. Hajnayeb and Khadem [18,19]
investigated in depth the stability and the nonlinear
vibrations of single-walled and double-walled CNTs
under electrostatic actuations. Primary and secondary
resonances and bifurcation points under different val-
ues of DC and AC voltages were studied using the mul-
tiple scales method. Rhoads et al. [20] explored the
nonlinear dynamics of an electromagnetically actuated
microcantilever under parametric excitations. The fifth-
order nonlinearity was investigated using the perturba-
tion methods. Abdel-Rahman and Nayfeh [21] inves-
tigated secondary resonances of electrically actuated
resonant microsensors analytically using the method
of the multiple scales. Xu and Younis [22] investi-
gated the nonlinear dynamics of a CNT actuated under
large electrostatic forces. They expanded the nonlin-
ear electrostatic term into enough number of terms of
the Taylor series. Younis and Nayfeh [23] studied non-
linear dynamics of an electrically actuated microbeam
using the method of multiple scales. They explored the
three-to-one resonance between the first and second
modes. They showed that internal resonance cannot be
activated between the considered modes. Vyas et al.
[24] designed a T-beam microresonator based on the
nonlinear 1:2 internal resonance. They used asymp-
totic averaging method to analyze dynamic responses
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of the system. It is beneficial to mention that reducing
the size to nanoscale leads to size-dependent behav-
iors of nanostructures [25,26]. Moreover, large surface
area-to-volume ratio is an important consequence of the
scale-down. Large surface-to-bulk ratio at nanoscales
results in an increase in the surface energy [27]. Many
studies have been carried out by researchers to inves-
tigate the influence of the surface effects on nanos-
tructures. Pourkiaee et al. [28,29] investigated nonlin-
ear vibrations of a piezoelectric nanobeam considering
surface effects and intermolecular interactions. They
explored the effect of different parameters such as sur-
face effects and piezoelectric voltage on static equilib-
ria, pull-in voltages and primary and secondary reso-
nances of the nanobeam. Wang and Wang [30] stud-
ied the effect of surface energy on free vibration of a
cracked nanobeam. They showed that the natural fre-
quencies of the nanobeam have dramatic dependence
on surface stresses. Eltaher et al. [31] investigated cou-
pling effects of nonlocal and surface energy on vibra-
tion of nanobeams using Galerkin finite element tech-
nique. There are also numerous papers in the literature
which have reported the influence of surface energy on
pull-in instability [32-34], buckling [35,36] and free
vibration [37] of nanostructures. According to the liter-
ature, it can be found that internal resonance in MEMS-
/NEMS-based resonators has not been explored so far.
The present study aims to investigate the nonlinear
dynamics of a piezoelectric nanoresonator in the pres-
ence of internal resonance, while physical behaviors
peculiar to the nanosized systems are considered in the
model. Accordingly, surface effects and intermolecu-
lar van der Waals forces are taken into account, due to
the size effects and the small initial gap between the
electrodes. For specific combination of system param-
eters, natural frequency of the second symmetric mode
(third mode) is approximately three times that of the
first one, a situation which results in nonlinear modal
interaction between the associated modes through the
three-to-one internal resonance. In-depth study of non-
linear oscillations of the nanobeam under small AC
loads is presented using the multiple scales method.
Stability, bifurcations and frequency response curves
of the nanobeam are investigated. Dynamic behaviors
of the motion are shown in the form of time traces,
phase portraits, Poincare sections and FFT diagrams.
The results indicate rich dynamic behaviors such as
Hopf bifurcations and quasiperiodic motions in both
directly and indirectly excited modes illustrating the
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Fig.1 Schematic diagram
of an electrically actuated
clamped—clamped
piezoelectric nanobeam
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influence of modal interactions on the stability and the
response of the nanoresonator.

2 Problem formulation

Consider a clamped—clamped piezoelectric nanores-
onator of length L, width b, thickness 4, surrounded
between two conductive electrodes of different lengths,
as illustrated in Fig. 1. The xyz inertial coordinate sys-
tem passes through the centroid of the cross section
(y = 0,z = 0) and is located at the left clamped
end of the nanobeam. The vertical displacement of
the nanobeam centerline along the z-axis is denoted
by w(x, 1).

The piezoelectric nanobeam is actuated by the elec-
tric load Vpc + Vac cos(2t) through the lower elec-
trode and the Vpc load through the upper electrode,
where Vpc, Vac and 2 are DC bias voltage, amplitude
and frequency of AC voltage, respectively. In addition,
the piezoelectric nanobeam is actuated by the direct
current polarization voltage Vp, which is applied along
the height of the nanobeam. The initial capacitor gap
width gg is assumed to be under 20 nm, such that the van
der Waals force becomes dominant as an intermolecular
interaction between the electrodes [38]. Note here that

the initial gap is comparable to the nanobeam width;
consequently, the fringing field effects are also consid-
ered in this study. Moreover, due to the large surface-
to-bulk ratio at the nanoscale, the surface energies are
taken into account [27,28]. To incorporate the surface
effects, it is assumed that the surface layer has a math-
ematically zero thickness that is perfectly bonded to
the bulk material and there is no slipping between the
bulk and the surface. Assuming the Euler—Bernoulli
beam model and defining Vp = Vpc — Vp, the nondi-
mensional equation of motion governing the transverse
vibration of the piezoelectric nanobeam considering
surface effects and van der Walls force distribution is
given by [28]:

Pw  9tw 92w
Tt T [ar + a2 + o3l (w, w)] Yl
tw ow
e T Ty

[Vb + Vac cos(Q21)]?

= Ug (1 —w)2 H](X)
V5
aﬁmHz(x)
ta Hy(x) Hy(x) 0

TT—w?® 1w
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dw(0,1)  dw(l, 1)
0x B 0x
The functions I', H;—1 > (x) and the nondimensional

parameters in Eq. (1) are defined in “Appendix 1.” The
nanobeam deflection under electrostatic excitation is
composed of the dynamic component u(x, t), due to
the AC voltage, and the static component w;(x), due
to the DC voltage:

w(0,t) =w(, ) =0, =0 ()

w(x,t) = ws(x) +ulx,t) 3)

To calculate the static deflection and boundary con-
ditions, all time-varying terms in Eqgs. (1) and (2) are
set equal to zero and the following results are obtained:

w!V(x) — [ + a2 + a3 (wy, wy)] w!

T —w? A tw)? *
Hy(x) Hi(x)
— 4
T w T wy @
ws(x =0,1) =0and w;(x=0, H=0 5)

where the prime denotes the derivative with respect
to x. Substituting Eq. (3) into Egs. (1) and (2) and
using Egs. (4) and (5) to eliminate the static equilib-
rium position, and expanding the electrostatic and dis-
persion forces around the stability point, yields nondi-
mensional equations and boundary conditions govern-
ing the dynamic behavior of the nanobeam:

— o + ap + a3z (wy, wy)] u’

—2a3 (wy, w)u — 2031 (wy, u)w;/ — a3l (u, u)wg

i +asi +ulV

— o3l (u, wu” + asii”

2V3 3V, 2
Dy + 5 cu?+ 3
=ag | Azw) 1—wj (1—wy)’
2VD Vac cos(21) + 4VD Vac cos(£21)
(1—wy)? (1—wy)?
—2V3 3V3 2 4v3
Atw) A tw)t a+wf

-3 6 W2 2
—oan L sU 64
(I + wy) (1 + wy) (1+wa)

)

+o ( & u—+ 6 u? + 2)
o= w T wy” a—wf

(6

(7)

u(x=0,1)=0andu’(x =0,1) =0

where the dot denotes the derivative with respect to ¢.
The nondimensional parameters in Eq. (6) are defined
in “Appendix 1.” According to Ref. [23], Vﬁc is
dropped due to the fact VA2C < VI%.
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3 The reduced-order model

The linear natural frequencies of the nanobeam res-
onator differ with the variation of the system param-
eters such as DC voltage load, piezoelectric actua-
tion voltage and the initial gap width. For specific
combination of system parameters, natural frequen-
cies of specific modes could become commensurable,
a situation which may result in nonlinear interactions
between the associated modes through the internal res-
onance. To generate the reduced-order model of the
system using the Galerkin discretization method, the
nanobeam deflection is approximated as:

u(x, 1) =y qi(0pi(x) ®)

i=1

where ¢;(t) is the ith time-dependent generalized
coordinate and ;=135 . (x) is the ith symmetric
eigenfuction of the clamped—clamped linear undamped
nanobeam, considering the surface effects and axial
load due to piezoelectric actuation [28]. It is worth
mentioning that there would be no energy exchange
between the symmetric and antisymmetric modes (the
antisymmetric modes would not be activated in the case
of beams with symmetric properties and forces) [23].
To obtain the ROM, first the nonlinear electrostatic and
van der Waals forces are expanded in Taylor series up to
the forth order. Taylor series expansion is used to avoid
the strong nonlinearities, and the truncated expansion is
valid under the small motion assumption. Substituting
Eq. (8) into Eq. (6), multiplying the resulting equa-
tion by ¢;, and integrating the outcome from x = 0 to
1 would reduce to the following nonlinear differential
equations in terms of generalized coordinates g (¢):

n
Z Mijdj + Z Cijqj + Z Kijaj+ ) Z Kijkqjak

j=lk=1

+ Z Z Z Kijkiqjqkqr = Fi(t) ©)

j=lk=11=1

The coefficients of Eq. (9) are defined in “Appendix
2.” This study investigates the special case of three-to-
one internal resonance (w3 ~ 3w1), and it is assumed
that there are no other commensurate frequencies in
the higher modes; hence, just the two first symmet-
ric modes are considered to obtain the ROM. Equa-
tion (9) can be numerically integrated using the Runge—
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Table 1 Variation of the natural frequencies of the two first symmetric modes with the piezoelectric actuation voltage for two different

levels of DC voltage

Vbc = 1v Vbc = 1.5v

Vp w1 w3 o] = w3 — 3w Vp w1 w3 o1 = w3 — 3w
0.15 50.412 154.877 3.6416 0.15 49.385 154.731 6.5767
0.16 50.752 155.221 2.9646 0.16 49.736 155.076 5.8669
0.17 51.092 155.563 2.2854 0.17 50.088 155.420 5.1551
0.18 51.433 155.905 1.6063 0.18 50.440 155.764 4.4437
0.19 51.774 156.248 0.9269 0.19 50.792 156.108 3.7323
0.20 52.115 156.591 0.2463 0.20 51.144 156.452 3.0200
0.21 52.456 156.934 —0.4345 0.21 51.496 156.796 2.3078
0.22 52.797 157.276 —1.1162 0.22 51.848 157.140 1.5948
0.23 53.139 157.620 —1.7972 0.23 52.201 157.486 0.8830
0.24 53.481 157.963 —2.4795 0.239 52.518 157.795 0.2403
0.25 53.823 158.306 —3.1627 0.25 52.906 158.175 —0.5437

Kutta technique to simulate the dynamic behavior of the
nanobeam.

4 Perturbation analysis

It follows from Table 1 that for some specific values
of system parameters, there is a commensurable rela-
tion between the first and the third natural frequencies
(w3 =~ 3w), indicating the possibility of activating a
1:3 internal resonance between the first and third (sec-
ond symmetric) modes. In order to determine approx-
imate solution of the nonlinear distributed parameter
system, the multiple scales method is directly applied
to the partial differential equation of motion and associ-
ated boundary conditions. Therefore, the second-order
uniform solution is expressed in the form of [39]:

u(x, t;8) = euy(x, To, T, Ta) + e%uz(x, To, T1, To)
+eluz(x, To, Ty, To) + - - - (10)

where ¢ is a small dimensionless book-keeping param-

eterand Ty = 1, T} = ¢t and T» = &%t are different

timescales. Using chain rule, time derivatives can be
written as:

d 2
a=D0+8D1+8 Dy +---

d2
= Do+2eDyDy +¢* (D} +2D0D2) + -+
(11)

where D, = 9/9T,.

Next, we consider primary and principal parametric
resonances of the first mode separately.

4.1 Primary resonances of the first mode

In order to investigate the case of primary resonance
involving the two first symmetric modes, the damping
coefficient and the excitation amplitude are scaled as:

C = &2C, Vac = &3 Vac (12)

Substituting Eqs. (10-12) into Eq. (6) and equating
the terms of like powers of ¢, the following results are
achieved:

O(e):
L) = Dgul +u{v + i’}

— lon + o + a3l (wy, wy)lu] — 23T (wy, uy) wy

2061 V[% 206 Vl%
- up — up
(1 —wy)? (1 + wy)?
3a71 3a72

_ - 1
G- " Gru =0 (13)

0(82)2
L(uy) = —-2DgDiu; — 20{4D0D1u’1'
+2a3T (wy, up) uf + o3l (uy, uy) w

30{61V]% W2 30462V]% 2 6071 2
A—w)r ' A+wp? ' A —wy)’ !
+ wy

0(e%):
L(us) = —2DoDyuz — D3uy —2DgDauy — C Douy
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— a4 (2DoDyuly + 2Dg Dou| + Diu)
+2a3T (uy, uz) wy + o3l (uy, ui) uf
+203T (wg, ur) uy + 2037 (wg, uz) uff

60[(,1V]§ 60(62V]§
41/{1142 - 4”1“2
(1 —wy) (1 + wy)
12a7; 12072
5 Uujuy — 5 uiuyp
1= wy) 1+ wy)
4o V2 2 dae V2 2 10a7; 2
(1 —wy) (1 +wy)° (1 —wy)°
10a72
mu? +2P1(}C) COS(QT()) (15)
where
a61 VD Vac
Pi(x) = —= (16)
2
(1 —wy)

The boundary conditions are similar for all orders
and are given by:

ui(x=0,1)=0andu;(x =0,1)=0, i=1,2,3

A7)

Itis assumed that neither of the considered modes are
involved in the modal interaction with higher modes.
Therefore, in the presence of the damping, all other
modes except the directly or indirectly excited modes
decay with time. Consequently, the general solution
of Eq. (13) and the associated boundary conditions,
consisting of the two first symmetric modes, can be
expressed as:
up = Ay(T1, Tp)e' gy (x)

+A3(T1, T2)e' 03 (x) + ce (18)
where ¢ (x) and w; are the mode shapes and the corre-
sponding natural frequencies for the considered modes,
respectively, and cc denotes the complex conjugate of
prior terms. Substituting Eq. (18) into Eq. (14) and
considering the solvability condition, one realizes that
A are just the slow timescale complex-valued func-
tions (i.e., A} = A((Tp), A3 = A3(T»)), which can be
obtained by applying the solvability conditions at third

order. By eliminating the secular terms, the second-
order equation reduces to:

L(uy) = (A%eZi”'TO + A151) hi1(x)
+ (A%ezmﬂo + A3A3> hi3(x)
+ (A%Alei(w3+w1)To

+A3A16i(w37w‘m’) H31(x) (19)

@ Springer

where A1 (x) and H31(x) are defined as follows:

h1j(x) = 23T (wy, ¢) ] + 3T (¢, ¢;) wy

3a61 V]% 2 3“62‘/]% 2
+ 795~ 7%
(1 —wy) (1 4+ wy)
6a71 ) 6072 2
2 _ ; (20)
(1- ws>5¢-’ (1+ ws>5¢-’
H31(x) = 2037 (@1, $3) wy + 2037 (wy, ¢1) ¢3
60{61‘/2
+ 2031 (wy., ¢3) ¢ + ———L 13
(1 — Wy)
6062 V3 1207,
— P13+ —————< P13
(1 + wy)* (1 —wy)’
12007
———— P13 21
(1+wy)?

The solution of the second-order equation can be
found in the form of:

uy = Y11 () A7 0 + 3 (x) A3 0
+93(x)AzA el @3 teDTo
X Ya(x)A3A el @=oDTo 4y (1)AA,
+U3(x)A3A3 + cc 22)

where ¥;;(x) and ¥ ;(x) are the solutions of the fol-
lowing boundary value problems [23]:

V(Y. 20;) = hij(x) (23a)
V(Y1 2w;) = hyj(x) (23b)
U (Y3, w3 + 1) = Hzj(x) (23c¢)
U (Ya, w3 — w1) = H31(x) (23d)
Y(x=0,1)=0and ¢/'(x =0,1) =0 (24)

The linear differential operator ¥ (¥, w) is defined
as:

ﬂ(w, CL)) — le _wz,(// _a4w21/,//
—[o1 + a2 + 3T (ws, wy)]¥”

20(61V2
—2a3I (wy, w! — —— D
(X?, ( s W) Ky (1 _ ws)3
262V} "
(1 + wy)?
3a71 3a72
- - 25
(1— wv)“w (1+ ws)“w *)

Substituting Egs. (18) and (22) into Eq. (15) yields:
L(u3) = [—iw; (24 (1 + aagp]) + A1Cey)
+ x11(x)ATA; + {13(X)A1A3A3] eterto
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x [—iws (245 (63 + a3) + A3Cs)
+01300AT A3 + E31 (1) Az A1 Ay | €T

+ XS(X)A??""’ITO + X6(x)A3A%e"(“’3—2wl)To
+ [Jl(-x)el‘QT2 +cc+ NST (26)

where A’ is the derivative of A; with respect to 7>
and NST denotes nonsecular terms. The functions x; j,
x;j and ¢;; are defined in “Appendix 3.” In the case of
internal resonance and primary resonance of the first
mode, to show the nearness of w3 to 3w and 2 to w1,
detuning parameters o1 and oy are described as:

w3 = 3w; + 8201, Q=w + 8202 27

Since the corresponding homogeneous problem of
Eq. (26) has a nontrivial solution, the nonhomogeneous
problem has a solution only if the right-hand side of Eq.
(26) is orthogonal to every solution of the adjoint homo-
geneous problem governing u3 [23]. Introducing Eq.
(27)into Eq. (26), multiplying the right-hand side of the
resulting equation by ¢ (x)e™"170 and ¢3(x)e 1370,
respectively, and integrating the outcome from x = 0
to x = 1, the solvability conditions can be obtained as
follows:

2iwy (mlA/l + M]Al) — 8511A%A1 — 8S13A1A3A3

—8A1A3A2 T2 4 Fel2T2 — (28)
2iws (m3A’3 + ,u3A3) — 8533A%A3

— 8831434141 — 8A3ATe 7012 = 0 (29)
where

1 1
wi= 5/0 Cj (x)dx,

1
m; :/0 (¢J2.(x)+a4¢>}/(x)¢j(x)>dx»

1 1
Sjj = g/o x1j ()¢ (x)dx,

1 1
Sij = §/(; Cij(x)¢i(x)dx i # j,

1 1
A = §f x6(x)¢P1(x)dx,
0

1 1
A3 = g/o x5(x)p3(x)dx,

1
F= /0 PL(0$1 () dx. (30)

We express A, in the polar form as follows:
! B (T2)
Ay = Ean(Tz)e e (3D

where a,, and B, are real-valued functions of 7, rep-
resenting the amplitude and the phase of the response,
respectively. Substituting Eq. (31) into Egs. (28) and
(29), separating the real and imaginary parts, and intro-
ducing y1 = 011> — 381+ f2 and y3 = 0212 — B, the
modulation equations can be expressed as:

2
prar Aqaza;

a = — sin (y1) + sin (y3)
mi w1mi wimj
(32)
. 3a m3as
a3 = ———Lsin(y)) — 33)
3m m3
. 3a%811 B a%S31 n 3a%S13 _ a§S33
n= w1mi w3ms3 w1m| w3ms
A3a3 3A1a3a;
L cos (y1) + =——— cos (1)
azmsws mi
3F
cos (y3) + o1 34
aymiwi
2 2
) aiSi1 - azS13 . Araza;
y3 = + 3= 4 cos (y1)
w1mq w1ny wimi
cos (y3) + o2 (35)
aymiwi

where (*) stands for derivative with respect to 7>. The
steady-state response can be calculated by numerically
integrating Eqs. (32)—(35) or instead using the fact that
ay,as, y1 and y;3 are constants in the steady state. Hence,
the fixed points of Egs. (32)—(35) are determined by
letting @y = a3 = y1 = y3 = 0 and solving the con-
sequent four algebraic equations numerically for ai,
az, y1 and y3. The stability of equilibrium solutions
can be determined by evaluating the eigenvalues of the
Jacobian matrix of the modulation equations at fixed
points.

4.2 Principal parametric resonances of the first mode

This section investigates the principal parametric reso-
nances of the first mode. In order to apply the method of
multiple scales, the damping coefficient and the exci-

tation amplitude are scaled as:

C =&>C, Vac=e>Vac (36)
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Substituting Egs. (10), (11) and (36) into Eq. (6) and
equating the terms of like powers of ¢, the following
results are achieved:

O(e):
L(u1) = Ddur +ulV + ayii|] — [a1 + a2

+ o3l (wy, we)lu] — 2037 (wy, ur) wy

2061 V]% 206 V]%
— up — u
A—w)® " (14w’
3a7; 3a7;

_(]_w5)4u1—(1+w:)4b{1:0 (37)

0(£%):
L(uy) = —2DgDjuy — 2a4D0D1u/{
+ 2031 (wy, up) uf + o3 (up, up) wy

3ag1 VI% 2 30562‘/1% 2 6a71 )
7~ g 54
(1 — wy) (1 4+ wy) (1 — wy)
6
- (1:’73)51& + 2P (x) cos(QTp) (38)
5

0(83):

L(u3) = —2DgDiuy — D%u] —2DgDjyuy
— CDouj — ay (2D0D1u’2/ +2Do Dot + Dfu’{)
+203T (uy, u2) wy + a3l (uy, up)uf
+ 2031 (wy, ur) uy + 2037 (wy, uz) uff

6061 V]% 60[62V[%
Ui — R ALe
(1 —wy) (I + wy)
12071 12
! sUlUY — 725141142
(1 —wy) (1 + wy)
4oy V]% u? 40[62‘/]% u? 10071 M?
(1 —wy)’ (1 + wy)? (1 —wy)®
10
ﬁu? 1 4Py (x) cos(QTp) (39)
)
where
a1 VDV,
Py (x) = 61—DA§ (40)
(T — wy)

The modulation equations can be found by imple-
menting the procedure similar to that in Sect. 4.1. To
avoid repetition and also for the sake of brevity, the
complete scheme is not stated here (see the details in
“Appendix 4”). The modulation equations in the pres-
ence of the principal parametric resonances of the first
mode can be expressed as:

Araza? sin (1)

g = M Kyaj sin (y3)
! mi miwji mijwi
_ Kaassin (y3) cos (y) | Kaas cos (y3) sin (1)

mjwi mjwi

(41)
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_maaz Asaisin(y)  Ksaisin (y3) cos (1)
m3 w3ms3 w3ms3
_ K3aj cos (y3) sin (1)
w3m3

a3 =

(42)

2 2 2 2
ayS B ai$3i +3a3S13 B az 833

y1=3
miw;  wim3y  mo]  03ms3

B Asa3 cos (1) n 49341 €08 (y1) A1
asmsws miwi
K cos (y3) 43 Kraj3 cos (y3) cos (y1)
miw aijmiwi
Krazsin (y3)sin (y1)  Kzaj cos (y3) cos (y1)
aymi a
K3ay sin (y3) sin (y1)
— + o4
asmsws

+3

+3

asms3ws

(43)

cos A a?s
s _ B4 (y1) Ay 451
miwi miwi

2

asS13 K cos

LIENNPLY (73)

mimwi miwi

K»as3 cos (y3) cos (y1) 42 Ksaz sin (y3) sin (y1)

aymiwi

+2

+2

aymiwi

(44)

where (') stands for derivative with respect to 7.
According to the modulation equations, there are two
possibilities of solutions: trivial response and nontrivial
response. The stability of the nontrivial periodic solu-
tions can be determined by evaluating the eigenvalues
of the Jacobian matrix of modulation equations at fixed
points. It is convenient to determine the stability of the
trivial fixed points from the Cartesian form of the mod-
ulation equation rather than the polar form. Introducing
An = 5 (pa(T2) — ign(T2)) ™) into Egs. (55) and
(56) and separating the real and imaginary parts, mod-
ulation equation in the Cartesian form can be obtained
as:

. K Krq3 A 3
= _tapr Kiai  Kags ) Miaipip

mi miwi miwi miwi
S11q1
2, 2
—viq1 — (P1 +611>
miwi

S13q1 a3 A1
— = (i qd) - L2 () @)

miwi miwi
) 191 . Kip K> Agipi
o= e K Ko ashigip
mi miwq miwi miwi
S pi
Fuip + (p?+q12)
miwi
S13p1 P3N
+ 228 (P34 gd) + 2= (ph+af) o)
miwj miwi
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. uwips  Kiqq 83193
pP3=——"= — Vg2 — (%-HI%)
m3 w3m3
83393 A2qy
- ( §+CI32) - (3p% — 6112) 47)
w3m3 3
) n3q3  Kipi A3 pi
¢B=——"+ +V3P3+—<P12—3Q12)
m3 @3m3 w3ms3
$31p3 833 p3
+ (p]2 - qlz) + (P% + q?) (48)
w3ms3 w3ms3

where v; = %02 andv; = %02 —o1. The stability of the
trivial fixed points can be determined by evaluating the
eigenvalues of the Jacobian matrix of Egs. (45)—(48) at
trivial state p; = q1 = p3 = g3 = 0.

5 Results and discussion

In this section, the numerical results are presented. The
numerical simulations are performed for the case study
of the PZT-5H nanobeam of L = 108 nm, b = 6 nm,
h =5nm,/, = 80nm, l; = 5nm, go = 4 nm. The
mechanical properties of the case study nanobeam are
adopted from [28]. The nondimensional natural fre-
quencies of the considered nanoresonator are evalu-
ated as functions of piezoelectric actuation voltage, for
specific values of DC voltages and system parameters
(the dependency of the nanobeam natural frequency on
the DC and the piezoelectric actuation voltages is also
apparent from the K;; expression; “Appendix 27). The
results are illustrated in Table 1 for the two first sym-
metric modes.

In addition, the variation of the natural frequencies
ratio of the two first symmetric modes with piezoelec-
tric actuation voltage is illustrated in Fig. 2.

It is noticed that a three-to-one internal resonance
(i.e., w3 &~ 3wr; the highlighted narrow zone in Fig.
2) is tuned for two different sets of system param-
eters Vpc = 1v, Vp = 02v and Vpc = 1.5,
Vp = 0.239 v. For these values of parameters, it is
assumed that there are no other nonlinear interactions
among the higher modes and the investigation is limited
to the following resonances of the first mode in the pres-
ence of internal resonance: (a) primary resonance (i.e.,
Q =~ wp) and (b) principal parametric resonance (i.e.,
Q & 2w1). The equilibrium and dynamic solutions are
obtained by numerically solving the modulation and the
ROM equations of motion, respectively. Specifically,
the frequency/force response curves are provided by
finding the stationary values of the modulation equa-
tions obtained from the direct perturbation technique

3.15
- —— =1
- VDC v
~ C— = VLY
'~
311 ~. 1
N~ < ~ ~.
~ ~.
~ ~.
3.051 S~ O (0.239,3.0046)
~ ~ ~ - = ~
3 oo _ 0.
~ . - ~ d
(0.2,3.0047) S~
295} T~
0.15 0.2 0.25
VP

Fig. 2 Variations of two first symmetric mode natural fre-
quencies ratio (w3/w;) with piezoelectric actuation voltage, for
Vpbc = lvand Vpc = 1.5v

and the dynamic solutions in terms of time histories,
phase portraits, Poincare sections and FFT diagrams
are provided by direct time integration of ROM equa-
tions obtained from Galerkin method.

5.1 The case of 2 ~ wy

Figures 3 and 4 illustrate the typical frequency response
curves for the first and second symmetric modes of
the nanoresonator as functions of detuning parameter
07, near the primary resonance of the first mode. The
corresponding system parameters are Vpc = 1 v, Vp =
0.2 v, Vac = 0.09 v and o1 = 0.2463. It is noted that
the quality factor is equal to Q = 1000 and is related to
damping coefficientby Q = w;/C.Inthese figures, the
solid lines and the blue dotted lines represent the stable
and the unstable response branches, respectively, and
the small red circles denote unstable foci. An enlarged
part of Fig. 3 is also presented to provide a detailed
frequency response diagram.

The figures exhibit a hardening spring-type behav-
ior. According to the figures, there are multiple solu-
tions in the frequency response curves when 0.3937 <
07 < 3.4301. The response of the nanoresonator settles
on either of the stable branches depending on the initial
conditions. Hence, the system may experience nonlin-
ear dynamic phenomena such as jump and hysteresis
in this region. As the detuning parameter o7 increases
from small values, the amplitude of the stable response
increases monotonically in both modes until it reaches
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Fig. 3 Frequency response curve of the first mode in the pres-
ence of internal resonance when =~ wy, and for system param-
eters Vpc = 1 v, Vp = 0.2 v, Vaoc = 0.09 v and o1 = 0.2463.
Solid lines represent stable solutions, blue dotted lines represent
saddle-nodes, and red circles represent unstable foci. (Color fig-
ure online)
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0.02

0.01F

Fig.4 Frequency response curve of the second symmetric mode
in the presence of internal resonance when Q &~ wj, and for
system parameters Vpc = 1v, Vp = 0.2 v, Voc = 0.09 v and
o1 = 0.2463. Solid lines represent stable solutions, blue dotted
lines represent saddle-nodes, and red circles represent unstable
foci. (Color figure online)

the value of oo =~ 0.39, where the amplitude of the
first mode drops slowly until it reaches the point A.
On the other hand, Fig. 4 shows a rise in the ampli-
tude of the second symmetric mode response over the
same detuning parameter range. A steady increase in
amplitude of the third mode coincided with a decrease
in first mode amplitude and exhibits an energy transfer
from the first mode to the third mode due to the inter-
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nal resonance. At point A (oo = 0.4738), the solution
loses its stability through a saddle-node bifurcation.
With further decrease in the detuning parameter, the
unstable solution regains stability through the saddle-
node bifurcation point B (o2 = 0.4171). For increasing
07 beyond point B, the amplitude of the first mode rises
steadily, while the amplitude of the third mode drops
continuously. It is noted that, in this region, the energy
is transferred back from the second symmetric mode
to the first symmetric mode. As o increases beyond
the point C (o2 = 0.5190), the system response loses
its stability via a Hopf bifurcation where one pair of
complex conjugate eigenvalues of the Jacobian matrix
crosses the imaginary axis into the right-half plane.
The unstable solution branch regains its stability via
a reverse Hopf bifurcation at point D (oo = 0.5881).
It is worth mentioning that numerous numerical sim-
ulations are needed to reveal the characteristic of the
response in this region. The numerical results are pre-
sented in the following sections to highlight the dynam-
ical features of this region. As the detuning parameter
is increased further, this new stable equilibrium solu-
tion encounters a saddle-node bifurcation point at E
(02 = 3.4301) and loses its stability where the response
jumps to the lower stable equilibrium manifold. With
further decrease in o7, the motion regains stability at
point F (oo = 0.3937), where a saddle-node bifurca-
tion takes place. It is noted that the directly excited first
mode dominates the indirectly excited second mode.
Frequency response curves of the nanoresonator near
the primary resonance of the first mode for the system
parameters Vpc = 1.5 v, Vp = 0.239 v, Voc = 0.09 v
and o1 = 0.2403 are shown in Figs. 5 and 6.

As it is seen, the frequency response curves are
totally different from the curves of Figs. 3 and 4. Over-
all, frequency response curves are tilted to the right,
which represents a hardening-like behavior and the
nonlinear response includes two-mode solution. It is
noted that there exist four stable two-mode branches
in the frequency range 0.4069 < 07 < 3.3513, which
results in a relatively wide multivalued region. The
response settles on either of the stable branches depend-
ing on the initial conditions. Referring to Figs. 5 and 6,
as the detuning parameter o, increases, the response
amplitude increases steadily for both modes until it
reaches the first saddle-node bifurcation point A (on =
3.35) and loses stability. The amplitude of this unsta-
ble branch decreases continuously for the first mode
until the second saddle-node bifurcation point occurs
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Fig. 5 Frequency response curve of the first mode in the pres-
ence of internal resonance when Q =~ i, and for system
parameters Vpc = 1.5v, Vp = 0.239v, Vaoc = 0.09 v and
o1 = 0.2403. Solid lines represent stable solutions, blue dotted
lines represent saddle-nodes, and red circles represent unstable
foci. (Color figure online)
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0.06 -

0.02

Fig. 6 Frequency response curve of the second symmetric mode
in the presence of internal resonance when 2 ~ w1, and for sys-
tem parameters Vpc = 1.5 v, Vp = 0.239 v, Vac = 0.09 v and
o1 = 0.2403. Solid lines represent stable solutions, blue dotted
lines represent saddle-nodes, and red circles represent unstable
foci. (Color figure online)

at B (0o = 1.17), and the motion regains its stabil-
ity, whereas the amplitude of the second symmetric
mode increases steadily in this frequency range. The
stable two-mode solution loses stability via a Hopf
bifurcation at C (oo = 1.21) and retrieves stability
via a reverse Hopf Bifurcation at D (oo = 1.32). In the
frequency range between the Hopf bifurcation points
C and D, a more precise investigation is required to

characterize the dynamic behavior of the motion. With
further increase in o>, the stable manifold loses stabil-
ity through the saddle-node bifurcation E (o5 = 2.65).
As the detuning parameter decreases even further, the
amplitude of the unstable branch decreases accordingly
until the saddle-node point F is reached at oo = 0.41,
and the motion recovers its stability. It is noted that the
contribution of the indirectly excited mode to the non-
linear response is considerable in this case which high-
lights the role of the three-to-one internal resonance.

Figure 7 shows the effect of DC voltage actuation
on the internal resonance of the nanobeam in the neigh-
borhood of primary resonance of the first mode for the
system parameters Vp = 0.2 vand Vac = 0.09 v. Fre-
quency response curves in the case of lower DC voltage
actuation Vpc = 0.9 vand o1 = —0.1293 are shown in
Fig. 7a, b for the first and the second symmetric modes,
respectively.

It follows that decreasing the DC voltage load signif-
icantly alters the locus of the bifurcation points (signifi-
cantly shifted toward the o» = 0). Besides, the hystere-
sis loop narrows (0.37 < o2 < 2.83) and jump phe-
nomena take place at lower values of detuning param-
eter. It is noted that the Hopf bifurcation points totally
vanish in the upper stable branch. As it is seen, the
amplitude of the both directly and indirectly excited
modes are reduced in this case. It could be due to the
fact that decreasing the DC voltage load weakens the
effect of nonlinear electrostatic term and increases the
geometric nonlinearity effect. In more general sense,
changing the DC voltage will alter the natural fre-
quencies of the nanobeam, and as a result, it alters the
detuning parameter o1 and consequently the nonlinear
response of the nanobeam. Frequency response curves
in the case of higher DC voltage actuation Vpc = 1.1 v
and o1 = 0.6778 are shown in Fig. 7c, d for the first
and the second symmetric modes, respectively. While
these curves are similar in shape to that of the lower
DC voltage load (Figs. 3, 4), all the bifurcation points
take place at higher values of detuning parameter o7.
The unstable interval between the two Hopf bifurca-
tion points is also increased (0.8009 < o7 < 1.0492).
It is evident that the multivalued region of the response
takes place in a wider range of the detuning parameter
(0.4161 < oo < 3.9289). As it is seen, the ampli-
tude of the both directly and indirectly excited modes
is amplified and the nonlinear interaction due to the
three-to-one internal resonance is strengthened com-
pared to the case of Vpc = 1 v (Figs. 3 and 4). It is
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Fig. 7 Influence of the DC voltage level on the frequency
response curves in the presence of internal resonance when
Q ~ w), Vp = 02v and Voc = 0.09v: a, b two first
symmetric modes with system parameters Vpc = 0.9 v and

also due to the fact that changing the detuning param-
eter o7 directly modifies the nonlinear behavior of the
response.

Figure 8 illustrates the influence of the piezoelectric
actuation voltage on the frequency response curves of
the two first symmetric modes when 2 &~ @ and sys-
tem parameters are Vpc = 1 v and Vac = 0.9 v. Fre-
quency response curves in the case of lower piezoelec-
tric voltage actuation Vp = 0.17 vand o1 = 2.2853 are
showninFig. 8a,b. Asitis seen, the response of the both
modes resembles those of the case with the absence of
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o1 = —0.1293; ¢, d two first symmetric modes with system

parameters Vpc = 1.1 v and o1 = 0.6778. Solid lines represent
stable solutions, blue dotted lines represent saddle-nodes, and
red circles represent unstable foci. (Color figure online)

modal interaction with the exception of the emergence
of a very small region in the response of the indirectly
excited mode in the range of 0.7 < o2 < 0.85 which
depicts the slight role of the three-to-one internal res-
onance. It is due to the fact that changing the piezo-
electric actuation voltage alters the detuning parameter
o1 and consequently violates the perfect conditions of
internal resonance. It is noted that the response ampli-
tude of the directly excited mode is decreased, while
the response amplitude of the indirectly excited mode
is increased compared to the case of Figs. 3 and 4.
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045

Fig. 8 Influence of the piezoelectric actuation voltage on the
frequency response curves in the presence of internal resonance
when Q@ =~ w, Vpc = 1v and Vac = 0.09 v: a, b two first
symmetric modes with system parameters Vp = 0.17 v and

It follows from Fig. 8 that decreasing the piezoelectric
actuation voltage vanishes the small multivalued region
and saddle-node bifurcation points in the upper stable
branch of the response and makes the hysteresis loop
narrower. Another significant difference is disappear-
ance of the Hopf bifurcation points C and D and the
associated unstable region.

Frequency response curves in the case of higher
piezoelectric voltage actuation Vp = 0.23 v and 0] =
—1.7972 are shown in Fig. 8c, d for the first and the sec-
ond symmetric modes, respectively. While these curves
are similar in nature and shape to those of lower piezo-
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o1 = 2.2853; ¢, d two first symmetric modes with system param-
eters Vp = 0.23 vand oy = —1.7972. Solid lines represent stable
solutions, and blue dotted lines represent saddle-nodes. (Color
figure online)

electric actuation load (Vpc = 0.17 v), the response
amplitude of the both directly and indirectly excited
modes is decreased compared to the case of Figs. 3 and
4. It follows that the response amplitude of the second
symmetric mode is decreased more profoundly com-
pared to the first mode. As it is seen, the hysteresis loop
range is influenced much less in this case compared to
the previous case. According to Fig. 8, piezoelectric
excitation amplitude significantly affects modal inter-
actions. It is seen that any slight variation of the piezo-
electric actuation voltage could cause drastic changes
in the overall system response, since it directly alters the
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Fig. 9 Force response curves of the a first mode and b sec-
ond symmetric mode in the presence of internal resonance when
Q &~ w and for system parameters Vpc = 1lv, Vp = 0.2,

internal resonance detuning parameter o7 which could
violate the perfect internal resonance conditions. Thus,
it could be considered as a powerful design parameter
to control internal resonances of a piezoelectric NEMS
resonator.

Figure 9 shows the characteristic curves of the
response amplitude versus the excitation amplitude
Vac corresponding to static loading of Fig. 3 and
07 = 1 for the two first symmetric modes. As the exci-
tation amplitude V¢ increases from small values, the
amplitude of the stable response increases steadily for
both modes until it reaches point A (Vac = 0.36 v),
where the response loses its stability through a saddle-
node bifurcation and jumps to one of the two other
branches of stable equilibrium solutions depending on
the initial conditions.

The stability is regained at saddle-node bifurcation
B (Vac = 0.049 v). With further increase of excitation
amplitude, the stable response loses stability via a Hopf
bifurcation at C (Vac = 0.21 v) and recovers stability
via a reverse Hopf bifurcation at D (Vac = 0.31 v).
As Vac amplitude is increased further, the new sta-
ble solution loses stability at saddle-node bifurcation E
(Vac = 0.48 v), where a sudden jump takes place to
the other stable solution. As the excitation amplitude
decreases from high values, the response settles on the
stable branch. With further decrease in Vac amplitude,
the response loses stability at saddle-node bifurcation
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o1 = 0.2463 and o, = 1. Solid lines represent stable solutions,
blue dotted lines represent saddle-nodes, and red circles repre-
sent unstable foci. (Color figure online)

point F (Vac = 0.24 v) where it jumps to one of the two
other branches of stable equilibrium solutions depend-
ing on initial conditions. Itis noted that there is an upper
bound for the response of the indirectly excited mode,
while there is no limit for the response of the directly
excited mode which could result in dynamic pull-in for
higher values of Vac.

Figure 10 illustrates the typical force response
curves of the two first symmetric modes with oy = 2
and static loading of Fig. 5. As the excitation ampli-
tude Vac increases from small values, the amplitude
of the stable response increases for both modes until it
reaches point A (Vac = 0.97 v), where the response
loses stability through a saddle-node bifurcation and
jumps to the upper stable branch.

As the excitation amplitude decreases from high val-
ues, the stable response amplitude decreases continu-
ously until the saddle-node bifurcation point D (Vac =
0.07 v) is reached, where the response jumps to one of
the two other branches of stable equilibrium solutions
depending on the initial conditions. It is noted that a
segment of stable solution (0.11 v < Vc<0.15v) is
separated by two saddle-node bifurcations at B and C.
It follows from Fig. 10 that there is an upper bound for
response of the indirectly excited mode, while there is
no bound for response of the directly excited mode in
this case.
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Fig. 10 Force response curves of the a first mode and b sec-
ond symmetric mode in the presence of internal resonance when
Q ~ ) and for system parameters Vpc = 1.5 v, Vp = 0.239 v,

Figure 11 illustrates typical system response in terms
of time traces, phase portraits and Poincare sections at
oy = 0.2 for system parameters Vpc = 1v, Vp =
0.2 v, Vac = 0.09 v, and o7 = 0.2463 corresponding
to a point on the stable branch of frequency response
curves of Figs. 3 and 4.

This figure reveals that after long transients, sys-
tem experiences a mixed response, periodic behavior
in the first symmetric mode and quasiperiodic in the
second symmetric mode. It is noted that the quasiperi-
odic nature of the second symmetric mode is indicated
by the mild beating effect of the time history and the
closed loop form of the Poincare map (Fig. 11f). Fur-
ther along the same branch of the frequency response
curves, at oo = 0.52 in the vicinity of the Hopf bifur-
cation point C, the response becomes quasiperiodic as
shown in Fig. 12. This figure depicts time histories,
phase portraits, Poincare sections and FFTs of the two
first symmetric modes.

The quasiperiodic behavior of the response is more
prominent in the second symmetric mode as it is shown
in the time traces (Fig. 12a, b) and phase portraits (Fig.
12¢, d). The system response exhibits beating phe-
nomenon in the both modes as shown in the time traces
which results in a continuous energy exchange between
the associated modes. Moreover, FFTs of the response
indicate that w; is the dominant resonance frequency
in the response of the directly excited mode, and 3w

02

0.02

(b)

o1 = 0.2403 and oo = 2. Solid lines represent stable solu-
tions, and blue dotted lines represent saddle-nodes. (Color figure
online)

is the dominant resonance frequency in the response
of the indirectly excited mode. Furthermore, the FFT
shows asymmetric sideband frequencies near the dom-
inant peaks indicating nonlinear interactions and pres-
ence of modulated quasiperiodic motions in the system.
It is worth mentioning that FFT power spectra of the
response show some other harmonics in the response
(due to quasiperiodic behavior of the motion) which is
not presented in this paper. For the higher values of the
detuning parameter, the response remains quasiperi-
odic in both modes, and a similar behavior is noticed in
the region between the Hopf bifurcation points C and D
(the results have not been presented to avoid repetition).

Figure 13 shows the system behavior at 0o = 0.2
for system parameters Vpc = 1.5v, Vp = 0.239v,
Vac = 0.09 v and o1 = 0.2403 corresponding to the
typical frequency response curves shown in Figs. 5 and
6, in terms of time traces, phase portraits and Poincare
maps. The system experiences a mixed behavior in this
case.

The response is periodic in the first symmetric mode
while a beating effect in the time history (Fig. 13b),
and a closed loop curve in the Poincare map (Fig. 13f)
exhibits a quasiperiodic behavior in the second sym-
metric mode. It is noted that, further along a same
branch, the response remains periodic in the first mode
and quasiperiodic in the second symmetric mode. For
instance, at oo = 1.9598 (corresponding to a point
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Fig. 11 Mixed response in the two first symmetric modes in the
presence of internal resonance when Q2 ~ wj, and for system
parameters Vpc = 1 v, Vp = 0.2 v, Vaoc = 0.09 v, o7 = 0.2463
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on the stable branch, settled between the bifurcation
points D and E), system exhibits a mixed behavior, a
periodic response in the directly excited mode and a
quasiperiodic response in the indirectly excited mode
as shown in Fig. 14. It is worth mentioning that time
history apparently shows a beating effect in the second
symmetric mode. The rich dynamic behaviors (peri-
odic, quasiperiodic and mixed response) observed in
the motion illustrate the intense effect of the modal
interactions on the system response.

5.2 The case of Q2 ~ 2w,

Frequency response curves of the piezoelectric
nanobeam near the principal parametric resonance of
the first mode are depicted in Figs. 15 and 16 for the first
and second symmetric modes, respectively. Response
of the nanoresonator is investigated for Vpc = 1,
Vp = 02v, Voc = 09v, and o1 = 0.2463. The
parametric frequency response curves consist of one
trivial branch and two nontrivial steady-state branches,
and they represent a hardening-like behavior. As it
is seen, there exists a sharp transition between the
trivial response and the large amplitude subharmonic
responses due to the parametric excitation. As detuning
parameter o7 increases from small values, the response
of the system remains trivial until it reaches the super-
critical pitchfork bifurcation point A (oo = —1.08)
where the parametric response is activated.

At this point, the trivial solution loses stability and
the solution jumps up to the new stable nontrivial
branch. As o> increases further, the response ampli-
tude increases along the nontrivial branch until the
saddle-node bifurcation B (oo = 3.29) is reached
and the stability gets lost. As the detuning parame-
ter decreases, the response turns stable through the
saddle-node bifurcation C (op = 1.95). With further
increase in detuning parameter, the stable branch loses
stability through a Hopf bifurcation at D (oo = 5.07)
and regains stability through a reverse Hopf bifurca-
tion at E (0 = 5.22). As it is seen, the trivial solution
turns stable through the supercritical bifurcation point
F (0o = 1.08), and another unstable nontrivial solution
appears in the response. For high values of the detun-
ing parameter, there is no bound for the amplitude of
the directly excited mode and the amplitude increases
steadily until a dynamic pull-in takes place in the sys-
tem. However, the amplitude of the indirectly excited

mode is almost around an upper bound. It is noted that
the applied methods in this paper (bifurcation tech-
niques and Taylor series expansion) are not capable
of accurate investigation of the system response near
the dynamic pull-in.

In Figs. 17 and 18, the frequency response curves
of the two first symmetric modes were obtained for
Vbc = 1.5v, Vp = 0.239v, Voc = 09v, and
o1 = 0.2403 while Q ~ 2w;. As it is seen, the
response of the both modes resembles those of the
case with the absence of internal resonance with the
exception of the interaction of the stable and unstable
nontrivial branches in the response of the indirectly
excited mode at oo = 4.65. As the detuning parameter
o3 increases from small values, amplitude of the both
modes increases steadily and there is no bound for the
response amplitudes. It is noted that the directly excited
mode dominates the indirectly excited mode, and the
role of the three-to-one internal resonance is ignorable
in this case.

Figure 19 shows the effect of DC voltage actuation
on the principal parametric resonance of the nanobeam
in the presence of the internal resonance for the system
parameters Vp = 0.2 v and Vac = 0.09 v. Frequency
response curves in the case of lower DC voltage actua-

tion Vpc = 0.9 vand o1 = —0.1293 are shown in Fig.
19a, b for the first and the second symmetric modes,
respectively.

These figures show that decreasing the DC volt-
age level narrows the trivial solution instability range
(—0.94 < 07 < 0.94) and affects the pitchfork bifur-
cation points’ loci. It is noted that the Hopf bifurcation
points totally vanish in the nontrivial stable branch. As
it is seen, the amplitude of the parametric response of
both directly and indirectly excited modes is reduced
and nonlinear interactions are weakened compared to
the case of Vpc = 1v (Figs. 15, 16). Frequency
response curves in the case of higher DC voltage actu-
ation Vpc = 1.1 v and o7 = 0.6778 are shown in Fig.
19c¢, d for the two first symmetric modes. While these
curves are similar in shape to that of Figs. 15 and 16,
all the bifurcation points take place at higher values of
detuning parameter o7.

The trivial solution instability range is broadened in
this case (—1.23 < o0y < 1.23). Moreover, the unsta-
ble interval between the two Hopf bifurcation points
is also increased (7.2 < o < 7.81). It is evident that
the multivalued region of the response takes place in
a wider range of the detuning parameter. As it is seen,
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Fig. 15 Frequency response curve of the first mode in the pres-
ence of internal resonance when 2 &~ 2w and for system param-
eters Vpc = 1v, Vp = 0.2 v, Voc = 0.9 v and o1 = 0.2463.
Solid lines represent stable solutions, blue dotted lines represent
saddle-nodes, and red circles represent unstable foci. (Color fig-
ure online)
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Fig. 16 Frequency response curve of the second symmetric
mode in the presence of internal resonance when Q2 ~ 2w; and
for system parameters Vpc = 1 v, Vp = 0.2 v, Vac = 0.9 vand
o1 = 0.2463. Solid lines represent stable solutions, blue dotted
lines represent saddle-nodes, and red circles represent unstable
foci. (Color figure online)

the amplitude of both directly and indirectly excited
modes are amplified, and nonlinear interactions due to
the three-to-one internal resonance are enhanced com-
pared to the case of Vpc =1 v.

Figure 20 illustrates the influence of the piezoelec-
tric actuation voltage on the frequency response curves
of the two first symmetric modes in the presence of the
internal resonance when 2 &~ 2w; and system param-
eters are Vpc = 1v and Vac = 0.9 v. Frequency

08t
0.7
0.6
o 05F
04r
03r
02t

0.1

Fig. 17 Frequency response curve of the first mode in the pres-
ence of internal resonance when @ ~ 2w; and for system
parameters Vpc = 1.5v, Vp = 0.239v, Voc = 0.9v and
o1 = 0.2403. Solid lines represent stable solutions, and blue
dotted lines represent saddle-nodes. (Color figure online)

Fig. 18 Frequency response curve of the second symmetric
mode in the presence of internal resonance when Q ~ 2wy, and
for system parameters Vpc = 1.5 v, Vp = 0.239 v, Voc =09 v
and o1 = 0.2403. Solid lines represent stable solutions, and blue
dotted lines represent saddle-nodes. (Color figure online)

response curves in the case of lower piezoelectric volt-
age actuation Vp = 0.17 v and o1 = 2.2853 are shown
in Fig. 20a, b. As it is seen, the response of both modes
is similar to those of Figs. 15 and 16 with the exception
of the emergence of a very small region in the unstable
nontrivial branch of the indirectly excited mode in the
range of 2.18 < o2 < 2.55 which highlights the role
of the three-to-one internal resonance in this case. It is
noted that the response amplitude of the both directly
and indirectly excited modes increases compared to
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Fig. 19 Influence of the DC voltage level on the frequency
response curves in the presence of internal resonance when
Q =~ 2w, Vp = 0.2v and Vaoc = 0.9v: (a, b) two first
symmetric modes with system parameters Vpc = 0.9 v and

the case of Figs. 15 and 16. These figures show that
decreasing the piezoelectric actuation voltage enhances
the modal interaction in the presence of the three-to-one
internal resonance. It is noted that decreasing the piezo-
electric voltage level broadens the multivalued region
in the upper nontrivial branch (5§.45 < o2 < 9.26)
and increases the unstable response range between the
two Hopf bifurcation points (8.12 < 07 < 10.01). Fre-
quency response curves in the case of higher piezoelec-
tric voltage actuation Vpc = 0.23 vand oy = —1.7972
are shown in Fig. 20c, d for the first and the second
symmetric modes, respectively.
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o1 = —0.1293; (¢, d) two first symmetric modes with system
parameters Vpc = 1.1 v and o1 = 0.6778. Solid lines represent
stable solutions, blue dotted lines represent saddle-nodes, and
red circles represent unstable foci. (Color figure online)

The response of both modes resembles those of the
case with the absence of modal interaction with the
exception of the emergence of a very small region
in the response of the indirectly excited mode in the
range of —1.04 < o2 < —0.9 which shows the
minor role of the three-to-one internal resonance. It
is noted that the response amplitude of the directly
excited mode is not influenced very much, while the
response amplitude of the indirectly excited mode is
decreased remarkably compared to the case of Figs.
15 and 16. It follows that increasing the piezoelec-
tric actuation voltage vanishes the small multivalued
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Fig. 20 Influence of the piezoelectric actuation voltage on the
frequency response curves in the presence of internal resonance
when Q@ ~ 2w, Vpc = 1 v and Vac = 0.9v: a, b two first
symmetric modes with system parameters Vp = 0.17 v and

region and saddle-node bifurcation points in the sta-
ble nontrivial branch of the response. Another signif-
icant difference is disappearance of the Hopf bifur-
cation points C and D and the associated unstable
region. This figure shows that increasing the piezo-
electric actuation voltage weakens the modal interac-
tion in the presence of the three-to-one internal reso-
nance. It is also due to the fact that changing the piezo-
electric actuation voltage can directly change the natu-
ral frequencies of the nanobeam and consequently the
internal detuning parameter o1. According to Fig. 20,
piezoelectric excitation amplitude significantly affects
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o1 = 2.2853; ¢, d two first symmetric modes with system param-
eters Vp = 0.23 v and o1 = —1.7972. Solid lines represent sta-
ble solutions, blue dotted lines represent saddle-nodes, and red
circles represent unstable foci. (Color figure online)

modal interactions. It is seen that the variation of the
piezoelectric actuation voltage significantly affects the
system parametric response. Thus, it could be consid-
ered as a powerful design parameter to control para-
metric internal resonances of a piezoelectric NEMS
resonator.

Figure 21 shows the characteristic curves of the
response amplitude versus K corresponding to static
loading of Fig. 15 and oo = 2 for the two first sym-
metric modes. It is worth mentioning that K; denotes
the terms produced due to external harmonic load (see
“Appendix 3”).
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Fig. 21 Amplitude versus coefficient K| of the a first mode
and b second symmetric mode in the presence of internal res-
onance when Q2 ~ 2w; and for system parameters Vpc = 1 v,

As Kj increases from small values, the ampli-
tude remains zero until it reaches a subcritical pitch-
fork bifurcation at K1 = 52.18 where the parametric
response is activated and a sudden jump takes place
from this point to the upper stable branch. By revers-
ing this procedure, the solution decreases slowly along
the upper branch as it reaches the saddle-node bifurca-
tion point (K1 = 17.59), where it experiences a jump
to a stable branch depending on the initial conditions.
It is noted that there exists a multivalued region in the
upper stable branch confined between two saddle-node
bifurcation points in the range of 17.59 < K| < 29.26
which highlights the effect of three-to-one internal res-
onance.

According to the figure, there is an upper bound for
the response of the indirectly excited mode, while there
is no limit for the response of the directly excited mode
for high values of K.

Figure 22 shows system response in terms of time
traces, phase portraits, Poincare sections and FFT dia-
grams at oo = 1 for system parameters Vpc = 1 v,
Vp = 0.2V, Vac = 0.9v, and o1 = 0.2463 corre-
sponding to a point on the stable nontrivial branch of
parametric frequency response curves of Figs. 15 and
16.

The system illustrates a quasiperiodic response in
both modes. While the time history and phase portrait of
the first mode do not indicate much about the response
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(b)

Vp = 0.2 v,01 = 0.2463 and 07 = 2. Solid lines represent stable
solutions, and blue dotted lines represent saddle-nodes. (Color
figure online)

nature, Poincare section and FFT diagram (Fig. 22e,
g) show a mild quasiperiodic motion in this mode.
The quasiperiodic behavior of the second symmetric
mode is dominant, and it is apparent from the beating
effect of the time history (Fig. 22b). For higher val-
ues of the detuning parameter, typically at oo = 3.5,
response becomes periodic in the first mode, while it
remains quasiperiodic in the second symmetric mode,
as shown in Fig. 23. Itis noted that increasing the detun-
ing parameter o, weakens the strength of the quasiperi-
odic motion, as it makes the response of the first mode
periodic and weakens the quasiperiodic nature of the
second symmetric mode (Fig. 23b, e).

Figure 24 shows the system behavior at 0 = 0.5
for system parameters Vpc = 1.5v, Vp = 0.239 v,
Vac = 0.9 v and o1 = 0.2403 corresponding to the
typical parametric frequency response curves shown in
Figs. 17 and 18, in terms of time traces, phase portraits,
Poincare maps and FFT diagrams. As itis seen, the sys-
tem experiences a quasiperiodic motion. The quasiperi-
odic behavior of the response is more prominent in the
second symmetric mode as it is shown in the time traces
(Fig. 24a, b) and phase portraits (Fig. 24c, d). It is noted
that there exists an energy exchange between the two
modes due to the beating phenomenon. It follows from
the FFT diagram (Fig. 24h) that the energy in the sec-
ond symmetric mode is mostly concentrated around the
first and the third resonance frequencies.
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Fig.22 Quasiperiodic response in the two first symmetric modes
in the presence of internal resonance when Q2 & 2w; and for
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the g1 and g3, respectively

@ Springer



1810

S. M. Pourkiaee et al.

(a) os (b) oo0s
04 0.04
03 0.03
02 0.02
0.1 0.01

s S
0.1 ~0.01
-02 -0.02
-03 -0.03
—04 ~0.04
-0,

.5
2999 2999.1 2999.2 2999.3 2999.4 2999.5 2999.6 2999.7 2999.8 2999.9 3000

-0.05
2999.5 2999.55 2999.6 2999.65 2999.7 2999.75 2999.8 2999.85 2999.9 2999.95 3000

t t
(c) » @ =
20 B
15
4
10
5 2
= e
S 0 S o0
s ,
-10
4
-15
20 -6
o5 . . . . . . . . . s . . . . . . . . .
205 04 -03 02 -01 0 01 02 03 04 05 2005 -0.04 -003 —0.02 -001 0 001 002 003 004 005
q 93
(e)= )
12
20
L1s
15 11
) <
10 105 :
5 1
0.95
0 . . .
0 005 01 0I5 02 025 03 035 04 045 05 00394 0039 00398 008 00402 00404
q1 @
(g) 0.4 (h) o045
035 0.04
.03
0 0035
0.03
0.25
= " 0025
[!: 0.2 E
o) & oo
0.15
0015
o1 0.01
0.05 0.005
0 5 1 0 25 30 0 5 1 0 25 30

0 15 2
Frequency(Hz)

Fig. 23 Mixed response in the two first symmetric modes in the
presence of internal resonance when Q2 & 2w and for system
parameters Vpc = 1 v, Vp = 0.2 v, Vac = 0.9 v, o7 = 0.2463
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Fig.24 Quasiperiodic response in the two first symmetric modes
in the presence of internal resonance when Q2 ~ 2w; and for
system parameters Vpc = 1.5 v, Vp = 0.239 v, Vaoc = 0.9 v,
o1 = 0.2403 and o, = 0.5: a, b time traces of the ¢; and g3,

respectively; ¢, d phase portraits of the ¢; and g3, respectively;
e, f Poincare maps of the ¢; and g3, respectively; g, h FFTs of
the g1 and g3, respectively
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6 Conclusions

In this paper, the nonlinear oscillations of an elec-
trostatically actuated clamped—clamped piezoelectric
nanoresonator in the presence of the three-to-one reso-
nance were studied. The governing equation of motion
incorporating surface effects and van der Waals forces
was discretized using the Galerkin method. The multi-
ple scales method was applied directly to the nonlinear
equation of motion and associated boundary conditions
to obtain the modulation equations of the amplitudes
and phases of the two first symmetric modes, while the
first mode was excited through the primary and prin-
cipal parametric resonance, respectively. Frequency
response and force response curves were obtained in
the presence of three-to-one internal resonance for dif-
ferent system parameters. Stability and bifurcations of
equilibrium solutions were investigated for each case.
Results show different dynamic phenomena such as
hardening type behaviors, jumps, fold and pitchfork
bifurcations in the system response. Furthermore, exis-
tence of Hopf bifurcations, and also complex multi-
valued regions in the equilibrium solutions, highlights
the role of internal resonance on the system response.
A detailed study was carried out to investigate the
influence of different parameters on the internal reso-
nance. Results illustrate that decreasing the DC voltage
level weakens the internal resonance, while increas-
ing the DC voltage level enhances the modal interac-
tions. Moreover, it was shown that any variation of the
piezoelectric actuation voltage weakens the strength of
modal interactions, while the primary resonance is acti-
vated. The results also revealed that, in the case of prin-
cipal parametric resonance, decreasing the piezoelec-
tric actuation voltage increases the modal interactions
due to internal resonance. Alternatively, increasing the
piezoelectric actuation voltage decreases the strength
of modal interactions. These are due to the fact that
changing the DC and piezoelectric actuation voltages
changes the natural frequencies of the nanobeam which
directly alters the internal detuning parameter o. This
could either violate or enhance the perfect conditions
of internal resonance. It was shown that the piezoelec-
tric actuation voltage could be considered as a power-
ful design parameter to control the internal resonances
of a piezoelectric NEMS resonator. Different dynamic
behaviors of the system were presented in terms of
time traces, phase portraits, Poincare maps and FFT
diagrams. Periodic, quasiperiodic and mixed responses
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were observed in the motion which highlights the role
of modal interactions due to internal resonance. The
presented modeling approach can be used in the design
and optimization of novel NEMS resonators, and also
the provided results can give an insight into how modal
interactions can affect the stability and the resonant
responses of NEMS resonators.
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where A is the Hamaker constant and H (x) is the Heav-
iside function. F, and Fg are axial forces due to piezo-
electric actuation and surface effects, respectively. Cy,
is anondimensional coefficient to consider the fringing
field effects. For more details, one may see Ref. [28].

Appendix 2

1 1
M;; :/ (pigojdx +Ol4/ (p,-gv}'dx
0 0
1
Cij = 015/ pigjdx
0
by
Kij = / f/’i‘ﬂjvdx — [y + oo + o3 (wy, wy)]
b .
1
/ gigjdx — 23T (ws, ¢;)
0

1
/ O w;/dx — 2w V]%
0

uba L. ubd -
X / _vi¢i de — 2w V]% / _viei 3
ba (1 —wy) d (1 + wy)

uba . ubd L
_3017/ e 4dx — 30{7/ %% 4dx
a (1 —wy) d (1 + wy)



Nonlinear modal interactions and bifurcations of a piezoelectric nanoresonator 1813

1
Kijr = —2a3T (wm‘Pj)/ Qi) dx
0
I
—o3l (¢j»§0k)[ piwydx
0

uba .
—3ug VS/ ik ¢k4dx
ha (1 —wy)
ubd .
+3a6v]§/ <ﬂ1¢jwk4
d (1 + wy)

uba - ubd L.
— 6o / PiliP 4+ 6o / L TLL
l l

ba (1 —wy)’ pa (14 wyg)

1
Kijr = —asl (<Pj,</7k)/ pig)dx — dag V3
0

uba . .. ubd . .
X/ PiPj Pkl dx_4a6V§/ QIO PP
1

5

ba (1 —wy) ba (14 wy)®
I (.o L ..
_10a7/ wtw,wkwgdx_mm/ (Pz§0j¢’k‘/’16dx

0o (I—wy) o (14 wy)

uba ®;
Fi(t) = 2a6Vp Vac cos(Q) ———dx
a (1 —wy)
n ubd

+ 406 Vp Vac cos(Q1) Z (ij / Pj¢i

= ma (1= wy)?

Appendix 3

x1j = 2a3T (Y1, @j) wy + 43T (Y2, @) wy
+203T (ws, Y1) ] + 43T (ws, ¥2;) ¢
+3a3T (¢}, ¢)) ¢ + 23T (ws, ¢)) v

+dasT (ws, 9)) ¥5; + 60!61V1§&1j4
(1 —wy)
3
+ 120 Y24 o vg—2
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Appendix 4

The boundary conditions at all orders are identical to
that obtained in Eq. (17). The first-order equation given
in Eq. (37) is similar to Eq. (13); thus, the general solu-
tion of u# can be expressed as in Eq. (18). By intro-
ducing Eq. (18) in Eq. (38), the second-order equation
reduces to:

L) = (AFX T 4 A1 A} ) by ()
+ (Ageziwﬂo + A31‘§3> hi3(x)

+ <A3Alei(w3+w')TO + A3A16i(w3—w1)T0)
X H31(x) + 2P (x) cos(RTp) 49)

where /1 (x) and H3;(x) are defined in Egs. (20) and
(21). The solution of the second-order equation can be
found in the form of:

uy = yrpp(x)AleerTo
FY13(x0)AZe2 T 4y (x) Az A el @3tenTo

@ Springer

XYy (x) Az A1’ @0 4y ()AL A,
U@ A3 A + Y5 @) (T + ) 4 ce
(50)
where v;; (x), Y3 (x) and ¥4 (x) are the solutions of Egs.
(23a) and (24) and s(x) is the solution of following
boundary value problem:
5" — Qs — Py
— [og + a2 + 3T (wy, wy)]
x s — 2031 (wy, ¥s) wy

B 20(61V1% B 2062 Vl% v
T—w)® " (tw)
3a7 3amn
_ — =P 51
a _ws)4¢5 (1+ws)4lﬁ5 1(x) (5D
Ys(x =0,1) =0 and 1//§(x =0,1)=0 (52)

Substituting Egs. (18) and (50) into Eq. (39) yields:
L(uz) = [~iwr (24] (¢1 + aad]) + A1C¢1)
+ X1 ()ATA; + §13(X)A1A3A3] eierTo
x [—iws (245 (¢3 + ady) + A3Ce3)
+x13()A3A3 + 4“31(X)A3A1A1] ol3To

+X5(X)A?e3iw1To + Xﬁ(x)AgA%ei(‘%_zwl)To
k1 () A1 @O | ko (x) Aze T DT
+ki(x)A e HOVT e 4 NST (53)

where k1 (x) and k (x) are defined in “Appendix 3.” The
other functions in Eq. (53) are identical to those arising
from Eq. (26). In the case of internal resonances and
principal parametric resonances of the first mode, to
show the nearness of w3 to 3w and 2 to 2w1, detuning
parameters o1 and o7 are described as:

w3 = 3w + 201, Q = 2w + 202 (54)

It is worth mentioning that Q = w3 — w; + 82(0’2 —
o1); hence, a combination parametric resonance of the
difference type would also be activated. The corre-
sponding homogeneous problem of Eq. (53) has a non-
trivial solution; it follows that the nonhomogeneous
problem has a solution only if the right-hand side of
Eq. (53) is orthogonal to every solution of the adjoint
homogeneous problem governing u3. Introducing Eq.
(54) in Eq. (53), multiplying the right-hand side of the
resulting equation by ¢ (x)e™"170 and ¢3(x)e 1370,
respectively, and integrating the outcome from x = 0
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to x = 1, the solvability conditions can be obtained as
follows:
2iwy (m1 A} + 11A1) — 8S11ATA; — 881341 A3A3
—8A1A3AT1 2K AT
—2KyA3e/ @170 = ¢ (55)
2iws (m3Al + 13A3) — 88334345 — 88314341 A,
—8A3ATe™ 1 2K A 22 — 0 (56)
where

1 1
Ki= 5 f k(1)1 () dr,
0

1 1
K= / ko (1)1 () d,
0

2

The other terms of Egs. (55) and (56) are identical to
those defined in Eq. (30). Expressing A ; in a polar form,
as in Eq. (31), substituting the resulting equations into
Egs. (55) and (56), separating the real and imaginary
parts, and introducing y; = 011> — 381 + B2 and 3 =
021> — 281, the modulation equations can be expressed
as Eqgs. (41)-(44).

1 1
K3 = —/0 ki(x)¢3(x)dx (57)
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