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Vibration analysis and pull-in instability behavior in multi walled piezoelectric
nano-sensor with fluid flow conveyance: influences of surface/interface energy
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* Department of Mechanical Engineering, Babol Noshirvani University of Technology,
P.0.Box484, Shariati Street, Babol, Mazandaran47148-71167, Iran

Abstract

In this work, surface/interface effects for pull-in voltage and viscous fluid velocity effects on
dimensionless natural frequency (DNF) of fluid-conveying multi walled piezoelectric nanoresonator
(FC-MWPENS) based on cylindrical nanoshell is investigated using the Gurtin—-Murdoch
surface/interface theory. The nano-sensor is embedded in viscoelastic foundation, nonlinear van der
Waals and electrostatic forces. Hamilton’s principle is used for deriving of the governing equations
and boundary conditions and also the assumed mode method is used for changing the partial
differential equations into ordinary differential equation. The influences of the surface/interface effect
such as Lame’s constants (A", u5), residual stress (r(’)'s), piezoelectric constants (e,j’l‘p, e,j’z‘p) and

mass density (p’*) are considered for analysis of dimensionless natural frequency respect to viscous
fluid velocity %y and pull-in voltage Vpc of FC-MWPENS.

Keywords: fluid-conveying multi walled piezoelectric nano-sensor; surface/interface effect; pull-in
voltage; stability analysis; viscous fluid velocity; electrostatic excitation; van der Waals force.

Nomenclature: Notation and symbols

symbols Description symbol Description
hyn Thickness of nanoshell (NS) h,, | Piezoelectric layer thickness
L piezoelectric nanoshell Length E,, | Young modulus of piezoelectric layer
R, The mid-surface radius Upn Poisson ratio of piezoelectric layer
X Axial direction Pp Mass density of piezoelectric layer
0 Circumferential direction e31pn, €3] Piezoelectric constants
z Radius direction N3spn | Dielectric constant
Enn Young modulus of nanoshell Skn | Piezoelectric inner and outer surface
Unn Poisson ratio of nanoshell ASkn, 1Skt Lame’s constants of piezoelectric layer
Pnn Mass density of nanoshell E,, | Electric field
lin Nanoshell Inner and outer | D,,, | Electric displacement
surface
Ak yke1 Lame’s constants of nanoshell Tgkn Residual stress of piezoelectric layer
T(I)"(”) Residual stress of nanoshell e;’;pn, e;| Surface piezoelectric constants
plkm Nanoshell interface mass density | p*k™ | Piezoelectric surface mass density
Cijnn | Elastic constant of nanoshell Cijpn | Elastic constant of piezoelectric layer
oijnn | Middle stress of nanoshell oijpn | Middle stress of piezoelectric layer
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Koy | Curvature components Von Piezoelectric voltage
g?x‘e),y)?a Middle surface strains m, | Total strain energy

u Displacement of x direction Ty, Total Kinetic energy

v Displacement of @ direction I, Mass moments of inertia

w Displacement of z direction C.» | Damping coefficient

4 Laplace operator K, | Winkler modulus

) Natural frequency K,, | Pasternak Shear modulus

M Total mass matrix W, | Total work

C Total damping coefficient K, Total stiffness matrix

F Loads by piezoelectric voltage b, The nano-sensor gap width
Vpne | direct electric voltage > L | Linear van der Waals coefficient
cNL | Nonlinear van der Waals

coefficient

1: Introduction

Nanomechanical sensors and actuators specially combined with piezoelectric materials are
widely used in modern engineering which have received considerable attention from researchers
around the world, due to their unique features and widespread applications [1-3]. On the other hand,
due to excessive use of nano-sensor, especially piezoelectric nano-sensor in vibration devices,
modeling their mathematical modeling and vibration behaviors are essential and due to experimental
observation, for the dynamics analysis and the mathematical modeling of these nano-structures, the
size dependent parameters should be contained in theoretical models. For this reason,
surface/interface elasticity, which was brought up by Gurtin and Murdoch, is taken into consideration
[4]. Also, multi walled nanoshell (MWNS) are structurally built by multi concentric single-walled
nanoshell (SWNS) and those mechanical properties are superior to the mechanical properties of
SWNS. As a result, MWNSs are preferred, in some applications such as nanoresonator.

Many studies have been carried out on the vibration and stability analysis of nanostructure
that some of them are reviewed here. Strozzi and Pellicano investigated vibration analysis of triple-
walled carbon nanotubes (TWNTS) subjected to the interlayer van der Waals (vdW) force in the
framework of the Sanders—Kaoiter shell theory [5]. Also, based on nonlocal cylindrical shell theory,
Ghorbanpour Arani et al. studied nonlinear vibration and instability of the double walled boron nitride
nanotubes [6]. Malihi et al. investigated the effect of nonzero initial conditions, nonlinear coefficient
of squeeze film air damping and van derails effect on the stability of torsional nanomirrors for
obtained dynamic pull-in instability voltage using the size effect [7]. Fakhrabadi et al. utilized the
modified couple stress theory to investigate the effects of various fluid parameters on pull-in voltages
of carbon nanotubes conveying- viscous fluid [8]. Also, vibration analysis of viscoelastic double-
walled carbon nanotube (DWCNT) unified with ZnO layers and subjected to magnetic and electric
fields are studied by Fereidoon et al. [9]. Recently, Hashemi Kachapi et al. presented Gurtin—Murdoch
surface/interface theory to investigate linear and nonlinear vibration analysis of piezoelectric
nanostructures [10-13]. Also, nonlinear buckling and postbuckling behavior of functionally graded
piezoelectric cylindrical nanoshells under lateral pressure are studied by Fang et al. using surface
energy effect [14]. Wang utilized surface strain gradient elasticity to study a meticulous solution to
the anti-plane shear problem of a circular elastic inhomogeneity [15]. Nami et al. utilized nonlocal
elasticity theory and trigonometric shear deformation theory to investigate static analysis of
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rectangular nanoplates [16]. The Gurtin—-Murdoch surface theory is presented by Sigaeva et al. to
stydy the universal model describing plane strain bending of a multilayered sector of a cylindrical
tube [17]. Karimipour et al. presented modified strain gradient theory (MSGT) and Gurtin—Murdoch
surface elasticity to investigate the size dependent nonlinear pull-in instability [18]. A new size-
dependent nonlinear model for the analysis of the behavior of carbon nanotube resonators is
introduced by Farokhi et al. based on modified couple stress theory [19]. Surface stress effect on the
vibration of cylindrical nanoshell according to the Gurtin- Murdoch theory is investigated by Rouhi
et al. [20]. Liu et al. utilized a new finite element method for modeling thin structures with surface
effects by using layered shell elements [21].

To the best knowledge of the author that surface/interface effect on pull-in voltage, viscous
fluid velocity effects and dimensionless natural frequency of multi walled piezoelectric nano-sensor
conveying viscous fluid based on cylindrical has not been studied yet. In the present study, the effect
of surface/interface parameters such as Lame’s constants (A"S,u"S), residual stress (z{°),

piezoelectric constants (eg’l‘p, e,j’z‘p) and mass density (p) are studied for analysis of dimensionless
natural frequency respect to viscous fluid velocity iy and pull-in voltage V. of FC-MWPENS that
subjected to direct electrostatic voltage DC with nonlinear excitation, nonlinear van der Waals force

and viscoelastic foundation.

2: Mathematical formulation

A schematic diagram of multi walled piezoelectric nano-sensor embedded with fluid-
conveying in inner layer and with two piezoelectric layers and viscoelastic foundation medium in
outer layer is shown in Figure 1 (a-c). The geometrical parameters of the cylindrical shell are the
length L, the mid-surface radius R,, with nanoshell thickness 2h,,, and coated by two piezoelectric
layers with total thickness 2h,, for the outer walled and also the mid-surface radius Ry, and
nanoshell thickness 2hy 1) for the other inner walled layers. All of the physical and geometrical

properties of the mentioned nanostructures for SWPENS can be seen in work done by Hashemi
Kachapi et al. in reference [11, 13].

Van der Waals force
R

Outermost
tube

(a) Hlustration of vdW forces between two adjacent tubes of a multiple shell cross section of a
multi walled carbon nanotube (MWCNT)
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(c) Modeling of last tube of MWCNT as a piezoelectric nano-sensor with surface/interface model
Fig. 1. Fluid-conveying multi walled piezoelectric nano-sensor

2-1: Non- classical Shell theory
Within the framework of Gurtin—Murdoch surface/interface elasticity theory, the normal stresses o,
and ogg can be written as [4, 10-14]

v 0.
= (N,p)¥zz(N,p)
Oxx(N,p) = Cll(N,p)gxx + ClZ(N,p)EOH - eBlpExp + . 1)
1 =vwp
v 0.
= (N,p)%zz(N,p)
Oeov,p) = Co1np)Exx T Coovp)€00 — €32pE0p + . (@)
I =vwp
Oxov,p) = Cos(n,p)Vx0: ©)
Where based on nonclassical continuum model, a,, is expressed as following
z 2°w 1 0*w 0*w
- - ps NI 4 & 7 N pSs NI\
Ogz = T, +7T + + , 4
ZZ hNn +hp2 (( 0 0 )(axz R2 692 (p p ) at2> ( )



In all following formulations, all of the piezoelectric parameters (the materials and geometrical
parameters) are neglected for first layer and to be zero and all of the materials and geometrical
parameters of nanoshell in the first layer are similar to the second layer of nanostructure.

Also all coefficients and phrases of Egs. (1)- (4) such as nonlinear deflection, displacement fields and
curvatures, relations of Gurtin—Murdoch surface/interface elasticity theory and etc. can be expressed
in full detail in reference [11-13].

2-2: Governing equations
In current section, the governing equations and boundary conditions of the MW piezoelectric

nanostructure are obtained by using the Hamilton principle. The total strain energy considering the

surface/interface effect is written as:

1 L (2w o hN+hp )
= —f f f O-LJNSU RdzdOdx + — -]- -]- -]- (O-ijpgij — EZPZDZp)Rdngdx
hy

21 21
f f (0;7€ij — EzpD;?) (R + hy + hp) dfdx + 5 f f 0, & (R—hy)dOdx (5)
_ 2n xxngxx + N99n899 + Nx@nyxe + Mxanxx + M@E)nKQG + MxGnKxG
Z ) R,dOdx
+r]33Ezphp

In Eq. (5), the forces (N) and moment (M) resultants are defined in reference Hashemi Kachapi et al.
[13] for SWPENS. And, as explained, all the sentences mentioned in reference [13] belong to the last
wall (in this article, the third wall), which is considered a nanoshell with two piezoelectric layers, and
in the other walls (in this article, the first and second walls) are not considered piezoelectric effects.
The kinetic energy of the FC-MWPENS can be written as:

o= [ () (%) (%)) ®
where

hy —hy hN+hp
I, = f py dz + f pp Az + f ppdz + p>' = 2pyhy + 2p,hy, + 2pP5 + 2pN
~hy ~hn—hp hn

The work done by the surrounded viscoelastic medium including the viscoelastic foundation and also
the nonlinear van der Waals interaction and the nonlinear electrostatic force for example for three
walled piezoelectric nano-sensor (TWPENS), respectively, can be expressed as [13, 22, 23]

2T ~Wy
Woaw = jj (Comwarzy W2 — wa) + Coity (12 (W2 — wy)3)dwy R, d6dx

2T Wy vdw(23) (ws —wy) + Cvlgiﬁv(zs) (w3 — wy)? (7
j j j 3\ | AWz Rdfdx
dw(12) (wy —wy) +C dw(12) (W, —wy) )



2T ~W3 RZ NL 3
J‘ J‘ f ( vdw(32) (W3 Wz) + C’wa(32) (W3 - Wz) )dW3 Rgdedx,

21 W3 a
w,, = — f f f Kws = Ky 72w + Gy =2) dwsRydbdx, ®)
Lop2m cws Y(Vpe +V, t))?
W, :J‘ J‘ f 1Y (Vpc + Vaccos(wt)) - > dws R3d0dx, (9)
J(bz = w3)(2R; + b — wy) [cosh1 (1 + 222))

Where all coefficients and phrases of Egs. (7)- (9) can be seen in reference [11-13]. Also, the external

work of the fluid can be written as [24]

1 L 21
= EJ j Ffluid w RdOdx
0 Yo
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By applying of following Hamilton’s principle
¢
f (8T, — 01y, + SWyp + Wygy, + 0w, )dt = 0, (11)
0

and substituting Egs. (5)- (10) into Eqg. (11), the governing equations of motion and boundary
conditions for FC-TWPENS respectively are obtained as follows;

S : aan iaNx9n= azun
" "9x 'R, 90 " at2’ (12)

s angn n 1 aNgn _ aZUn
n' Tox "R, 00 "otz (13)
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W' o2 TR oxo0 TRZ 902 R, " ax2 T ox ox | RZ 062

14
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Y (Vpe + Vyccos(wt))?
_ by —w: 2’
\/(bz - Wz)(ZRZ + b2 - Wz) [COSh 1 (1 + ZR_ZZ)]

where S, for the inner and outer layer, respectively, are:
$1= ~(Coawazy W2 = wi) + Coyay (W2 — w1)?),) (15a)
_Cvlaw(23)(w3 - WZ) - CNL

vdw(23) (ws —wy)?
R,
+ (R_> (Cveiwuz)(wz —wy) + Cvl(\;’zﬁvuz) (w, — W1)3)
2

R
(R_Z) (CdeW(32) (wz —w,) + Cv%ﬁv@z) (ws — W2)3)\
S; = 3 / (15¢)

) ows
+K,w3 — va w3 + CW?
and boundary conditions are obtained as follows:

S, = (15b)

1
6un =0 or annx + R_Nx9an = 0' (16)
n
1
§vp =0 or  NegnTy + = Npantg = 0, (17)
n
oM 1 Mg Own  Nyp 0wy
Swy =0 ( = — 22 =+ )
Wn or ax R, 00 T Nox ox + R, 00 /%
( 1 OMygn | 1 OMgy | Nygn 0w, = Ngn aWn) =0 -
R, Ox RZ 06 R, 0x R} 06 o=
owy, 1
= 0 or Myn,+ R_nMxanB =0, (19)
ow, 1
50 = 0 or R_n x6nMx + R—%Menne =0, (20)

The following dimensional parameters are also used to dimensionless equations of motion and

boundary conditions.
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In current study, the electrostatic force Eq. (9) can be expressed as a polynomial form that is solved

ms | pnAiinL? ’

by nonlinear curve-fitting problem of Isqcurvefit function in Matlab Toolbox using least-squares.

Therefore, the dimensionless electrostatic work can be written as follows [13]:

Lop2m cws C, + Cows + Csw3 -
w, =J j ] E(Vpe + Vac cos(@r))2< 1+ L2Ws _nf‘f/3>dv_\z3 R;dOd¢ (22)
o Jo Jo + -+ Cwg

2-3: Solution procedure
By using the following shear deformation and displacement in the assumed mode method [11-13]

u,(x,0,t) My N [um,j,c (1) cos(jO) + U, s(T) Sin(ie)])(mj €]
v (x,6,8) | = z [vm,j,c(T) sin(j6) + vm,j,s(T) COS(jH)]d)mj €] (23)
Wa(2,0,0]  m=1721 | [wy, ;o (1) €0S(6) + Wiy j5(7) SIn(8)] B (€)
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m=1|Wp, o (T)Bmo () (=1 |Wns(T)Bns(§)Pns(6)

And using dimensionless strain and kinetic energies Egs. (5) and (6) and dimensionless applied works
Egs. (7)- (9) and substituting of the Lagrange-Euler equations, the following reduced-order model of
the nonlinear equations of motion are obtained:

[(M)E]n{itn} + (MDY 1n{wn} + [(K)in{tn} + (K10 (D0} + [(K)Y Tn{wn} (24)

H(NL) Tn{We} = B,
[(MDT]n{Dn} + (DY 10 {Wn} + [EOT] {70} + [EOF]n{En} + [K)Y 1 {Wn}

[(NL)W]n]{W }= Fvn:

(25)

([0 + [KO] (3| G} + [} + [V} + (O 1 {T0) (26)
ORI — Fea (KDY ()

Ry
Ry,

+(-D"q, > Coaw(tn-1yn) [EOWEIW} = [CFOWE{W,-13)

) Comw(ntns 1) (O W1} = (KO0 (W)

[
+(=1D"q; (
(

= m
R3_1> 1(6 >< VLG5I = 3TVL) ] W W )
Rn vaw(=0m)J\ 4 3[(NL) I w Wiy — [(NLYS 13y

o (B \" (am (VL8] W3 sy = BINLY BRI WE 1 W
+(=1"q; (Cvdw(n(n+1))) vdw vdw
+3[(NL)w7n]Wn+1Wn [(NL)WSTI]WTI
+HINLYY W tin} + [(NLYS 1w, 9} + [(NL)W, — Fes(NLye)wl{ws}
+[(NL)%3 - Fe4(NL3e)W]{W } Fwe + Fwn
+F{((Vaccoswt)? + 2V Vpecos@t) (Co(NLze)y, 4+ C3(NLy )W + Co (KW + €1 Fp)}
In Eqg. (26), forn=1:m,=q, =0;q,=1;forn=2: m, =0; m; =q, = 1; g, = —1;and for
n=3:q,=0;m; =1; g, = —1. Also, [(K)Y%],, is stiffness matrix for van der Walls effect. All
coefficients of Egs. (24) - (26) are presented in Appendix 1 and 2.

3: Results and Discussions
Verification study is investigated in reference Hashemi Kachapi et al. [11-13] with full details for
SW and DW piezoelectric nanostructures. In this section, the effects of surface/interface parameters

of FC-MWPENS such as Lame’s constants (A5, uS), residual stress (z°), piezoelectric constants



(esf’l‘p,e,j’z‘p) and mass density (p) is investigated for analysis of dimensionless natural frequency

respect to viscous fluid velocity #; and pull-in voltage Vpc. In order to simplify the presentation, CC,
SS and CS represent clamped edge, simply supported edge and clamped-simply supported edge,
respectively. The material properties for the different layers of Aluminum nanoshell (Al) and
piezoelectric layer (PZT-4) are shown in Tables 1 and 2, respectively [11, 13].

Table 1. Surface and bulk properties of Al

Ey(GPa) | vy | pn(kg/ m®) | A(N/m) | p!(N/m) | Tg(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
C11p(GPa) | Cyp(GPa) Cy2p(GPa) C21p(GPa) | Ceep(GPa) | E,(GPa)
139 139 77.8 77.8 30.5 95
Uy pp(kgm™) | n33,(10°8F/m) | A3(N/m) | u*(N/m) |t§5(N/m)
0.3 7500 8.91 4,488 2.774 0.6048
e31p(C/m2) e32p(C/m2) e§g1p(C/m) efpr(C/m) p3(kg/m?*)
—5.2 —5.2 —-3x1078 —3x1078 | 5.61x107°

The others geometrical parameters for bulk and surface of FC-MWPENS in all following results are
shown in Table 3 [11, 13].

Table 3. The material and geometrical parameters

Ry (m) R, (m) R, (m) L/R, hN(l_zs)/Rl
1x107° 1.5x107° 2x107° 10 0.01
hm/R1 bs/R, Ky, (N/m?) Ky, (N/m) Vo, (V)
0.005 0.1 8.9995035 x 1017 | 2.071273 | 1x 1073
Cw,(N.S/m) Cdew3 (N/m®) Cv]c%vg (N/m?) Vo3 Vbe, (V)
1x1073 9.91866693 x 10? | 2.201667 x 103! 1 5
ur(pa.s) Pf(kg/m3) us(m/s)
3x1073 1060 50

10



Where the value of the mid-surface radius for different PENS are presented as following:
and fOI’ TWPENS Rl = RiTL’ RZ = le’d, R3 = Rout-

3-1: Surface/interface effects on DNF respect to viscous fluid velocity and pull-in voltage

In this section, the effect of surface/interface parameters of fluid-conveying multi walled
piezoelectric nano-sensor such as Lame’s constants (A5, u’%), residual stress (r(’)'s), piezoelectric
constants (esf’l‘p,e;’z‘p) and mass density (p’°) are studied for analysis of dimensionless natural
frequency respect to viscous fluid velocity i, and pull-in voltage Vpc. For this work, the material and
geometrical parameters in Tables 1-3 are used. In all following results, in analysis of DNF on viscous
fluid velocity @, and pull-in voltage Vj, respectively are used values of V¢ = 5 and @iy = 0.1.

First, the relationship between the DNF and the different MWPENR length to radius ratio
L/R; is shown in Figure 2 for three vibrational modes. This results show for two case of surface
density corresponding to Table 4 (due to the surface/interface densities play an important role in

analysis of natural frequency and nonlinear frequency response).

Table 4. Two case of surface density.
Case 1 Case 2

p'(kg/m?) p*(kg/m?) p'(kg/m?) p®(kg/m?)

5.46 x 1077 5.61x 107 5.46 x 1078 5.61 x 1077

It is observed that for all modes, the DNF decreases when the L/R; ratio increases. Also,
the DNF for mode 3 is higher than that for modes 1 and 2. It is clear from this Figure that in the
case of higher surface/interface densities (case 1), the inertia of the shell is increased and its
stiffness is reduced that leads to decreasing of the DNF compared to case of without S/I effects.
Also, with decreasing of surface/interface densities (case 2), the inertia of the system is increased

and with increase of stiffness, DNF increases compared to case of without S/I effects.

11
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Fig.2. The surface/ interface effects on DNF versus L/R; ratio for three vibrational modes

In all following results, lower surface/interface densities case 2 is used in analysis of DNF on viscous
fluid velocity iy and pull-in voltage Voe.

The effects of viscous fluid velocity i, and direct pull in voltage DC as pull-in instability analysis on
the DNF (®,,) of FC-MWPENS are presented in Figures 3 and 4 and for different boundary
conditions. It can be seen that in all boundary conditions, natural frequencies decrease with increasing
of fluid velocity and voltage DC. Also, due to the system softening in SS boundary condition with
and without S/I and low natural frequency in this case, FC-MWPENS is at a higher critical fluid
velocity and lower pull in voltage than other boundary conditions. After SS boundary condition,
respectively, CS and CC boundary conditions reach the zero due to being softer. For zero natural
frequency, FC-MWPENS becomes unstable and this physically implies that the FC-MWPENS losses
its stability due to the divergence via a pitchfork bifurcation.

12



0.35 ———

0.3} ——SSwith §/1 ]
""" SS without S/1
5 —— CC with §/1
] N R CC without S/1 ]
—— S with S/1
02l CS without S/1
3
0.15¢ .
0.1} .
0.05] ' ]
0 L L 1 1 L 1
0 5 10 15
Fig. 3. The effects of different boundary conditions for fluid velocity i, on DNF of FC-MWPENS
o.35h—mm—+—p r  ——pr——r+——r——r—— 77—
0.3} 1
0.251 .
0.2 .
I3 Y | ——SSwithS/I
015k ‘-“} """ SS without /1
i | ——CCwith§/I
e cC without S/I
0.1f il | —— CSwith /1 ]
i €S without S/1 ]
0.05} ': ]
0 1 1 1 1 1 1 =! - L L 1 1 1 1 ]
0 2 4 6 8 12

x10

Fig. 4. The effects of different boundary conditions for pull in voltage on DNF of FC-MWPENS

Figures 5 and 6 illustrate the effects of different surface and interface Lame’s constants A5k and A’x
for viscous fluid velocity i, and pull-in instability analysis on DNF of FC-MWPENS. It is clear that

increasing both surface/interface Lame’s constants A", due to increasing of FC-MWPENS stiffness,

DNF and critical fluid velocity increase and pull in voltage in A5 = 0 and /¥ = —2 has maximum
and minimum value.
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The effects of different surface and interface Lame’s constants 5k, and u’k, for viscous fluid velocity
uy and pull-in instability analysis on DNF of FC-MWPENS are presented in Figures 7 and 8. Similar

to A5, it is clear that increasing both surface/interface Lame’s constants u’S, due to increasing of
FC-MWRPENS stiffness, DNF and also critical fluid velocity and pull-in voltage increase.
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Figures 9 and 10 show the effects of surface and interface residual stress rg *and T(I)k, for viscous fluid
velocity # and pull-in instability analysis on DNF of FC-MWPENS. As can be show in both analysis
of DNF and NDR, increasing both surface/interface residual stress r(’)'s lead to increasing of FC-

MWPENS stiffness and as a result, DNF and pull-in voltage decrease and critical fluid velocity
increase.
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The effect of surface piezoelectricity constants eggp and ej’z‘p for viscous fluid velocity @y and pull-
in instability analysis on DNF of FC-MWPENS is presented in Figures 11 and 12. It is observed that
increasing of negative surface piezoelectricity constants eggcp and eg';p leads to increasing of the FC-
MWPENS stiffness and as a result, DNF, critical fluid velocity and pull-in voltage increase.
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Figures 13 and 14 illustrate the effects of surface and interface mass density pS and p’k, for viscous
fluid velocity u; and pull-in instability analysis on DNF of FC-MWPENS. As it can be seen that with

increasing surface/interface mass density p’, due to decreasing of the FC-MWPENS stiffness, DNF
significantly decrease and also critical fluid velocity and pull-in voltage slightly decrease.
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In Figure 15 and 16 the effects of all surface and interface parameters for viscous fluid velocity
and pull-in instability analysis on DNF of SS FC-MWPENS are presented It can be seen that with
ignoring the surface/interface density p’5, the inertia of the system will greatly decrease and due to
increasing of FC-MWPENS stiffness, the system will have a maximum DNF compared to other cases.
Also when the surface/interface effects are not taken into account, due to decreasing of nanoshell
stiffness, it has a lower DNF than the case of with all S/I effects. In cases of without all S/I effects,
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the critical fluid velocity and also pull in voltage, sooner than the rest parameters are reached to be
zero and in cases of without surface/interface density p’-* and with all S/I effects respectively, pull in
voltage and critical fluid velocity later than the rest parameters are reached to be zero and system
losses its stability due to the divergence via a pitchfork bifurcation.
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Fig. 16. The effects of surface and interface parameters for pull in voltage on DNF of SS FC-
MWPENS

4. Conclusion
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In current study, the effect of surface/interface parameters of fluid-conveying multi walled

piezoelectric nano-sensor such as Lame’s constants (A"S, u’%), residual stress (T(I)’S), piezoelectric
constants (esf’l‘p,e,j’z‘p) and mass density (p°) are studied for analysis of dimensionless natural

frequency respect to viscous fluid velocity @, and pull-in voltage Vp .. The piezoelectric nano-sensor
is simultaneously subjected to direct electrostatic voltage DC with nonlinear excitation, nonlinear van
der Waals force and viscoelastic foundation. For this purpose, Hamilton’s principles, the assumed
mode method combined with Lagrange—Euler’s are used. The validation of the mention system is
achieved with excellent agreements by comparisons with numerical results. Some conclusions are
obtained from this study:

>

in the case of higher (lower) surface/interface densities, the inertia of the shell is increased
(decreased) and its stiffness is reduced (increase) that leads to decreasing (increasing) of the
natural frequency compared to case of without S/I effects.

for all modes, the DNF decreases when the L/R; ratio increases. Also, the DNF for mode 3 is
higher than that for modes 1 and 2.

in all boundary conditions, natural frequencies decrease with increasing of fluid velocity and
voltage DC. Also, due to the system softening in SS boundary condition and low natural
frequency in this case, FC-MWPENS is a higher critical fluid velocity and lower pull in voltage
than other boundary conditions.

increasing both surface/interface Lame’s constants A5, due to increasing of FC-MWPENS
stiffness, DNF and critical fluid velocity increase and pull in voltage in A5 = 0 and 'S = —2
has maximum and minimum value.

increasing both surface/interface Lame’s constants u”°, due to increasing of FC-MWPENS
stiffness, DNF and also critical fluid velocity and pull-in voltage increase.

in both analysis of DNF and NDR, increasing both surface/interface residual stress r(’)'s lead to
increasing of FC-MWPENS stiffness and as a result, DNF and pull-in voltage decrease and
critical fluid velocity increase.

increasing of negative surface piezoelectricity constants ej’{p and e§’2‘p leads to increasing of the

FC-MWPENS stiffness and as a result, DNF, critical fluid velocity and pull-in voltage increase.
increasing surface/interface mass density p’5, due to decreasing of the FC-MWPENS stiffness,
DNF significantly decrease and also critical fluid velocity and pull-in voltage slightly decrease.
with ignoring the surface/interface density p’*, the system will have a maximum DNF compared
to other cases.

when the surface/interface effects are not taken into account, it has a lower DNF than the case of
with all S/I effects.

In cases of without all S/I effects, the critical fluid velocity and also pull in voltage, sooner than
the rest parameters are reached to be zero and in cases of without surface/interface density p’-S
and with all S/1 effects respectively, pull in voltage and critical fluid velocity later than the rest
parameters are reached to be zero.
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