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In this paper, nonlinear vibration and stability analysis of viscous fluidic
piezoelectric biomedical nanosensor (VFBNS) based on cylindrical nanoshell is
investigated using the electro-elastic Gurtin-Murdoch surface/interface (S/I)
theory. This piezoelectric nanoresonator is simultaneously subjected to visco-
pasternak medium, electrostatic and harmonic excitations. The Hamilton’s
principle, the assumed mode method combined with Euler - Lagrange and also
Complex averaging method combined with arc-length method are used to
achieve the governing equations, boundary conditions and also the effect of

Nonlinear frequency response; Stability;
Critical fluid velocity; Gurtin-Murdoch
surface/interface theory; Electrostatic and
harmonic excitation.

different material, structural and excitations parameters on dimensionless
natural frequency (DNF) (undamped £2,, and damped ), critical fluid velocity,
nonlinear vibration and stability analysis of piezoelectric biomedical
nanosensor. It is shown that the fluid velocity has major unpredictable effects
on parametric studies of the system and one should precisely consider their
effects. Also, it is concluded that ignoring the surface /interface effects leads to
inaccurate results in vibrational response of the VFBNS. By changing the
surface/interface parameters, the system stiffness is changed leading to
nonlinear behavior of the system, which can be more or less pronounced
compared to the case without the S/1 effects accounted for. The obtained results
of this study are useful for designing of nano/micro electro mechanical system
and other nano-/micro-smart structures.

1. Introduction

In recent decades, the smart materials or adaptive structural systems, especially piezoelectric
materials, have been widely used for application in numerous diverse fields of science and technology
[1-5]. In these fields, nano structures, especially nano sensors/resonators, are widely used in modern
engineering which have received considerable attention from researchers around the world, due to
their unique features and widespread applications [6-10]. One of the most important scientific
concepts in the design and fabrication of this nanosensor is the analysis of dynamic and vibrations
considering nano-mechanical theories specially consideration of surface/interface effects. According
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to the theory of Gurtin et al., [11], surface/interface effects have vital role in their analysis and can
affect the physical and chemical properties of nanomaterial. Investigation of the surface/interface
elasticity on the mechanical behavior of nanostructures has become one of the attractive research
areas in nanomechanics recently. Fang et al. [12] studied nonlinear vibration, buckling and
postbuckling behavior of piezoelectric cylindrical nanoshells based on GM surface/interface theory.
Zhu et al. [13] studied the size-dependent effect on the torsional buckling behavior of functionally
graded cylindrical nano-shell covered with piezoelectric nano-layers based on the electro-elastic
surface/interface theory. Ghorbanpour Arani et al. [14] studied nonlinear vibration of nano sheet
conveying viscose fluid with small scale and surface effects. Surface stress effect on the vibration of
nanoscale pipes based on a size-dependent Timoshenko beam model was investigated by Ansari et
al. [15]. A new size-dependent nonlinear model for the analysis of the behavior of carbon nanotube
resonators was introduced by Farokhi et al. [16] based on a modified couple stress theory. The
numerical results are obtained for both static and dynamic cases, with special focus on the static pull-
in behavior and on the effects of the newly developed electrostatic load model. The nonlinear
vibration and the parametric oscillations of an electrostatically actuated piezoelectric nanobeam
resonator were studied by Pourkiaee et al. [17] considering the surface elasticity theory. Sahmani et
al. [18] used the Gurtin-Murdoch elasticity theory for the nonlinear buckling and postbuckling
behaviors of nano-shell. Recently, Hashemi Kachapi et al. [19-22] presented semi-small scale
approaches such as nonlocal, nonlocal strain gradient, Gurtin—-Murdoch surface/interface theories
and also combined different methods together to investigate the effects of the small scale on the
natural frequencies, nonlinear vibration and stability analysis of single, double-walled and multi
walled piezoelectric nano structures based on cylindrical nanoshell subjected to electrostatic and
harmonic excitations.

In the present study, the nonlinear vibration and stability analysis of piezoelectric biomedical
nanosensor conveying viscous fluid based on cylindrical nanoshell is investigated using the electro-
elastic Gurtin—Murdoch surface/interface (S/I) theory. This piezoelectric nanoresonator is
simultaneously subjected to visco-pasternak medium, electrostatic and harmonic excitations. The
Hamilton’s principle, the assumed mode method combined with Euler — Lagrange and Complex
averaging method combined with arc-length method are used to obtain the governing equations,
boundary conditions and also to investigate the effect of different material, structural and excitations
parameters on dimensionless natural frequency (DNF), critical fluid velocity, nonlinear vibration and
stability analysis of piezoelectric biomedical nanosensor.

2. Methodology

A piezoelectric biomedical nanosensor shown in Figure 1 consists of a cylindrical nanoshell with
two piezoelectric layers embedded and a visco-Pasternak medium. The incoming bloodstream is
considered as a viscous fluid with the fluid velocity us. The system is subjected to electrostatic force
with direct electric voltage (Vpc) and harmonic excitation with amplitude f. In addition, this
piezoelectric biomedical nanosensor, denoted as VFBNS, is actuated by the direct current polarization
voltage V,, which is applied along the thickness of the nanoshell. The length of the nanoshell is L,
while the remaining geometric parameters of the cylindrical shell are: the mid-surface radius R, the
thickness of cylindrical shell Zhy, and the thickness of piezoelectric material layer 2h,,. With the
origin of coordinate system located on the middle surface of nano-shell, the coordinates of a typical
point in the axial, circumferential and radius directions are described by x, 8, and z, respectively.
Also, K,, ,K;, and C,, are the stiffness coefficient of Winkler foundation, shear layer of Pasternak
foundation and the damping factor of the visco medium for the transverse motion, respectively. The
Young modulus, Poisson ratio and the mass density of cylindrical nano-shell are denoted by Ey, vy
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and py, respectively. All of the physical and geometrical properties of the mentioned nanostructures
for VFBNS can be seen in works done by Hashemi Kachapi et al., [19-22].
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Fig. 1. Piezoelectric biomedical nanosensor (VFBNS) conveying viscous fluid

2.1 Non- classical Shell theory

Based on the Gurtin—-Murdoch surface elasticity theory, the constitute relations for surfaces can
be written as [11, 12]

G;E = 1,58ap + (To° + A5%)e4404p + 2(1k — T3 )eqp + 75U aﬁ ey Eyp, (1)
Oy = Tf,"u?ix, otk = thkulk (@, B =x,0; k=12)
1 S
’;), = TO"6aﬁ + (TO + Ak )egq0ap + 2(ple -1 ")eaﬂ + Tok wp

in which 84 is the Kronecker delta function. Furthermore, the components of stress at the surfaces
can be expressed as
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(2)
Ok = (A% + 2uSk) ey + (T5F + ASK) gy — _(E) + 1ok — eglpEZp,

W 1
009 = (T Ask)gxx + (A% + 2p%)egg — To < JRZ _) > + To e?fngzp'
)2

Iy
o= (ke + 2uMK) gy + (oK + AK) gy — %(

I
To
w 1 (ow
05 = (Tk + M) ey + (MK + 2u'k)egg — 7o (E + T<_) > + 1),

00
(5 Di _ ﬂ(SI)ky (Sl)k av_l_la_wa_w_i o*w (SI)k — (SI)k aw
ox ' Rox 060 Rox06) ox’

R3990 TR9x 29 Raxd0

(Sl)k _ #(51),(]/

(Sl)k 10u 1owow z d*w U(s,,)k_r(gs’)"aw
1oz R 06’

61



Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

Based on the classical continuum models, g,, is expressed as following:

1 (032 + 0,2 N 19(0,2 +32) (052 + pia) %w (3)

O0zz = 2 0x R a0 o P ot?

1(0(ost + i) 10(aat + o 0w
R —_ J— 1 1

2 < ox 'R 6 P+ 50
o2 (o tad) 10005 tog) g 00w

2hy + 2h,, dx R~ 00 SR APT

S I S I

b2 (Vom tow) 1009 1 05) | s 00w

2hy + 2h,, ox R~ a0 a2

For simplification, the material properties of surfaces and interfaces are selected as
S1 _ .52 _ .S 451 — 352 — S S1 — S2 — S p51 — 52 _ S

Ty =Ty =Tp, A1 =42 =247, pu™t =p>2 =p°, e31, = €31, = €3,

S1 — nS2 — S o511 — 82 S I _ I _ 1 g _ 9l — gl

p%t =pS2=p3, e} = ej3 =ey,, 10 =10 = 1), At =22 =1 (4)
L — I, — 1 1 — A — Al

‘ul_‘uz_'u’p1_p2_ ’

According to Eq. (4), the normal stresses g, and ggg Egs. (2) and (3) can be rewrite as

_ U(N,p)O-ZZ
Oxx(N,p) = Cll(N,p)gxx + ClZ(N,p)EHB - e31pExp + T(Np)' (5)
_ U(N,p)O-ZZ
TeaNp) = Co1np)Exx T Coovp)€00 — €32pE0p + T(Np), (6)
OxoN,p) = Cos(N,p)Vx0, (7)
_z (s + I)(azw+ 1 azw) (5 + I)azw @)
7 Ty by \ 00T 10N gx2 TR2 G T W TP ) Gz )

In the following formulations, all of the piezoelectric parameters (the materials and geometrical
parameters) are neglected for the first layer and are, hence, assumed to be equal to zero, and all of
the material and geometric parameters of nanoshell in the first layer are similar to the second layer
of nanostructure. Also, all the coefficients and terms in Equations (5)—(8) such as nonlinear deflection,
displacement fields and curvatures, relations of Gurtin—-Murdoch surface/interface elasticity theory
and etc. can be found in full detail in references [11, 12, 19-22].

3. Governing equations

In this section, at first the governing equations of motion of the piezoelectric cylindrical nanoshell
are obtained by using the Hamilton’s principle. The total strain energy considering the surface stress
effect is expressed as:

1 JLJZTI{ Nxxea(c)x + N99836 + Nxe%?e +
T =—- —
2 0o Yo MxxKxx + MBGKBB + MxBKxB + 7733E22php
In Equation (9), the forces (N) and moment (M) resultants are defined in Hashemi Kachapi et al.
[20-22] for FCBNS.
The kinetic energy of the FCBNS may be written as:

}Rdedx. (©)
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T= ff{ < ?31; g:)z + (%—V:)2>}Rd9dx (10)
where

hy —hy hN+hp
sz dez+f ppdz+f ppdz + p¥' = 2pyhy + 2p,hy, + 2p5 + 2p!

—hy ~hn—hyp hy
Furthermore, the work done on the nano-shell by the viscoelastic medium, electrostatic force and
the external harmonic excitation, respectively, can be expressed as [16, 23]

—_fozn{f KW K,V?w + C,, Z—)dw}Rd@dx (11)
o /o o
L 2| ,w nYVgc
= d déd
W j j fo JO=w)ZR +b —w) [cosh~1 (1 + ”‘TW)]Z R "
L r2m w
Wy =f0 fo {fo (fcoswt)dw}Rdde (13)

where all the coefficients and terms appearing in Equations (11)—(13) can be found in references [20-
22]. Also, the external work of the fluid can be expressed as [24]:

1 L 21
= —j j Ffluid w RdOdx

0w 20%w \
o —pfAf < +2(VCF X Vyyyy Sllp) PR i~ (VCF X Vyo—siip) 5z (14)
f f Pw 3w Pw  PPw w Rdfe
thds (a 29 + kzagzar + (VOF X Vno-sip) <ax3 * R26x692>)
The equations of motion and corresponding boundary conditions of the VFBNS can now be derived
as follows:
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(17)

63



Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

And the boundary conditions are:

1

Su=0 or Nyn,+ = Nxomo = 0, (18)
1

Sv=0 or Ngn,+ ENggng =0, (19)

aMxx 1 ang ow ng aW)
w=0 or (ZE4 gt M+ ) 20)
n (1 ang n 1 aMgg n ng ow " Ngg aW) —0
R ox 'RZ 90 ' R ox Rz a0)"0 "

ow B 1 _

a—x =0 or Mxxnx + Engng = 0, (21)

ow 1

% =0 or EngTlx + ﬁMggng =0, (22)

Therefore, in this paper, the assumed mode method is used to obtain the equations of motion using
Euler—Lagrange method. Using the strain and kinetic energies Egs. (9) and (10) and also work done
on the nano-shell from Egs. (11-14), the following dimensionless parameters can be obtained.
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P Apwhy T Aphy" Y T Ay b Ay T pyhy
]* _ ]11p ~ % _ G;{lN * _ Gllp N N;pVO AT NepVO nIx M;pVO
1y Pthzv’ 1y ,0th3§/’ e Pth%/' o Ay’ or Ajy ' P Ajinhy
_ MngO TS L L h'N 1 _ hp 1 (23)
) Im _Im _Fm I = ) = _Im = )
op Apivhy A1y °T R hy >R R’P R 2pyhy
h A — W —_ K,L*> _ K _ C,, Q12
m4=_p,'l'= %:Qt}ﬂ:—, w = w ’sz P ,CW= w 2
hy 2pyhyL Q mzAj1n mgAiin mzAjn
_ Pr  _ 2pyhy Uy 2hy — Vbe
= ,Uur = (VCF XV, _ ’—, — ) )
! mspy ! ( e Sllp) AN ! ms | pnAiinL? ¢ Vo
7= V, — _mmiVgY _  fI?
POV mgApy A11Nm3hN2’

Here, 1, is a reference voltage, set to 1 V throughout this study [16].

In the current study, the electrostatic force Equation (9) can be expressed as a polynomial form
that is solved by nonlinear curve-fitting problem of Isqcurvefit function in Matlab Toolbox using least-
squares. Therefore, the dimensionless electrostatic work can be written as follows [19-22]:

L 27
VVe - -f _f {Fe(VDC + VAC COS(@T))Z(C_‘l + C_'zlA_/ + C_‘3W2 + -+ C_'nwn_l)w} d@df (24)
0 J0
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where C; — C,, are constants. In according to the mentioned statement and the results obtained in
this field, the nonlinear term of electrostatic force is close to the exact solution for polynomial
function with the order three and greater.

4. Solution procedure

In this section, by applying the assumed mode method, the in-plane, transverse and shear
deformations can be expressed as general coordinates and mode shape functions that satisfy the
geometric boundary conditions, as follows [25]

u(x, 6,t) My N[ [ume(®) cos(0) + up js(T) sin(O) | xm; (€)
v(x,0,t)| = [vm,j,c(T) sin(j@) + vm,j,s(T) COS(jQ)]¢mj €3]
W(X, 9’ t) m=1j=1 [Wm,j,c(r) COS(iH) + Wm,j,s(T) Sin(ie)]ﬁmj(f) (25)
Mz Um0 (T) Xmo (§) Mzt MixXN [y (1) 3 (§)9;(6)
D ro@m@ = > @O ®),
m=1|Wp, o (D) Bmo(§) (irs=1 |ws(1)Bs(§)Ps(6)
Using dimensionless strain and kinetic energies, Egs. (9) and (10), and also dimensionless applied
works, Egs. (11-14), and applying Lagrange- Euler equations, the equation of motion is written to the
following form:

[ + (O + [OLHE) + (ORI} + [(VL)¥1%) = [y, (26)
[N} + [CORIE} + [(KOSHw} + [OYH) + [N = [y, (27)
(GO} + [(OWIY + (ORI} + (ORI} + [(K)Y — Foo (K1) (28)

+ [(ND)y l{wa} + [((NL)Y,1{wo} + [((NL)y, — Foz (NLy )W 1{w?}
+[(NL)$3 - Fe4(NLSe)w]{W3} = [Fwe] + [pr] + [FCOSQT]:

where (M), (¢) and (K) are the mass, damping and linear stiffness matrices. (NL)y,(NL)Y, and
(NL)y, are the second-order nonlinear stiffness matrices and (NL)y,5 is the third-order nonlinear
stiffness matrix. Also, K,, NL,, and NL3, are the linear stiffness, second and third order nonlinear
stiffness matrices for electrostatic force expansion, respectively. Also, Fup, F"vp and pr are the
applied loads — piezoelectric voltage and surface stress. All coefficients of mass, stiffness, linear and
nonlinear terms and applied loads of Egs. (26) - (28) are presented by Hashemi Kachapi [20-22].

5. Results and Discussions

A verification study is presented in the work by Hashemi Kachapi et al. [19-22] with full details for
single-walled (SW) and double-walled (DW) piezoelectric nanostructures. In this section, the effect
of different material, structural and excitations parameters on dimensionless natural frequencies
(DNF), critical fluid velocity, nonlinear vibration and stability analysis of piezoelectric biomedical
nanosensor conveying viscous fluid (bloodstream) are investigated using surface/interface effects. In
order to simplify the presentation, CC, SS, CS and CF represent clamped edges, simply supported
edges, clamped-simply supported edges and clamped-free edges, respectively. Furthermore, for
simplification of the surface effect, SE is represented. The surface and bulk material properties of Al
nano-shell and the PZT piezoelectric layer are shown in Tables 1 and 2, respectively [12].
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Table 1
Surface and bulk properties of Al [12]
Ey(GPa) Uy pn(kg/ m?) A'(N/m) p'(N/m) To(N/m) p'(kg/m?)
70 0.33 2700 3.786 1.95 0.9108 5.46 x 1077
Table 2
Surface and bulk properties of PZT-4 [12]
C11,(GPa) Cy2p(GPa) C12,(GPa) Cy15(GPa) Cosp(GPa) E,(GPa)
139 139 77.8 77.8 30.5 95
Up Ppkgm™)  133,(107° F/m) A(N/m) pE (N /m) 75 (N/m)
0.3 7500 891 4.488 2.774 0.6048
es1p(C/m?) e32p(C/M?) e31p(C/m) e3,p(C/m) pS(kg/m?)
—5.2 —-5.2 —-3x%x10°8 -3x1078 5.61x107°

The remaining geometric parameters for bulk and surface of VFBNS used in the following cases
are shown in Table 3 [23].

Table 3
Material and geometric parameters
R(m) L/R hy/R h,/R b/R C,(N.S/m)
1x107° 10 0.01 0.005 0.1 1x107°
K, (N/m?) Kp(N/m) ) Vo Vpe(V) Vac(V)
8.9995035 x 1017 2.071273 1x 1073 1 3 2

Hr(pa.s) pr(kg/m?) ur(m/s) F(N)
3x 1073 1060 50 100

Dimensionless natural frequencies (undamped Q,, and damped Q) versus dimensionless fluid
(bloodstream) velocity Uiy are presented in Figures 2-8 with respect to different material, structural
and excitations parameters for stability analysis and estimation of critical fluid velocity of a SS
piezoelectric biomedical nanosensor with V. = 5 and F = 1.5 x 1072, As shown in these figures,
the frequency decreases as the flow velocity increases. In following, the nonlinear vibration and
stability analysis of piezoelectric biomedical nanosensor using numerical method based on the arc-
length method is investigated. In this section, the effect of fluid velocity @y, different boundary
conditions, direct voltage V;, excitation force F and piezoelectric voltage I7p will be discussed based
on the frequency response of VFBNS.

The development of dimensionless frequency Q versus fluid velocity uy of the piezoelectric
biomedical nanosensor for different boundary conditions (SS, CC and CS) is shown in Figure 2. It can
be seen that for all boundary conditions, the natural frequenciy decreases with the increasing fluid
velocity. Also, due to the system softening in SS boundary condition and the low natural frequency,
VFBNS is at a lower critical fluid velocity than it is the case with the other boundary conditions. The
systems with the CS and CC boundary conditions have higher critical fluid velocity due to being softer.
For the zero natural frequency, VFBNS becomes unstable and this physically implies that the VFBNS
losses its stability due to the divergence via a pitchfork bifurcation.

The effect of length-to-small radius ratio (L/R) on the dimensionless natural frequency (1,, versus
dimensionless fluid velocity us for SS piezoelectric biomedical nanosensor is illustrated in Figure 3. It
is evident that the natural frequency decreases with increasing L/R and as a result, the critical fluid
velocity of the VFBNS increases with the increasing L /R ratio. As can be seen, the critical fluid velocity
corresponding to the lowest investigated value of L/R = 3 is smaller than for the remaining
investigated values of this ratio. This physically implies that first the VFBNS in L/R = 3 losses its
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stability due to the divergence via a pitchfork bifurcation. The reason is that a higher L /R ratio leads
to decrease in the VFBNS stiffness, and cause a lower natural frequency of VFBNS.

0.1

0.08

= 0.06
'S

0.04

0.02

Fig. 2. The DNF (Q,,) versus fluid velocity uy of VFBNS for different boundary conditions

0.2

0.16

0.12 E
'
0.08 B
0.04 B
N B . .
0 5 10 15 20
uf

Fig. 3. The DNF ((,,) versus fluid velocity Uy of SS VFBNS for different values of L/R ratio

Figure 4 illustrates the effect of shell thickness to small radius ratio hy /R on dimensionless natural
frequencies Q,, versus dimensionless fluid velocity ur for the SS piezoelectric biomedical nanosensor.
It can be seen that with the increasing nanoshell stiffness ratio (hy /R), the natural frequency Q,, and
the critical fluid velocity iy decrease. Also, the critical fluid velocity corresponding to the higher value
of hy /R = 0.05 is smaller than for the remaining investigated values of this ratio. This physically

implies that first the VFBNS in hy /R = 0.05 losses its stability due to the divergence via a pitchfork
bifurcation.
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Fig. 4. The DNF versus fluid velocity u; of SS VFBNS for different values of hy /R ratio

The effect of piezoelectric thickness to small radius ratio (h,/R) on dimensionless natural
frequencies £, versus dimensionless fluid velocity Uy is presented in Figure 5. It can be seen that
unlike the previous results for hy /R ratio, in this case with the increasing h, /R ratio, the DNF and
the critical fluid velocity @y increase. Also, the critical fluid velocity corresponding to the lower value
of hp/R = 0.005 is smaller than for the remaining investigated values of this ratio. This physically
implies that first the VFBNS in hp/R = 0.005 losses its stability due to the divergence via a pitchfork
bifurcation.

0-1 e T T T T T T
0.09} \ .
0.098
0.08 0.097 i
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= h_/R=0.08
0.02 = = hp/Rzﬂl e
0.01 :
0 1 1 1 1
(1] 2 4

Fig. 5. The DNF (£,,) versus fluid velocity Uy of SS VFBNS for different values of h,, /R ratio
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Figure 6 presents the effect of surrounding medium on dimensionless damped natural frequencies
Q, with respect to the dimensionless fluid velocity Ug. As can be seen, five medium assumptions in
this work are: with all visco-medium (K, + K, + C,), without visco-Winkler (K,, = C,, = 0),
without visco-Pasternak ( K, = C,, = 0), without Winkler-Pasternak ( K,, = K,, = 0) and without all
visco-medium (K, = K, = C,, = 0). It can be observed, when all visco-medium (K,, + K, + Cy)
is considered, the critical velocity has the maximum values. In this case, the DNF also has the
maximum value. This result indicates that the system is not very sensitive to the damping coefficient.
Also, it is worth mentioning that DNF and critical velocity in Pasternak foundation are larger than DNF
and critical velocity predicted by Winkler foundation. This is due to the fact that the Winkler
foundation accounts for the effect of the normal stress of the elastic medium, whereas Pasternak
elastic foundation accounts for the effect of the tangential and normal stresses of the elastic medium.
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Fig. 6. The DNF (Q,,) versus fluid velocity Uy of SS VFBNS for different cases of visco-medium

The effect of piezoelectric voltage Vp on dimensionless natural frequencies Q, versus
dimensionless fluid velocity u; for SS piezoelectric biomedical nanosensor is illustrated in Figure 7.
As shown in this figure, with the increasing 17;0, the natural frequency Q,, and the critical fluid velocity
Uy also increase. This is presumably because the increasing piezoelectric voltage increases the
nanoshell stiffness. Also, the critical fluid velocity corresponding to the lower value of Vp =0is
smaller than for the remaining investigated values of this ratio. This physically implies that first the
VFBNS in I7p = 0 losses its stability due to the divergence via a pitchfork bifurcation.
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Dimensionless natural frequencies £, versus dimensionless fluid velocity uy for SS piezoelectric
biomedical nanosensor with and without surface/interface energy effects are shown in Figure 8.
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Fig. 8. Surface/interface energy effects on the DNF (Q,,) versus fluid velocity Uy of SS VFBNS

It is obvious that the most important parameters influencing the natural frequencies and fluid
velocity are surface/interface density (pPS, p¥' ). Regardless of these parameters (or for lower values
of the parameters), due to the higher stiffness of VFBNS, the critical fluid velocity is higher than for
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the remaining parameters and the system losses its stability due to the divergence via a pitchfork
bifurcation, but the system also has the maximum natural frequency in this case. Also, in the case
without the S/I effects, VFBNS has greater DNF than in the case with the S/I effects and smaller than
in the case without surface/interface density. From this result it can be concluded that by changing
the surface/interface densities, and thus increasing or decreasing the system stiffness, the resulting
DNF can be lower or greater compared to the model that neglects the S/I effects. Also, in all cases,
with increasing iy, the natural frequency decreases.

The effect of dimensionless fluid velocity 4y on nonlinear frequency response of SS piezoelectric
biomedical nanosensor with V. = 5 and F = 1.5 X 102 is illustrated in Figure 9. The results show
that with the increasing fluid velocity iy, due to the decreasing VFBNS stiffness, the resonance

frequency Q decreases and the oscillation amplitude increases. The system displays softening-type
nonlinear behavior with two saddle-node bifurcations.
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Fig. 9. The effect of fluid velocity &y on nonlinear frequency response of SS VFBNS

The nonlinear frequency responses and stability analysis of the VFBNS with Vp. =5, F =
1.5 x 102 and ur = 1is presented in Figure 10 for different boundary conditions (SS, CC, CS and CF)
and with all surface/interface effects accounted for. It can be seen that the CC boundary condition
has the highest resonance frequency and the SS boundary condition has the highest resonance
amplitude. In both cases (CC and CS), the amplitude of the resonance frequency and the type of
system behavior (softening) as well as the range of instability are approximately the same and they
are not much sensitive to the boundary conditions. Also, CF boundary condition is stable in all
resonance frequencies and has a smaller resonance frequency and the amplitude compared to other
boundary conditions.

In Figure 11, the effect of different direct electric voltage V. on the nonlinear frequency response
and stability analysis of SS VFBNS is shown. The results show that with the increasing V¢ voltage, the
oscillation amplitude also increases. Moreover, due to the increasing amplitude of the DC voltage

(and, hence, the increasing amplitude of the static deflection), the system displays softening-type
nonlinear behavior with two saddle-node bifurcations.

71



Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

25 T T T T T T T T T
20 .
15+ 8
=
o
\ . o A R chat ek B R I e |
0 1 L L 1 i Al 1 L
3 10t 1.31 1.311 1.312 1.313 1.314 1.315 1.316 i
CF Stahle Unstahble
334 I S
2 -
5 L 1.5 - _
1
0.5
I/ 0.6668 D.667
0...............|W‘F....1....T....|J...."|‘
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Q
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The effect of the excitation force F on the nonlinear frequency response and stability analysis of
SS VFBNS with Vp. = 20 and ur =1 is presented in Figure 12. The results show that with the
increasing dimensionless excitation F, the amplitude and the range of the VFBNS system's instability
also increase with saddle-node bifurcations. Also, with the increasing range of instability and nano
shell stiffness, the nonlinear softening behavior becomes more proncounced+.

72



Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

e e F=se-2 |1

G0 Lo bR | F=1.5e-2 |1

= : : \\;’;" E” E=2e-2 1

] S oo %gﬁbuuu-uuuué**F=392 i
~ : : AT : :

) 6 . S— RAN_— —

Fig. 12. The effect of excitation force F on the nonlinear frequency response and stability analysis of SS

o —

Q

VFBNS

The effect of electrostatic excitation (V) and harmonic excitation (F) on the nonlinear softening
and hardening behavior of SS VFBNS is presented in Figure 13. The results show that, with the
electrostatic force accounted for, the system is softened and moved to the left, while, if only the
harmonic excitation is accounted fort, the softness of the SS VFBNS is reduced and tends to move to
the right, implying that it exhibits hardening behavior. So, we conclude that the electrostatic force,
which is a consequence of voltage DC, is the cause of nonlinear softening behavior of SS VFBNS.
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Finally, Figure 14 presents the effect of the piezoelectric voltage 1, with Ve = 20, F = 1.5 x 1072
and Uy = 1 on the nonlinear frequency response and stability analysis of SS VFBNS. It can be seen
that, as the piezoelectric voltage Vp increases, the resonance frequencies, static deformation and the
oscillation amplitude of the VFBNS also increase and the instability occurs with a saddle-node
bifurcation type accompanied by nonlinear softening-type behavior. Also, it is clear from the results
that the piezoelectric voltage influences the resonant frequency and static deformation but has no
significant effect on the nonlinear behavior and bandwidth.
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6. Conclusion
In the current study, nonlinear vibration and stability analysis of piezoelectric biomedical
nanosensor (VFBNS) conveying viscous fluid based on cylindrical nanoshell is investigated using the

Gurtin—Murdoch surface/interface theory. This piezoelectric nanoresonator is simultaneously

subjected to visco-pasternak medium, electrostatic and harmonic excitations. For this purpose, the

Hamilton’s principle, the assumed mode method combined with Euler — Lagrange and also Complex

averaging method combined with arc-length method are used to derive the governing equations,

boundary conditions and also to investigate the effect of different material, structural and excitations
parameters on dimensionless natural frequency, critical fluid velocity, nonlinear vibration and
stability of piezoelectric biomedical nanosensor.

The following conclusions are deduced from this study:

e In all boundary conditions, natural frequencies decrease with the increasing fluid velocity. Also,
due to the system softening in SS boundary condition and low natural frequency, VFBNS is at a
lower critical fluid velocity than for other boundary conditions. Upon the SS boundary condition,
the CS and CC boundary conditions, respectively, reach the zero or critical fluid velocity.

e For zero natural frequency, VFBNS becomes unstable and this physically implies that the VFBNS
loses its stability due to the divergence via a pitchfork bifurcation.
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e Natural frequencies decrease with increasing L/R and as a result, the critical fluid velocity of the
VFBNS increases. The reason is that a higher L/R ratio leads to decrease in the VFBNS stiffness,
and, thus, cause lower natural frequencies of VFBNS.

e With the increasing nanoshell stiffness ratio (hy/R), the natural frequency Q,, and the critical
fluid velocity u; decrease.

e With the increasing h, /R ratio, the DNF and the critical fluid velocity 7 increase.

e When all visco-medium is considered, the critical velocity has the maximum values. In this case,
the DNF also has the maximum value. This result indicates that, in all the considered cases, the
system is not very sensitive to the damping coefficient.

e DNF and critical velocity in Pasternak foundation are larger than DNF and critical velocity
predicted by Winkler foundation. This is due to the fact that the Winkler foundation accounts for
the effect of the normal stress of the elastic medium, whereas Pasternak elastic foundation
accounts for the effect of the tangential and normal stresses of the elastic medium.

e With increasing I7p, the natural frequency Q,, and the critical fluid velocity Uy also increase. This
is presumably because the increasing piezoelectric voltage increases the nanoshell stiffness.

e The most important parameters influencing natural frequencies and fluid velocity are the
surface/interface density (p?5, pV! ). Regardless of these parameters, due to higher stiffness of
VFBNS, the critical fluid velocity reaches zero value faster than when compared to the system
accounting for the remaining parameters. The system loses its stability, but has the maximum
natural frequency in this case.

e In the case without the S/I effects accounted for, VFBNS has DNF greater than the case with S/I
effects and smaller than the case without surface/interface density.

e By changing the surface/interface densities, and thus increasing or decreasing the system
stiffness, the DNF can be lower or greater compared to the system not accounting the S/I effects.

e With increasing fluid velocity s, due to decreasing VFBNS stiffness, the resonance frequency Q
decreases and the oscillation amplitude increases.

e The CC boundary condition has the highest resonance frequency and the SS boundary condition
has the highest resonance amplitude. In both cases (CC and CS), the amplitude of the resonance
frequency and the type of system behavior (softening) as well as the range of instability are
approximately the same. The CF boundary condition is stable in all resonance frequencies and
has the minimum resonance frequency and amplitude compared to the other boundary
conditions.

e With increasing V. voltage, the oscillation amplitude increases. Moreover, due to increasing
amplitude of the DC voltage, the system displays softening-type nonlinear behavior with two
saddle-node bifurcations.

e With increasing dimensionless excitation F, the amplitude and the range of the VFBNS system's
instability increase with saddle-node bifurcations.

e |f the electrostatic force is accounted for, the system is softened and moved to the left, while if
only the harmonic excitation is accounted for, the softness of the SS VFBNS is reduced and, hence
it tends to move to the right and exhibits hardening behavior. So, we conclude that the
electrostatic force duo to the voltage DCis the cause of nonlinear softening behavior of SS VFBNS.

e As piezoelectric voltage I7p increases, the resonance frequencies, static deformation and the
oscillation amplitude of the VFBNS increase and instability occurs with saddle-node bifurcation
type and nonlinear softening-type behavior.

75



Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

Author Contributions

Conceptualization, Methodology, Software, Writing, S.H.H.K.; Supervision, Writing - Review &
Editing, Validation, Project administration, S.G.H.K. All authors have read and agreed to the published
version of the manuscript.

Funding
This research received no external funding.

Data Availability Statement
Not applicable.

Conflict of interest
The authors report no conflict of interest.

Funding Acknowledgement
This research received no specific grant from any funding agency in the public, commercial, or not-
for-profit sectors.

References

(1]
(2]
(3]

(4]

(5]

(6]
(7]

(8]
[0l
(10]
(11]

(12]

[13]

(14]

Rama, G., Marinkovic, D.Z., & Zehn, M.W. (2017). Linear shell elements for active piezoelectric laminates. Smart
Structures and Systems, 20(6), 729-737. https://doi.org/10.12989/ss5.2017.20.6.729.

Duan, W.H., Wang, Q., & Quek, S.T. (2010). Applications of Piezoelectric Materials in Structural Health Monitoring
and Repair: Selected Research Examples. Materials, 3, 5169-5194. https://doi.org/10.3390/ma3125169.

Ganiji, D. D., & Hashemi Kachapi, Sayyid Habibollah (2015). Application of Nonlinear Systems in Nanomechanics and
Nanofluids: Analytical Methods and Applications (Micro and Nano Technologies), New York: Elsevier.

Madunuri, C. S., Veena, E., Nagasamudram, S. K., Kadiyala, C. B. N., Mallikarjuna, A., & Basha, B. (2022). A Review
on Piezoelectric Materials and Their Applications. Crystal Research and Technology, 58(2), 2200130.
https://doi.org/10.1002/crat.202200130.

Mili¢, P., Marinkovi¢, D., Klinge, S., & Cojbasi¢, Z. (2023). Reissner-Mindlin Based Isogeometric Finite Element
Formulation for Piezoelectric Active Laminated Shells. Tehnicki Vjesnik, 30(2), 416 - 425.
https://doi.org/10.17559/TV-20230128000280.

Mousavi, S.M., Hashemi, S.A., Zarei, M., Amani, A.M., & Babapoor, A. (2018). Nanosensors for Chemical and
Biological and Medical Applications. Medicinal Chemistry, 8, 205-217. https://doi.org/10.4172/2161-0444.1000515.
Hashemi Kachapi, S.H., Dardel, M., Mohamadi daniali, H., & Fathi, A. (2019). Pull-in instability and nonlinear vibration
analysis of electrostatically piezoelectric nanoresonator with surface/interface effects. Thin-Walled Structures, 143,
106210. https://doi.org/10.1016/j.tws.2019.106210.

Mosayebi, R., Ahmadzadeh, A., Wicke, W., Jamali, V., Schober, R., & Nasiri-Kenari, M. (2018). Early Cancer Detection
in Blood Vessels Using Mobile Nanosensors. arXiv 1805.08777. https://doi.org/10.48550/arXiv.1805.08777.
Chatterjee, K., Sarkar, S., Rao, K. J., & Paria, S. (2014). Core/shell nanoparticles in biomedical applications. Advances
in Colloid and Interface Science, 209, 8-39. https://doi.org/10.1016/j.cis.2013.12.008.

Choi, Y.E., Kwak, J.W., Park, J.W. (2010). Nanotechnology for Early Cancer Detection. Sensors, 10(1), 428-455.
https://doi.org/10.3390/s100100428.

Gurtin, M.E., & Murdoch, A.l. (1978). Surface stress in solids. International Journal of Solids and Structures, 14,431—
440. https://doi.org/10.1016/0020-7683(78)90008-2.

Fang, X.Q., Zhu, C.S., Liu, J.X., & Zhao, J. (2018). Surface energy effect on nonlinear buckling and postbuckling
behavior of functionally graded piezoelectric cylindrical nanoshells under lateral pressure. Materials Research
Express, 5(4), 045017. https://doi.org/10.1088/2053-1591/aab914.

Zhu, C.S., Fang, X.Q., & Liu, J.X. (2017). Surface energy effect on buckling behavior of the functionally graded nano-
shell covered with piezoelectric nano-layers under torque. International Journal of Mechanical Sciences, 133, 662—
673. https://doi.org/10.1016/j.ijmecsci.2017.09.036.

Ghorbanpour Arani, A., Amir, S., Dashti, P., & Yousefi, M. (2014). Flow-induced vibration of double bonded visco-
CNTs under magnetic fields considering surface effect. Computational Materials Science, 86, 144-154.
https://doi.org/10.1016/j.commatsci.2014.01.047.

76


https://doi.org/10.12989/sss.2017.20.6.729
https://doi.org/10.3390/ma3125169
https://www.researchgate.net/profile/Chandra-Madunuri?_sg%5B0%5D=HlLCMs3zfSj62wR4wwKHzCDSB95k4JY7MIaNKAPE0djRoDZaB_JW3vSwNwXRZNjfrcYa2Q4.dtVZDp1wNlITZFavfsXPSrlQKfRSLPiz0x0cxLG7dOcXZb1au3HeiJJo1KV_sQNgNDli1DbjduOF9lkj7-jLMw&_sg%5B1%5D=00a8P34FjY6u610s6L_HVeA2EXigMtU97cgHCX6wjLj0SEK9xYuhQCe8hzGq_8N0bXOws5k.COEXL41InBH-PT4tJ0uNJz4eb8s5vq0ghFUXasWwu9TwI0KgmL0vtTDMquqV0IIQWwN1srjqTxoaZYEp1ajqFA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://onlinelibrary.wiley.com/authored-by/Veena/Eshwarappa
https://www.researchgate.net/profile/Suresh-Kumar-Nagasamudram?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/profile/Chandra-Babu-Naidu-Kadiyala?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://onlinelibrary.wiley.com/authored-by/Naidu/Kadiyala+Chandra+Babu
https://onlinelibrary.wiley.com/authored-by/Mallikarjuna/Allam
https://www.researchgate.net/profile/Baba-Basha?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://onlinelibrary.wiley.com/authored-by/Basha/Dudekula+Baba
https://www.researchgate.net/journal/Crystal-Research-and-Technology-1521-4079?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.1002/crat.202200130
https://doi.org/10.17559/TV-20230128000280
https://doi.org/10.4172/2161-0444.1000515
https://doi.org/10.1016/j.tws.2019.106210
https://doi.org/10.48550/arXiv.1805.08777
https://doi.org/10.1016/j.cis.2013.12.008
https://doi.org/10.3390/s100100428
https://doi.org/10.1016/0020-7683(78)90008-2
http://iopscience.iop.org/journal/2053-1591
http://iopscience.iop.org/journal/2053-1591
https://doi.org/10.1016/j.ijmecsci.2017.09.036
javascript:void(0)
javascript:void(0)
https://doi.org/10.1016/j.commatsci.2014.01.047

Spectrum of Mechanical Engineering and Operational Research
Volume 2, Issue 1 (2025) 59-77

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

Ansari, R., Gholami, R., Norouzzadeh, A., & Darabi, M.A. (2015). Surface Stress Effect on the Vibration and Instability
of Nanoscale Pipes Conveying Fluid Based on a Size-Dependent Timoshenko Beam Model. Acta Mechanica Sinica,
31, 708-719. https://doi.org/10.1007/s10409-015-0435-4.

Farokhi, H., Paidoussis, M.P., & Misra, A. (2018). Nonlinear behaviour of cantilevered carbon nanotube resonators
based on a new nonlinear electrostatic load model. Journal of Sound and Vibration, 49, 604-629.
https://doi.org/10.1016/j.jsv.2017.09.003.

Pourkiaee, S.M., Khadem, S.E., Shahgholi, M., & Bab, S. (2017). Nonlinear modal interactions and bifurcations of a
piezoelectric nanoresonator with three-to-one internal resonances incorporating surface effects and van der Waals
dissipation forces. Nonlinear Dynamocs, 88, 1785-1816. https://doi.org/10.1007/s11071-017-3345-0.

Sahmani, S., Aghdam, M.M., & Bahrami, M. (2017). Nonlinear buckling and postbuckling behavior of cylindrical shear
deformable nanoshells subjected to radial compression including surface free energy effects. Acta Mechanica Solida
Sinica, 30, 209-22. https://doi.org/10.1016/j.camss.2017.02.002.

Hashemi Kachapi, S.H. (2023). Nonlinear vibration response of piezoelectric nanosensor: influences of
surface/interface  effects.  Facta  Universitatis-Series ~ Mechanical ~ Engineering,  21(2),  259-272.
https://doi.org/10.22190/FUME210612064K.

Hashemi Kachapi, S.H. (2022). Surface/interface approach in pull-in instability and nonlinear vibration analysis of
fluid-conveying piezoelectric nanosensor. Mechanics Based Design of Structures and Machines, 50(3), 741-766.
https://doi.org/10.1080/15397734.2020.1725566.

Hashemi Kachapi, S.H. (2021). Vibration analysis of multi walled piezoelectric nanoresonator conveying fluid flow:
influences of surface/interface energy and walled number effects, Journal of Applied Mathematics and Mechanics
(Zeitschrift far Angewandte Mathematik und Mechanik), 101(2), €201900335.
https://doi.org/10.1002/zamm.201900335.

Hashemi Kachapi, S.H. (2020). Fluid-conveying piezoelectric nanosensor: Nonclassical effects on vibration-stability
analysis.  Structural Engineering and Mechanics, An International Journal, 76 (5), 619-629.
https://doi.org/10.12989/sem.2020.76.5.001.

Ghorbanpour Arani, A., Kolahchi, R., & Hashemian, M. (2014). Nonlocal surface piezoelasticity theory for dynamic
stability of double-walled boron nitride nanotube conveying viscose fluid based on different theories. Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering, 17(228), 3258-3280.
https://doi.org/10.1177/0954406214527270.

Wang, L., & Ni, Q. (2009). A reappraisal of the computational modelling of carbon nanotubes conveying viscous fluid.
Mechanics Research Communications, 7(36), 833—-837. https://doi.org/10.1016/j.mechrescom.2009.05.003.
Amabili, M. (2008). Nonlinear Vibrations and Stability of Shells and Plates. New York: Cambridge University Press.

71


https://doi.org/10.1007/s10409-015-0435-4
https://doi.org/10.1016/j.jsv.2017.09.003
https://doi.org/10.1007/s11071-017-3345-0
https://doi.org/10.1016/j.camss.2017.02.002
https://doi.org/10.22190/FUME210612064K
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjUvfurgZrpAhWyQhUIHYSmAEoQFjABegQIEBAC&url=https%3A%2F%2Fonlinelibrary.wiley.com%2Fjournal%2F15214001&usg=AOvVaw2DqPWncTFmiKcXbs1Xlo57
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjUvfurgZrpAhWyQhUIHYSmAEoQFjABegQIEBAC&url=https%3A%2F%2Fonlinelibrary.wiley.com%2Fjournal%2F15214001&usg=AOvVaw2DqPWncTFmiKcXbs1Xlo57
https://doi.org/10.1002/zamm.201900335
https://doi.org/10.12989/sem.2020.76.5.001
https://doi.org/10.1177/0954406214527270
https://www.sciencedirect.com/journal/mechanics-research-communications
https://doi.org/10.1016/j.mechrescom.2009.05.003

