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Nonlinear dynamic stability
of piezoelectric thermoelastic
electromechanical resonators

Masoud SoltanRezaee'* & Mahdi Bodaghi?

This research work deals with analyzing instability and nonlinear behaviors of piezoelectric thermal
nano-bridges. An adjustable thermo-elastic model with the ability to control stability conditions is
developed to examine the system behavior at different temperatures. To increase the performance
range and improve system characteristics, a piezovoltage is applied and a spring is connected to the
sliding end of the deformable beam as design parameters. The partial differential equations (PDEs)

are derived using the extended Hamilton’s principle and Galerkin decomposition is implemented to
discretize the nonlinear equations, which are solved via a computational method called the step-by-
step linearization method (SSLM). To improve the accuracy of the solution, the number of mode shapes
and the size of voltage increments are analyzed and sufficient values are employed in the solution.

The validity of the formulation and solution method is verified with experimental, analytical, and
numerical data for several cases. Finally, the vibration and eigenvalue problem of the actuated nano-
manipulator subjected to electrostatic and Casimir attractions are investigated. It is concluded that the
fringing-fields correction changes the system frequency, static equilibrium, and pull-in characteristics
significantly. The results are expected to be instrumental in the analysis, design, and operation of
numerous adjustable advanced nano-systems.

Recently, micro/nano-electromechanical systems (M/NEMS) have attracted numerous attentions due to their
ultra-small dimensions, favorable mechanical and electrical properties, and low power consumptions. These tiny
structures represent the most promising contenders in numerous micro/nano-based applications in several fields.
As a result, modelling and analysis of pull-in characteristics in the micro-scale have found significant industrial
applications. However, as the pull-in instability restricts the operational range of tiny devices, obtaining system
characteristics becomes important in numerous micro/nano-structures'-!.

In general, classical theories are not able to model the real behaviors of electromechanical systems in the
nano-scale. That is because several effects, especially intermolecular interactions play significant roles in the
submicron-scale. To predict the accurate response of different NEMS structures, several theoretical models
have been developed and modified. For example, electric fringing-fields corrections (FFC)'>"3, dispersion forces
(Casimir and vdW)'*15, size-dependent theories (couple stress (CST), strain gradient (SGT), and so on)'®'7,
and surface layer elasticity models'®!® have been taken into account so far. Each of these models and theories
has special applications based on the miniature system properties and circumstances. It has been demonstrated
that without taking the fringing corrections and dispersion effects into account, the structure will behave
harder!'4?21, As a result, the predicted NEMS responses may not be accurate enough. Moreover, the impacts of
size-dependency and surface layer energy can be a hardening or softening factor at different conditions in submi-
cron structures?'~>. The role of all these effects on the behavior and stability of nano-systems will be considered
and discussed by a set of parametric studies in this paper.

In order to be able to overcome the problems of conducting conscientious experimental examinations,
researchers have been competing to improve the modelling tools capable of predicting the behavior of different
types of NEMS. One of the most important issues is the electrostatic force, which acts an essential role in the
pull-in instability of micro/nano-systems. On the other hand, it has been demonstrated that the electric FFC
is an effective nonlinearity in investigating actuated small-scale systems*#*. Recently, the impacts of FFC on
the response of several fully-clamped nano-beams have extensively been examined®. Ouakad® found that FFC
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Figure 1. Schematic of a piezoelectric controllable nano-system with fixed-sliding boundary conditions under
Casimir and electrostatic effects.

should be taken into account because this consideration improves the prediction of the critical voltage for the
snap-through, and the overall behavior of arch nano-systems. Moreover, the experimental validation demon-
strates that the fringing correction in nano-devices acts a key role that should be considered in the modelling.

Thermal sensitive nano-electromechanical manipulators have numerous industrial applications. Rokni and
Lu?® studied the behavior of fully-clamped multi-layer nano-ribbons subjected to electric and Casimir forces at
different temperatures without considering the size parameter. The stability of fully-clamped miniature beams
under thermal, molecular and electromechanical effects was examined?” without modelling the surface energy.
The static pull-in instability of a thermal nano-cantilever piezowire under vdW attraction was examined by
SoltanRezaee and Ghazavi?® while the frequency analysis and investigation of different electric fringing-fields
corrections were not carried out. Pradiptya and Ouakad?® investigated the size-dependent dynamic response
of fixed-fixed carbon nano-tubes subjected to DC and AC fields by considering thermal effects using SGT.
The impacts of Poisson’s ratio on structural behaviors of a nano-wire by considering high-temperature varia-
tions were studied using CST?. Recently, Tavakolian et al.*! analyzed the dynamic stability of size-dependent
nano-cantilevers under electro-thermal actuation without taking the surface layer effects into account. It is worth
noting that the pull-in parameters of clamped-clamped smart MEMS were extensively studied**-*%; however, with
numerous practical applications of micro-beams with the sliding end*>*¢, they have been less attentive. Overall, it
can be concluded that temperature variation affects the instability considerably that should be taken into account.

In this research, the coupled contributions of molecular forces, surface layer energy, size-dependency, piezo-
electricity, FFC, thermal expansion, and geometrical nonlinearity on the pull-in characteristics using modified
CST and SGT are considered for the first time. All the mentioned parameters represent key roles in piezoNEMS
and it is remarkable to account their effects on both static and dynamic results of nano-bridges simultaneously
to develop an accurate model. The equilibrium differential equations are derived using the extended Hamilton’s
principle and Galerkin decomposition is implemented to discretize the nonlinear equations. To improve the accu-
racy of the solution by consuming the lowest computations, the number of mode shapes and the size of voltage
increments are optimized. Herein, free vibrations of the nano-beam incorporating influences of different system
parameters are analyzed. Determining the critical voltage of thermomechanical piezoelectric nano-systems is the
principal objective of this paper. This adjustable thermomechanical model is able to control the stability condi-
tions at different temperatures. The results are expected to be instrumental in the analysis, design, and operation
of several NEMS.

Theoretical Model

The schematic of a piezoelectric nano-beam fabricated from a movable rectangular arm and a stationary plate as
the substrate is represented in Fig. 1. The deformable electrode deflects toward the substrate due to the attractions
of Casimir and electric forces. Furthermore, the piezobeam is actuated by the direct current V} as the polarization
voltage, which is applied along the thickness of the nano-beam and leads to aload in the longitudinal direction’.
Such a configuration as an adjustable system is useful in several nano-bridges, tunable filters, thermal gates, cool-
ing devices, and variable switches®*>%, In this case, the boundary conditions (BCs) of the structure are such that
the beam does not tolerate any traction along its neutral axis. There is not any rotation or vertical displacement
at the right end.

Strain, potential, and kinetic energy. Based on the thermo-elasticity mechanics, the strain energy of a
thermo-sensitive beam U, is

L 2
U= —EAATCth [6w(x, t)] dx,
0

2 Ox (1)

where A, E, AT, and «, are the rectangular cross-sectional area, bulk Young’s modulus of the beam or modulus
of elasticity, temperature variation, and thermal expansion coefficient, respectively. Furthermore, w is the beam
displacement along z coordinate axis.

It should be mentioned that all the symbols used in this work are defined in the Nomenclature. The nonlinear
curvature effect should be considered when the deformable beam undergoes distortion due to the external force.
Therefore, we obtain the strain as

SCIENTIFIC REPORTS |

(2020) 10:2982 | https://doi.org/10.1038/s41598-020-59836-0


https://doi.org/10.1038/s41598-020-59836-0

www.nature.com/scientificreports/

ds — dx
X, t) = R
Sl )= =0 @
where s and £, are the actual length arched beam during deflection and beam axial strain at its neutral axis,
respectively.
It should be mentioned that the energy of the linear spring can be given as

1. 2
U = —Ku“(x, t),
Koo 3)
where Uy, K, and u are the spring potential energy, beam displacement along x coordinate axis, and linked spring
stiffness, respectively.
The nonlinear curvature ( is stated as®’

do
Cx, 1) = —,
ds (4)
where 6 is the angle of arched element.
By taking the nonlinear curvature of the piezobeam into account, both of axial strain €,, and stress o, can be
expressed as'*8

El, 1) = fxx(x, t) — z((x, t); all other g; =0, (5)
O (X, 1) = Ee,(x, t) — e5E;  all other o5 =0, (6)

where ey, is the transversal piezoelectric coefficient (—6.4 C.m~2).
To model the electrostatic response of the piezobeam, the energy of the piezobeam U, is stated as*®

L 2
Up = _e3lﬁé a_w] dx,

h 2Jo |Ox (7)
where h, L, and V5 are the beam thickness, beam length, and the piezovoltage between top and bottom surfaces,
respectively.

Moreover, the moment of the nano-beam by considering bulk and surface layer is expressed as
Ebk®  Ebh*  EW
MZfO’ZdZ‘FfT‘FES&SZdZ:* x, t)| — + + ,
" XX s ( 0 xx) C( ) 12 2 6 (8)

where b, E', 7, and ¢,,° are the beam width, surface Young’s modulus around the beam, surface strain around the
beam (beam surface layer strain), and residual stress of the beam surface area, respectively.
Therefore, the energy of the nano-beam is derived as

E I L
_ de 2
U, =2 fo CAx, Ddx, o

where U, and E,;,yare the mechanical strain energy and effective Young’s modulus and second moment of area
of beam (bulk and surface layer), respectively.
The energy due to the surface layer tension U is obtained as

L
U= Tobj; Clx, )w(x, t) dx w0

Due to the nonclassical modified couple stress theory (MCST), the energy of a beam in the submicron-scale
is given by'”

2
BhEC? L[ d*w(x, t)
U yies = dx,
Lues = g +1/)j<; [ O X

(11)

where U}, ¢, and v are the strain energy due to material size, material nano-scale factor or size-dependent param-
eter according to MCST, and Poisson’s ratio, respectively.
According to another nonclassical SGTY, the energy of a nano-beam is*

2
BRE ()2 81 o) 0Pwlx )
taa + 0|7 15 | ax?

1,56 = dx,

0 bHE Owix, 1))
————(2I§ + 0.81})| —5—
48(1 + v) Ox

(12)

where ¢; (=0, 1, 2) are the additional length parameters (dilatation, deviatoric stretch, and rotation gradients).

SCIENTIFIC REPORTS |

(2020) 10:2982 | https://doi.org/10.1038/s41598-020-59836-0


https://doi.org/10.1038/s41598-020-59836-0

www.nature.com/scientificreports/

Furthermore, the kinetic energy of the beam is

1t ow(x, t) :
E, = E-j:) ,oA[—] dx,

ot (13)
where p is the beam density.
External work. In general, the work carried out by possible attractions can be given by
L
Vvext = L[(; Fextw(x’ t)d'x> (14)

where W,,; and F,,, are the external work and distributed external force (per unit length), respectively.
Considering two parallel plates (moveable electrode and substrate) without considering FFC, the electric
attraction can be estimated as'>?°

gbV?

Fp=—=—""
Y26 — wix, Y (15)

e

where G, V, and ¢ are the initial separation or gap, external applied DC voltage or electric potential difference,
and electrical permittivity constant of free space vacuum (8.854 x 10712 Em™), respectively.

Although, Parallel-Plates (PP) model for electric force is the most common configuration in numerous appli-
cations; NEMS designers are turning the focus to the electric FFC. In order to complement this effect, different
corrections can be suggested to the pure electric expression. Taking into account the simplest as well as the most
extensively used FFC in the literature, which is known as Palmer’s (PM) model, the electrostatic attraction can
be given by'?

£obV? 0.652, V>
Fels,PM - > .
2(G — w(x, t)) 2(G — wix, 1) (16)
In addition, Mejis-Fokkema (MF) model is another famous one, which can adjust the electrostatic force as
follows':
2 0.75 05
B = —22 114 0.265[M + 0,53ﬁ[w ,

MTAG — i, 1) b 7 — -

where the effects of both beam width and thickness have been reflected.
On the other hand, Casimir regime is important in nano-devices, which can be disregarded beyond this scale.
Casimir force is given by*

B Wzbchp
©240(G — wix, 1)t (18)

cas

where ¢ and h,, are the light speed (2.9979 x 10°m.s™') and reduced Planck’s constant (1.055 x 10**].s),
respectively.

The studied nano-manipulator is under both Casimir F,,, and electric F, forces by considering FFC, so the
performed work by the mentioned forces is given by

Ey
L w
W = [ L7 [ Bisrr + Fas| w1 .

P;ls,MF (19)

Governing equations according to MCST and SGT. To derive the nonlinear EOM of the presented
nano-manipulator, the well-known extended Hamilton’s principle*! is applied as

t
(5f0(Ut+Uk+UP+Um+US+Ulek7WExt)dt:O. 0)

By replacing the potential, kinetic, and strain energy plus the performed work by other (corrected electrostatic
as well as Casimir) forces considering the related supplementary relations into Eq. (20), using the variational
approach, the following PDE for the piezoelectric size-dependent nano-beam can be obtained
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4
_bhE 20w — ¥ (forMCST)
2(1 +v) Ox
3 2\ 46 4
B BWjdw  BRE oo g5 2 E 2\ forsGT
24(1 + v) dx 2(1 +v)
bh’ b O'w 0 |ow d|0*wow 0*w awY
+|E= + E|—/— + — 44
2 Y 2 ox' " Ox| Ox Ox| 0x% Ox "ox? | lox
K, L(ow) , |9°w w
+ | EbhAToar + e5,Vob — sign(0)—= — | dx|— + bh—:Fex.
etk s ) [ax] o o (1)
The boundary conditions (BC) of the considered system are
w(0) = w(L) = 0, dw(0)/dx = dw(L)/dx = 0. (22)

The mentioned BC are not sufficient for the strain gradient model. Accordingly, they are written as
w(0) = w(L) = 0, dw(0)/dx = dw(L)/dx = 0,
d*w(0)/dx* = d*w(L)/dx* = 0, OR d*w(0)/dx* = d°w(L)/dx* = 0. (23)

For the sake of the scalability of the problem, the nonlinear equations of motion are considered in the dimen-
sionless form as

x w ht G’ L2 2E$[3 1]
X=— W=—, T= = =—, B= = —=+ -
X1 G 0=t 2 p= Eh b

6(* 102 0.4112 6122 48712
= 7 Ly = o L= > Ly = PR - 3
(I +v)h (1 +v)L (1+v)L 1+ v)h Eh
g 2PATay o 2PV wh,eL*
h EK’® “ " 20W’G’E
2 L 2 2
5 = sign(an) 0% [T 0% gy, o VL[S
Ebh® Jo | Ox hG \ hGE (24)

X: dimensionless length according to beam length (x/L); w: dimensionless beam midpoint displacement (w/G);
7: dimensionless time; ¢: ratio of initial gap to beam width (G/b); &: square ratio of initial gap to beam length; (:
square ratio of beam length to thickness; : surface elasticity dimensionless parameter; ¢: material size dimen-
sionless parameter according to MCST; ¢; (i=0, 1, 2): length dimensionless parameters according to SGT; A:
residual surface-induces normal stress dimensionless parameter; ¥): thermal expansion dimensionless parameter;
T: piezoelectric voltage dimensionless parameter; c ,:: Casimir dimensionless coeflicient; x: dimensionless spring
coefficient; v: dimensionless voltage.

Substituting the dimensionless terms Eq. (24) into Eq. (21), the equations of motion are derived from the
equilibrium equation as

L84w
8 4 84
" X o T aEnT =
w w
(¢ + Ll)a_xé + (12¢98 + 81,58 + LZ)F
2
0w 0 (0’w 0w 0w | d*w
T+ 1+ -N=| =
( ( ) 8)( 8X 6)( 8X ox | 0x?
1
az_zf = Lz 1+ 0.65¢(1 — @)
o (=@ 1y 4 0.265(6(1 — @) + 0.53.[EFF6(1 — w)**
CCLIS
1 - (25)
Solution Methodology

In general, analytical techniques are not able to solve the nonlinear differential equations of excited thermal piezo
NEMS. For that reason, the governing equation of motion is better to be linearized and solved by numerical
methods. In this research, a computational method called SSLM is expended to estimate threshold characteristics.
In the following, the term @ will be considered as a linear combination of a number of modes or a set of basic
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functions, which are defined independently from each other. In this condition, the approximate solution of the
studied structure will be constructed as

N
= A = Y A500,
@ ,; 6% 06)

where A; is the amplitude factor of the beam transverse displacement and ¢ is the non-normalized system mode
shapes vector includes a set of harmonic functions g, e.g. as following for MCST case**

(sin(8x) — sinh(80)) 2= €% L oh(8x) — cos(é, x)]

¢, = B
' ' sinh¢; — siné;

(27)

1

where terms B; signifies the displacement scaling and the values 6; are the characteristic equation roots. For SGT
also different solutions have been presented in several papers®+*.

Having the Eq. (27) and replacing the Eq. (26) into (25), multiplying both sides by (), ultimately the gov-
erning equation is converted as

i+ (KB I+ K+ +Y—r—4NK; B
n=m s
((tg + 0Ky + (120483 + 8143 + 1,)K)B +E£2@1 + MK, — AKY) (28)
where beam stiffness expressions K; (i=0, 1, 2, 3, 4) and the beam inertia expression  are obtained as
183 a3T 182 aZT la 82T8 aZT
K, f K, = 9% 4y, K, = f 0 0% 0 p0°¢ 4
8)( 8)( 8)( x> dx Ax> ax e
L9p"  rdp 0
K; = 0L BB gy, m= f pp'dy,
oy dx x> (29)
and
1 2 !
v — Ccas
" :fo o 1 + 0.65¢(1 — Byp) n T odx.
)11 4 0.265(6(1 — Bp))*”® + 0.53.[€/5¢"(1 — By)*? ® (30)
Having the Eq. (28), the total stiffness of the nano-beam is expressed as
- + (149K
= 7
(to + Ky + (12008 + 81,8 + 1)K, PH
+ 68(1 + K, + (0 + T — k — 4N\)K; — 3EAK, — dn(B)/dB, (31)
where
1
dn(B) fl 20 1 + 0.325¢(1 — By) N 4c,, oy
B Jo [(L-Bgy|, , 0.1656¢"7 | 03975.[E5¢" T (1 _poy | T
(1 _ B(p)—().75 (1 _ B@)_Oﬁ (32)

The static analysis. In actuated electromechanical systems, the movable arm cannot tolerate any external
voltage. In this case, the response of nano-devices is achievable by considering Eq. (33) as

B —
(tg + 1)Ky + (12008 + 80,8 + 1)K, | | + €21 + MK, — AK,) !

{ (K, A+mK+ @+ — k- 4>\)K3]

(33)

At the unstable conditions, the system stiffness will become singular or det(K) equals zero when the insta-
bility happens**. This method prepares a useful and practical way of computing the instability condition of the
structures.

The nonlinear motion equations are solved numerically. In this research work, SSLM is employed*®, and insta-
bility characteristics will be determined. Because of the nonlinear treatment of considered nano-beam, lineariz-
ing initial states may be a source of errors. To minimize the possible errors, SSLM is considered to increase the
external electrostatic actuation slightly. Due to sufficient small increments of the external actuation, the beam
deflection will also increase slightly. As a result, we will be able to model the nonlinear behavior of the ther-
mal nano-switch accurately. Moreover, by accounting Taylor’s expansions, accuracy necessities are obtained.
Considering Eq. (33), the equation of equilibrium at the ith step is derived as
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Voltage increase 0.2 0.02 0.002 0.0002
steps (V)

E{‘,S)tab‘hty voltage | 154 | 1188 11791 | 11.7140
Error ratios (%) 5.98 1.45 0.66 —

Table 1. Convergence of system responses considering different voltage increases.

Voltage (L=250 Voltage (L=350
pm) pm)
Experiment® 39.5V 20.20V
Analytic®*® 394V 20.10V
Numeric?’ 39.3V 20.07V
Present study 39.6V 20.40V

Table 2. Comparison of the pull-in voltage with experimental, analytical and numerical data.

K] +(1+n)Kf+(ﬂ+T—m—4)\)K3iB_ni
(o + DK+ (1208 + 80,8 + 1)K} | 4+ £Q(1 + MK} — AKL) (34)
As an example, the term 7' is achieved from Eq. (30) as
1
; fl W'y 1 + 0.65¢(1 — By') N Cone y

n == - T .

o | (1= Bp) - 0.2654°7 . 0.53.[E13 ¢ (1— Bp) pax
(1 _ B@1)70475 (1 _ B@t)70'5 (35)

The eigenvalue problem. To obtain the system frequencies at different voltages, the static solution can
be substituted into the characteristic equation for the corresponding eigenvalues. To this end, the frequency of
the structure equals zero, when the pull-in takes place. Consequently, the frequency of the manipulator can be
achieved via the following equation.

det(K — mw?) = 0, (36)

where “det” refers to the determinant operator and the terms K and m are presented in Egs. (31) and (29), respec-
tively. Accordingly, by considering the dynamic governing equation (Eq. (28)) as well as Eq. (36), the i-th step
will be derived as

1K} s (1+7])K{+(1‘)+T—n—4/\)K3"B:ni'

m'B + . . . .
(to + 1)Ky + (12008 + 81468 + 1,)K;| +£2(1 + K, — AKy) (37)
Results and Discussion
The taken step length of the solution procedure can meaningfully influence the accuracy of obtaining responses.
Firstly, we will try to determine an appropriate length to increase the external electrostatic actuation in SSLM. For
this purpose, responses of the prepared system in ref. 3> considering different voltage lengths are listed in Table 1.
It can be concluded that the obtained responses will be converged by taking an adequately small step length into
account.

In order to make validation, we have compared the threshold voltages with the experimental, analytical %,
and numerical?’ results reported in the literature for beams with different length (Table 2). The width and thick-
ness of the deformable beam are 50 and 1 pm, respectively, and the initial gap is 3 um. Furthermore, the modulus
of elasticity and Poison’s ratio are 169 GPa and 0.6, respectively. As it can be seen, the results obtained from our
model show a good correlation with experiments validating its high accuracy.

As another validation, a fixed-sliding micro-beam in the attendance of electrostatic is modeled and pull-in
characteristics are obtained and compared with a micro-structure with similar BCs (Table 3). Koochi et al.?®
examined a fixed-sliding micro-beam using the Modified Adomain decomposition and numerical solution as
well as a lumped model, which assumes the uniform external forces along the beam. The available theoretical
results, which are provided in Table 4, illustrate that the responses of the performed analysis are in an appropriate
agreement with available data in the open literature.

The dimensions and constants employed to model the nano-system are mentioned in Table 4. More details
and explanations will be discussed in the subsequent section.
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Modified SSLM
Adomian Numerical | Lumped | (Present
decomposition | solution model study)
Critical
voltage 7.11 6.99 6.32 7.014
parameter
Critical
deflection | 0.45 0.43 0.36 0.439
parameter

Table 3. Comparison the obtained results with the available results®.

E v o b H L G
Value 68.5GPa 0.33 —9.5x 107 °K™! 0.2 pm 0.1 pm 12 pm 60nm

Table 4. Properties and dimensions of the proposed manipulator.
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Figure 2. The impacts of the electrostatic force and different fringing-fields on the system behavior.

Static analysis. The relationships between the mid-beam deflections versus the voltage will be displayed
in this section. Based on the figures, mid-beam deflections increase with an increase in the value of the applied
voltage. In general, the actuated nano-beam is not able to endure relatively considerable voltages. Note that all
reported results presented in this section (Static analysis) are according to MCST unless specified otherwise.

Figure 2 shows the static defection variation with respect to different expressions of the fringing correction
when the DC voltage increases from zero. Two well-known models for FFC, which are PM and MF models in
addition to the electrostatic PP model for the electric actuation, are assumed to correct the distributed electric
force. It is recognized that the impacts of the FFC on the system stability are remarkable. The figures display that
considering the FFC makes the electrode softer and causes the decline of instability voltages. Furthermore, it can
be seen that the effects of FFC are more significant by taking MF than PM model. The obtained results completely
agree with the results of clamped-clamped nano-beams for different types of electric FFC reported by Ouakad?.
He found that the responses of MF model are generally in better agreement with the finite element method (FEM)
and experimental data.

Figure 3 displays the deflection of the electrode, including the thermal variations and FFC (Ks=1N/m). In
this case, we consider the actuated system with (F,;, pp and F,;, 5;r) and without (F,;) fringing effects at the temper-
atures of 263 K and 283 K. It can be concluded that the effects of FFC on the stability are remarkable at different
temperatures or when the system operates in thermally fluctuating conditions. The effect of the linear spring on
the structural behavior should be explained with respect to the sign of the thermal expansion coefficient (Table 4).
It is also seen that the nano-system becomes more stable (i.e., higher pull-in voltage is obtained) with increasing
the temperature. This is due to the negative coefficient of the thermal expansion (i.e., the beam starts shrinking
while heated) that causes increasing the tensile strength by applying a load in the x-direction. Moreover, the
curves illustrate that an increase in the ambient temperature makes the system harder and increases the contri-
butions of electric force corrections. It means that the effect of FFC becomes greater at higher temperatures and
differences between instability voltages will increase.

In Fig. 4, the impact of Casimir force with (considering MF model) and without taking FFC (assuming PP
model) on the system behavior are presented. Generally, the instability condition or pull-in phenomenon happens
with a delay in nano-systems without considering Casimir force. In addition, when there is no electric force, the
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Figure 3. The impacts of the thermal force and different fringing-fields on the system behavior.
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Figure 4. The impacts of Casimir force and Mejis-Fokkema fringing-field on the system.

deformable electrode endures a primary displacement due to Casimir effect. On the other hand, the influence of
this force on the critical applied voltage becomes more obvious in the Parallel-Plates model. Accordingly, differ-
ences between the instability voltages decrease slightly with considering electric FEC. Moreover, by using the
relationc,,, = w2h, cL*/20h>G’E, it can be understood that the impact of Casimir force enhances with an increase
in the nano-beam fength, unlike the thickness. This also specifies that the impact of Casimir on the system behav-
ior is more considerable for slender electrodes.

Comparing the obtained graphs confirms that FFC is vital to be considered in evaluating the behavior of
nano-switches. It can be computed in a relative error of almost 24-25% in predicting the instability parameters of
the MEMS when neglecting this effect. Therefore, we have found reasonable agreement between the responses of
this dimensionless nano-system and the numerically calculated values for arch MEMS in Ref. 2.

Figure 5 illustrates the variations of the mid-beam at different amounts of spring stiffness vs. the external
voltage. Here, as the spring stiffness tends to zero, there exists no thermal force in this configuration. Therefore,
the thermal effect is meaningless without considering the spring in such beams with the fixed-sliding BCs (since
a fixed-sliding beam like a cantilever one is capable of moving in the longitudinal axis, the temperature variation
results in changing its length and it will be free of stress). On the other hand, as the spring stiffness tends to oo,
the responses become close to those for a clamped-clamped block. The influence of spring stiffness is more con-
siderable at lower temperatures due to the difference between the pull-in voltages of blue curves, which should be
explained regarding the thermal expansion coefficient. Finally, as a practical point, it is notable that the influence
of temperature variations increases while the stiffness enhances, so the difference between the pull-in voltages
becomes greater in devices with doubly clamped BCs.

Figure 6 shows the relationship between the curves and the excitation including/excluding the effects of FFC
using different size theories. To investigate the impact of higher-order material size parameters, the achieved
results have been compared using MCST and SGT. First, note that in this research, the higher-order bending
rigidity of material is assumed 21 nm. As a result, the modified couple stress length-scale parameter is 15nm'”.
Assuming three equal strain gradient length-scale parameters®, these parameters will be equal to 9 nm***%. The
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results demonstrate that both MCST and SGT make the beam to be harder and cause an increase in the threshold

voltage.

In Fig. 7, it can be found that the piezovoltage affects the system response significantly by changing the struc-
tural behavior. Based on the application, the piezovoltage can compress or stretch the beam by considering the
polarity. The results show that the positive actuation increases the instability voltage by increasing the beam
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stiffness where the negative polarity produces a compression force in the x-direction. It is comprehended that
piezoexcitations shift the equilibrium manifold and consequently the instability voltage. The results agree well
with the reported ones in clamped-clamped piezobased bridges®***.

The relationships between the mid-beam vs. the electrostatic excitation by considering different FFC models
with both positive and negative piezoexcitation are shown in Fig. 8. It can be observed that the impact of piezoe-
lectricity changes by taking different models to consider FFC. Generally, as the piezoelectric voltage increases, the
difference between the results of FFC models becomes more considerable. Consequently, differences between the
instability voltages in FFC models are increased by considering the positive piezoelectric excitation. On the other
hand, differences between the results of piezovoltage will increase as the negative polarity considered.

It is interesting to note that by tuning the value of piezoexcitation, the bridge behavior is changeable, so the
pull-in voltage is controllable. As a result, we can increase the stability range or decrease the critical voltage by tak-
ing positive or negative piezoelectric actuation. Therefore, improving the performance of several nano-switches
are possible by considering piezomaterials and applying the piezovoltage as an important design parameter in
numerous applications.

Dynamic analysis. Here, the vibrations of the rectangular electromechanical nano-system will be analyzed.
It should be noted that for more accurate investigations of each parameter, these assumptions are taken into
account unless specified otherwise (T=273 K, A=0,7=0, =0, 1;=0, V;, =0, $=0, and ¢.,,=0). In these cases,
the system frequency decreases with an increase in the external voltage at first. After that, the system response
tends to 0 promptly, when the DC voltage goes to a maximum amount (near the critical value).

Figure 9 shows the relationships between the mid-beam and the voltage parameter by considering all PP,
PM, and MF models. It can be concluded, taking FFC affects pull-in characteristics more than system frequen-
cies. In addition, the impacts of the electrostatic force corrections on the nano-system frequency become more
obvious with increasing the voltage gradually. The responses for system frequencies are qualitatively agreeable
by accounting numerical results of Ouakad?®, including the electric fringing-fields effect (all models). Finally,
note that without applying the DC voltage, there is no difference between the response frequencies with/without
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Figure 11. The impacts of different nonclassical size theories on the system dynamic behavior.

accounting FFC (Fig. 9). It means that the start points of curves are the same in this figure unlike other figures of

dynamic behavior.
The impact of the residual tension in the surface layer on the nano-system frequency is shown in Fig. 10. It is

comprehended that system frequencies and instability voltages change with variations of the tension. Here,
response frequencies and critical voltages increase by considering positive surface stress. On the other hand, the
values for the residual surface stress nano-materials may be negative. In this case, the results are exactly the oppo-
site of the positive one, so considering the negative stress makes the fixed-sliding beams soften. Moreover, using
the relation A = 247,L*/ER’, it is recognized the influence of residual surface tension reduces with decreasing the
nano-beam length and increasing the thickness. Therefore, this molecular surface effect will be more dominant in
the slender nano-structures. It is necessary to mention that the effect of FFC becomes more significant by consid-
ering positive term; however, the difference between the positive and negative stress decreases, including FFC.

Figure 11 displays the effect of different nonclassical size theories (MCST and SGT) on the dynamic behavior

and response frequencies of the nano-beam. The curves illustrate that by considering the length-scale parame-
ters, we have a stiffer nano-system. Therefore, both system frequencies and dynamic voltage will be increased by
taking nonclassical theories into account. Moreover, differences between the results of SGT and classical theory
is more considerable. Ultimately, from relations of material size parameters, it is found that the influence of size
parameters becomes weak by increasing the beam thickness.

The obtained results of this research allow a better understanding of the instability of the nano-beam based
tiny devices and can guide scientists to improve their general performance, appropriately. Moreover, the out-
comes of this study explain the causes of differences obtained in the literature when comparing the responses of
the nano-system without considering modified models including nonclassical theories, small-scale effects, and
external force corrections to experimental data. There is still plenty of exploration to be discovered regarding
the reliability of electro-thermo-mechanical nano-systems. Forthcoming investigations need to be established,
including modelling the impacts of out-of-plane electrodes arrangement on the behavior of nano-devices with
different BCs by considering both size and surface effects, which should be verified experimentally.
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Conclusion

In order to investigate the pull-in phenomenon of adjustable intelligent systems, a nano-beam with a sliding
end connected to spring was taken into account and a thermomechanical model was presented. In the model,
the impacts of the surface layer, molecular forces, size-dependency, piezoelectricity, and temperature variations
were included with consideration of the nonlinear curvature. Two famous models for the electric fringing cor-
rections, which are PM and MF models, were assumed to correct the distributed electrostatic force. The PDEs
were derived by the extended Hamilton’s principle. Galerkin decomposition was implemented to discretize the
nonlinear equations. To improve the accuracy of responses by spending affordable computational calculations,
the number of mode shapes and the size of voltage increments were optimized. Afterward, the structural behav-
ior of the nano-system under Casimir and corrected electric attractions were analyzed numerically. Finally, the
system vibrations with regard to the environment temperature, surface layer, and material size theories (MCST
and SGT) were studied.

The obtained results reveal that the classical theory predicts lower values for instability voltages and sys-
tem frequencies. It was also shown that considering the electric FFC is essential for accurate modelling of the
nano-switches behavior. Moreover, the effect of MF model is more remarkable than the other one. In addition,
this effect causes a significant change at higher temperatures as well as in cases of positive residual surface stress
and positive piezoelectric voltage. As a practical point, the effect of temperature variation increases while the
stiffness of the connected spring enhances, so differences between the critical voltage at different temperatures
becomes greater in clamped-clamped beams. Finally, it should be mentioned that the piezoexcitation could be
employed as a design parameter to improve the controllability and increase the performance range of adjustable
smart devices.
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