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Mathematical Formulation

Non-classical Shell theory

Within the framework of Gurtin—-Murdoch surface/interface elasticity theory, the normal stresses
Oy aNd aggg Can be written as [1,2-5]
= V(,p)9zz(N,p)

Oxx(Np) = Crivp)Exx T Cravp)€00 — €31pExp T EE ST (S1)
V)
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Teov,p) = Co1vp)Exx T Cooup)€00 — €32pE0p + ——— (S2)
1 =vwp
oxoN,p) = Cosv,p)Yx6> (S3)
where based on nonclassical continuum model, o, is expressed as following
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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 Equations S1-S4 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 [3-5].

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 p2m rhy 1 (L p2m hythp B
T, = EJ ] j OijnEij RdzdOdx + Ej j j (O—ijpgij - EZpZDZp) Rdzd6dx
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In Equation S5, the forces (N) and moment (M) resultants are defined in reference Hashemi

}Rndde

Kachapi et al. [5] for SWPENS. And, as explained, all the sentences mentioned in [5] belong to
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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:
aun Av\> (0w, 2
= S6
T ff ( +(50) + (7)) Radodx (0)
where
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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 [5-7]
2T ~Wq
UdW .f .f ( vdw(12) (WZ Wl) +C dw(12) (Wz W1)3)dW1 Rldedx
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dw, R,d08dx (S7)
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J jzn]% Y (Vpc + Vyccos(wt))?

, _dwy Rydfdx,  (S9)
w
V(b2 = w3)(2R; + by — w3) [Cosh 1 (1 + R—33)]

where all coefficients and phrases of Equations S7-S9 can be seen in [3-5]. Also, the external work

of the fluid can be written as [8]
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By applying of following Hamilton’s principle

t
f (8T, — 6mp + SWy + SWyayy + W, + 6wf)dt =0, (S11)
0

and substituting Equations S5-S10 into Equation S11, the governing equations of motion and
boundary conditions for FC-TWPENS respectively are obtained as follows:
aan 1 angn _ azun
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where S, for the inner and outer layer, respectively, are:
( dw(lz)(WZ wy) +C dw(1z)(W2 W1)3),) (S15)
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S; = ow, (S17)
+KWW3 - KpV2W3 + CWW
and boundary conditions are obtained as follows:
1
ou, =0 or Nyn,+ R—Nxenne =0, (518)
n
1
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dwy, 1 1
30— 0 or R—nMxGnnx + R—%Mgnng =0, (S22)

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 Equation S9 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 [5]:

L c2m (w3 ~ Co + Coiw Caiv2 B
W= [ [ [ R+ Taccos@ny? (7 2T 0 i, Rydods (s2a)
o Jo Yo + -+ Cw3

Solution procedure

By using the following shear deformation and displacement in the assumed mode method [3-5]

0 .0.0] M 8 [ [t (D) cOS(O) + tyy5(0) Sin(O) s ()
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+z vm,O(T)quO(g) = Z Uy (T) Py (E) @ (0) |
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And using dimensionless strain and kinetic energies Equations S5 and S6 and dimensionless

(S25)

applied works Equations S7-S10 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 {00} + [(K)Y Tn{wn}
HNL) Tn{We} = Eun,

(S26)
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In Equation S26, forn =1: my, =q; =0;q, =1;forn=2:m, =0,m; =q; =1, q, = —1;
and forn =3:q, = 0;m; = 1; q; = —1. Also, [(K)¥3*],, is stiffness matrix for van der Walls

effect. All coefficients of Equations S26—S28 are presented in Appendix 1 and 2.
Appendix 1

M), = f f (Xexi879,)dEAD, (K = f f (nXoX(Sy D, + Cntex950))dE db,
1 !
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S7



V03t =5 [|| (Cone BB 1 + BByl + Cone BB} )E 6,
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Appendix 2

1 m? m 2m
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