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Abstract.This study is focused on the bending response of electro-magneto-elastic nanobeams exposed
to hygro-thermal environments while resting on a Winkler—Pasternak elastic foundation, utilizing non-
local elasticity theory. The governing equations are formulated within the framework of parabolic third-
order shear deformation beam theory and derived using Hamilton’s principle. An open crack is modeled
as a rotational spring to represent its local flexibility, and its influence is integrated into the analytical
solution. A comprehensive parametric study examines how the nonlocal parameter, crack severity and
position, aspect ratio, hygro-thermal and magneto-electro-mechanical loadings, influence the deflection
characteristics of nanobeams. The findings reveal that cracks, boundary conditions, nonlocal effects, and
beam geometry significantly influence the dimensionless deflection behavior of nanoscale structures.
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1 Introduction

The first electro—magneto—elastic hybrid material, combining electromechanical and magnetomechani-
cal segments, was developed in the 1970s by Van den Boomgard et al. [36]. Since then, electro-magneto
—elastic nanomaterials such as BiFeO3, BiTiOz—CoFe>04, and NiFe;O4—PZThave garnered significant
attention in nanoscale research, as reported by Zhao et al. [39], Ramirez et al. [31], Wang et al. [37],
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Prashanthi et al. [28], and Ke et al. [19]. Owing to the remarkable mechanical strength and multi-
functional capabilities of these nanostructures, it is essential to thoroughly analyze and understand their
mechanical behavior before developing advanced design applications. However, classical continuum
theories remain valid only down to a certain size scale, beyond which they fail to accurately predict
nanoscale responses.

Mindlin [23] introduced the concept of microstructure in linear elasticity, forming the foundation
for generalized continuum theories such as couple stress and micropolar elasticity. Incorporating rota-
tional degrees of freedom and internal length scales enabled the prediction of size-dependent behavior
beyond classical elasticity, which is essential for analyzing micro- and nanoscale structures. Building on
Mindlin’s ideas, Eringen developed generalized continuum and nonlocal elasticity theories [1 1—15] that
incorporate microstructural and long-range interaction effects. In his micromorphic and nonlocal polar
formulations, the stress at a point depends on the strain field within a finite region, effectively captur-
ing size-dependent behavior. His mathematically rigorous models established the theoretical basis for
modern nonlocal and size-dependent analyses. Later, Challamel and Wang [6,21] resolved the paradox
in nonlocal elasticity by proving that the apparent softening of cantilever beams resulted from improper
boundary conditions; with the correct integral form, nonlocal effects actually increase stiffness, aligning
with physical expectations.

Peddieson et al. [29] developed the Euler—Bernoulli and Timoshenko nonlocal beam theories to
model nanostructures, effectively capturing size-dependent behavior through a small length-scale pa-
rameter. These models accurately predict bending and buckling responses at the nanoscale. Simsek et
al. [34] extended this framework by formulating a three-unknown nonlocal beam theory that accounts
for shear and longitudinal strains. Ferndndez-Séaez [16] further refined nonlocal analysis using Eringen’s
integral formulation, resolving the nonlocal paradox and providing a consistent approach for modeling
nanoscale beam deflections and stresses.

Sobhy [35] analyzed the buckling and vibration of functionally graded sandwich plates on elastic
foundations using an exponential gradation model. Civalek et al. [5] examined microtubule bending via
nonlocal Euler—Bernoulli theory, showing improved nanoscale stiftness and deflection predictions. She
et al. [33] investigated wave propagation in functionally graded porous nanobeams, revealing the effects
of scale, gradation, and porosity on wave behavior. Zhang et al. [38] studied the free vibration of porous
FG magneto-electro-elastic microbeams under hygrothermal conditions, highlighting environmental in-
fluences on natural frequencies.

Ebrahimi and collaborators [/, 8] developed comprehensive size-dependent models for multifunc-
tional nanoscale structures incorporating nonlocal elasticity along with thermal, piezoelectric, and mag-
netic effects. Their analyses of thermo—piezo-electrically actuated nanobeams under magnetic and ther-
mal fields revealed strong coupling between electromechanical and thermal responses. Ebrahimi and
Habibi [9, 10] further examined the dynamic behavior of FG-CNT reinforced plates in thermal envi-
ronments, emphasizing the roles of temperature, CNT reinforcement, and field coupling on vibration
characteristics. ~Arefi et al. [3] investigated thermo—magneto—electro—elastic graded nanobeams with
piezo—magnetic layers, showing how coupled fields influence bending and buckling responses. Zheng
et al. [40] analyzed nonlinear deformation in magneto-electro-elastic nanobeams resting on elastic foun-
dations using nonlocal modified couple stress theory, demonstrating the influence of magneto-electro-
mechanical coupling and foundation stiffness on deflection and stability. Khodabakhshi et al. [20] intro-
duced a unified integro-differential nonlocal model combining integral and differential formulations for
more accurate representation of size-dependent effects in nanoscale structures.
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Ghorbanpour et al. [ 1 7] analyzed electro-mechanical sandwich nanoplates supported by a silica aero-
gel foundation, reporting that parameters such as voltage, porosity, and foundation stiffness strongly
affect bending behavior. Selvamani et al. [32] examined a modified nonlocal couple stress model for
magneto-thermoelastic multilayered cylinders, incorporating Hall currents and two-phase lag heat con-
duction to explore coupled field effects. Pehlivan et al [30] studied smart magneto-electro-elastic FGM
nanosensor beams, showing that porosity and material gradation significantly influence stress, deforma-
tion, and sensing performance. Alghanmi [2] analyzed functionally graded nanobeams integrated with
piezoelectric composite actuators, highlighting the combined effects of nonlocality, material gradation,
and actuator coupling on deformation and stress fields.

Adams et al. [1] introduced a vibration-based non-destructive technique for assessing structural in-
tegrity by detecting changes in natural frequencies and mode shapes, establishing the foundation for
vibration-based damage identification. Loya et al. [22] investigated the transverse vibration of cracked
nanobeams using nonlocal elasticity, modeling cracks as rotational and shear springs to incorporate flexi-
bility effects without physically segmenting the beam an efficient approach for nanoscale vibration anal-
ysis. Hussein et al. [18] extended this framework to multiple cracked nanobeams, showing that crack
number and location significantly affect natural frequencies and dynamic behavior under various bound-
ary conditions. Bastanfar et al. [4] analyzed cracked piezoelectric nanobeams by incorporating flexoelec-
tric and surface energy effects within modified couple stress theory, demonstrating that these nanoscale
phenomena strongly influence resonant responses. Norouzzadeh and co authors [24-27] developed com-
prehensive nonlocal and strain gradient models for nanoscale Timoshenko beams using finite element
and isogeometric formulations. Their studies revealed that small-scale effects, shear deformation, rotary
inertia, and strain gradients play crucial roles in the bending, vibration, buckling, and wave propagation
of nanobeams, providing reliable tools for analyzing deflection, stress distribution, and stability under
both linear and nonlinear loading conditions.

Building upon previous studies, the present work investigates the bending behavior of cracked nano
beams subjected to hygro—thermal loading using a refined shear deformation theory. The governing
equations are formulated analytically through Hamilton’s principle in conjunction with Eringen’s non-
local elasticity theory. The analysis explores the influences of hygro—thermal effects, magneto—electro—
mechanical coupling, crack presence, various boundary conditions, and Winkler—Pasternak foundation
parameters on the beam’s bending response. The crack is represented by a rotational spring, enabling
accurate incorporation of its flexibility into the analytical model.

2 Mathematical formulation

According to the refined third-order beam theory with parabolic shear deformation, at any position along
the beam, the displacement field is considered to be of the form

ow

(5 = (o) + o0~ (5 -+ ol ) s

uz(x,z) = w(x).

)

The displacement components w and u are defined in the mid-surface along the x and z directions,
respectively, while ¢ is interpreted as the overall rotational deformation of the cross section, o is the
constant co-efficient.
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Based on the parabolic beam formulation, the nonzero strain terms are derived through the strain
displacement relationship as follows:

(0) (1)

Exx = Exx’ +2Exx +Z38)§)7 Yz = }GEZ)+Z %Ez)a (2)

where

Exx’ = aa XX ax 1) XX axz
0 _ o " @ _ Iw _ 4
/yXZ - (P+ axa %CZ - B <(p+ ax> andﬁ 2

O _du _n_Jy 8<3>__a<3<P 9w
3)

Based on Maxwell’s equations, the interrelation among the electric field components (E;, E;), the
electric potential ¢, the magnetic field components (Qy, Q;), and the magnetic potential y were derived,
as outlined by Ke et al. [19]:

d d
E, = —¢7x:c0s(§z)a—i, sz—l/{x:cos(éz)a—i/, 4
. 2v ) 2v
E,=—-¢.= sin(§z) & — Ve O =-y.= sin(z) & — Ve )
Here, { = 7%, and the symbol v represents the externally applied electric field on the nanobeam.

By applymg the extended Hamilton’s principle, the governing equations are obtained in the following
form:

/[S(HS—Hw) dt =0. (6)
0

In this context, Il is defined as the total strain energy, while Iy refers to the externally applied forces.
The first variation of Iy is expressed as

Ollg = /Gl'j ogijdv= /(o)C 08+ Oy 0%;)dv. @)
Substituting Egs. (1)—(2) into Eq. (6) yields

HS:/H (N68£2)+M58§i)+P88$)+Q5%§?)+R5%E§)> dx
0
a h)2 PR PR ®)
+/ / [ésin(éz)Dz&j)—cos(éz)DxJ—1—5sin(éz)Bzéq)y/—cos(éz)Bx—w dzdx.
0 J-np dx dox

Here, N, M and Q denote the axial force, bending moment and shear force resultants, respectively,
with their corresponding stress components in defined as Eq. (9) defined as follows:

i X
{N,M,P} = ouw{l,z,2°}dz,
—h/2 9
02 . 9)
{O,R} = o..{1,z°}dz.
h/2

—n
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The variation in the work associated with external forces, 8I1y, can be written in the form

L 2 2
olly Z/ [ Noali+ oP— J — ky -I-kpi ow
0 * dx dx ox? ox? (10)

X

where O = Q0 — RB, M = M — Pa, and kp, ky are the shear and linear coefficients of the elastic medium
NB NE NT, NH magnetic and electric, thermal and hygro-thermal loading, respectively. Accordingly,
N? =NB4+NE —NH —NT,

h/2 2V
NE = —/ —e31dz, (11)
—nj2 h
h/2
NF = / 2z, (12)
n/2 h
h/2—ho
NT :/ (AT) dz, (13)
h/2—ho
h/2—hg
b/ (BAH)dz, (14)
h/2—hg

and (@ AT) and (B AH) represent the thermal and moisture expansion effects, respectively. Here, o and
B are the coefficients of thermal and moisture expansion, while 7 and H denote the temperature and
moisture variations, respectively.

By inserting Egs. (10) and (8) into Eq. (6), performing integration by parts, and grouping terms with
ou, Ow, 8y, and & ¢, the governing equations are obtained as

N,
& =0, (15)
PRl
2 —02=0 (16)
99 (NE+NB+NT+NH)82—W+ aip_k +k 82—W—o (17)
ax o2 o T TR T
h/2 oD, ., . ISy
|7 [eos(E G +Esin(EaD. +cos(EB, 75 + Esin(E2)BSy]dz =0, (18)
—h/2 ox

3 Nonlocal elasticity framework
The nonlocal model can be extended to magneto-electro-thermo-hydro-elastic nanobeams as follows:
0i; = (€a)*V?0ij = [Cijia €1 — mijEm — quijHn — 0T — Bi;H| (19)
Dij—V?D;j(e0a)* = [kinEm + eir€u + dinHy) , (20)
B; — V?B; (e0a)’ = [dimEm + qixi €1 + 3inHy) 1)
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— V?p;(e0a)* = [eoxiiE; + et - (22)

Also, %;; is the relative dielectric susceptibility, ¢; i is the elastic stiffness tensor, d;;, and d;;, are the
magneto—electric coupling coefficients, and e,,;; represents the piezoelectric coupling coefficients.

The nonlocal parameter epa is introduced to characterize the scale-dependent behavior of nanostruc-
tures. Here, V2 denotes the Laplacian operator.

The stress relationship is formulated as follows:

(1—p?V?) O = [C11 € — €31 Ez — q31H; — o AT — By AH] (23)
Oy (1—uV?) = [—e1sEx — qisHc + Css el » (24)

Dy (1—puV?) = [k Ex+di1Hy +e15%) (25)

D (1—puV?) = [ks3E; + ds3H. +e318x] (26)

B, (1—uV?) = [di1Ex+sa1He + q15 %) (27)

B, (1—uV?) = [dE; + se33Hy +q31 €] - (28)

Integrating Egs. (23)—(28) over the nanobeam’s cross-sectional area yields the corresponding nonlo-
cal relations for the refined beam model. Furthermore, the normal forces and bending moments induced
by the electric field can be expressed as follows:

N—u‘iﬁ’ —AXX§Z+(Bxx—aExx) ‘Z‘f aExx?;z +A319 + Gy — N NP+ NT NP (29)
n M B 2 D= ar) 20— ar L o+ O, (30)

P—,ugzxf :Exxgg+(Fxx—aHxx)g(£_aHxx§?/; +E310 +J31Y, GD

0-u ;% = (A — BDy.) (gw +<p) ff (32)

R—ug = (Dx. — BFx) (‘;fﬂp) F33 af (33)

/};//22 ( IJa;Dz > cos (§z)dz = (Fi1 — BF33) <§:+‘P> +Fiy ((99(])’ (34)

/Z;( Haalz )Sln(ﬁz)idz—Amg +(B31—OCE31)?5—065313?;—F33¢7 (35
(-2t Lo ™

h/2 823Z . ou oy
/_h/2 <Bz _Nax2> Esin(Ez)dz = G31$ +(Q31 —atJ3y) i 05131W o 37)
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in which

{A11,B11,D11,Exx, Fo, Hec } = / enf{, 242,22, 1} dg,
h/2 4 2
{AxZanZ’FxZ} :/ CSS{Z < 71}d27
“h/2
e _
{A317B31,E31}=/h/2§{2 2, 1}esrsin(&z) dz,
h/2 2 2.2
(FuFs) = [ (eoP(E2)on, &% sin(E)sss)

h)2
(G31,031,J31) = §SIH(§Z)Q31{Z .2, 1}dz,

h/2 2 2 i
(%11,%33) :'/_h/2 (COS ((?Z)%]], é sin (5Z)%33) dZ.

(38)

(39)

(40)

(41)

(42)

(43)

By substituting Eqs. (38)—(43) into Egs. (15)-(16), the displacement-based field equations for the nonlo-

cal strain gradient nanobeam under an electric field are obtained as:

ON 0 0 22
E = Axxa*;t +Kxxaii N aExxav; +A3l¢ + G31W7
M5 (B —aE) s (Do — aF) oY — (P aitt) 2
8x2 - XX XX 8x2 XX XX axz XX ax3
0 93 ) )
+ky 82) kp 5 V: + (B3 — 06E31) (]) + (031 — 06131)%
83w 3P ow %w
B _NE_ AB T H o ow ., oW
u [( NE—NPNT NS5 — a4k 2 — ke axZ]

~ (A B +0)~ i — s 2
%g = (Ay; — BDx) (32;; + (Z)(f:) = (Fu ﬁF33)gj§
+u [(NE + NB_NT — NH) ‘?;V; - afxf +kwg;” —kpaa?:} :
<<p 3—) (Fi1 — BF33) + (an + gZAgl + (;l;’c[(B“ — aE3;) — ‘;22 aE3 — ¢F33 =0,
2

P P P P
(q)—kav:)(%u —13%33)-1-%%11 +£+G31 +%(Q31 —ad31) — 5o

=7 06131 — Y3 = 0.

(44)

(45)

(46)

(47)

(48)
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4 Solution method

The displacement components are expressed as time-harmonic function as follows:

v gy %) i
u_n;Un 5 ¢ (49)
0= GuXa(x)e™", (50)
n=1
w=Y X,(x)W,e® (51
n=1
v =Y X,(x)ye'®, (52)
n=1
¢ = ) 9uXn(x)e' ™", (53)
n=1
The coefficients u,, ¢, w, ¢ and y are derived as (@ = wm/a, B = nn/b):
n 0
202
¢ Qu("7p+1)
[K]¢w = Qu("Ep+1) - (54)
y 0
¢ 0

Here [K] and [F] denote the stiffness and loading matrices of the nanobeam, respectively, that
Kig=oAy, Kip= 0Ky, Kiz=0Ey Ki4=0wAs1, Kis5=03G3,

Ky = (Byy — 0Ey) 06, Kio = (D — OFy)06+ (Axx — BDy;) 05 — (Fi1 — BF33) 03,

Ka3 = azky, — 0k, + 0t (Fox — 0Hyy) + 0ot (—N® — NE —NT — N") — ok, + 03k, — 03 (Ay — BDx),
K>4 = (B31 —aE3)os, Krs= (031 —oJ3)as,

K3 = (A, — BDy) 03, K33 = (Ay;— BDy) 0t + 1[(—N® —NE —NT — N") oy — k, 006 + ki 033,

K34 = (Fi1 — BF33) 06,

Ky1 =As105, Kip=(Fi1—BFs)as, Kiz=(Fi1—BFs)as—aE30s, Kia=Fiios—F0s,
K51 =G3103, Ksp= (o1 —=PBos3)as, Ksz= (o1 —Prz)os—alzi0s, Ksg= 103 — 23305,

Fii=Nog, Fy=(1-poag)M—-0, F3=0(1-pos),
(55)
in which

a :/OaX'(x)X”(X)dx, OtzZ/OuX(X)XW(X)an 0532/0“X(X)X/(x)dx>
ocsz/oaX(x)X/(x)dx, a6=/OaX(X)X"(x)dx7 O¢7Z/OGX(X)XW(X)CIX’ (56)

o = / X' (x) X" (x) dx.
0
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The uniformly distributed load causing bending is represented as follows:
o . (Tn .
(dynamics = Z S (Tx) On Sln((l)t), (57)
n=1

2 Xo+C . n
Sin

On=7 [ sin () acd (58)

where Q, are the Fourier coefficients, and q(x) = qo represents the uniform load density. Here, xy denotes
the position of the centroid axis and ¢ is the time variable. For a concentrated point load, the harmonic
load intensity is expressed as:

q(x) = sin(@t) 8 p(x —xp), (59)
2
0, = Tp sin (%xo) , (60)

in which 0 is the Dirac delta.

Table 1: The trial functions X, (x) [35]

Boundary conditions | The functions X,,
Atx=0,a Xn(x)
Xn[0] = X,,[0] =0 :
SS Xnla] = X![a] = 0 sin(xa)
CC Xpla] = X' [a] = 0 sin”(xa)

5 Crack formulation

Consider a beam with a surface crack of length a, located at a distance b from the left end. To include the
crack’s influence, the approach developed by several researchers [36] is expanded. In this formulation,
the cracked beam is modeled as two distinct parts linked via rotational and axial elastic springs positioned
at the crack site (Fig. 1). These springs are used to model the increased strain energy associated with the
crack.

The strain energy U of the cracked nanobeam is given by:

1 [k du 9%

With [, representing the additional strain energy due to the crack, Eq. (61) can be rewritten using
the definitions from Eq. (9) in terms of the axial force N and bending moment M:

1 (L u 2%y
U = 5/0 <Nax+M8x2> dx+ AU, (62)
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O(x,zt)

—
Shear Layer

Linear Layer

Figure 1: Geometry of representation

The additional contribution due to an edge crack is formulated based on the strain energy of an
uncracked beam:
1 %y 1

. du
EN(L ,t)kMNa. (63)

Al = ML 0k A L o 2+ (e ok +
Here kypr, ki, kv and kyy are the flexibility constants, with kyy and kyys representing bend-

ing—axial coupling effects. The associated increase in strain energy is expressed as:

1

Ailcz

1
MAO+ 5NAu, (64)

where A refers to the angle of the torsional spring and Au denotes the relative horizontal displacement
at the edge crack section, Egs. (63) and (64) are compared to derive the following realtions:

d%v du

AB = kMM—ax2 —szvg; (65)
d 92

Au = kNNa—Z +kNMa—x‘2}. (66)

As mentioned earlier, this study focuses on transverse free vibrations; therefore, longitudinal dis-
placement is neglected. Furthermore, consistent with loacal elasticity assumptions, the crossover flex-
ibility constants kpsy and kyps are considered negligible, permitting the inclusion of only the bending
moment related constant kyyy.

Thus, the slope increment at the cracked section becomes:

92 0?
20—k = A= ME) , (67)
dx? dx? b
where § = x/L and J#" = kpp /L.
The crack-induced increment in strain energy is:
1 0?
TRy Vapvci () (68)
2 axz ¢=b
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Using M = D, ().

dx?

1 2v(O)7?
Ailc—zji/Dxx[ g ] . (69)

This equation models a crack by introducing a rotational spring at the crack location { = b, where
{ = x/L is the dimensionless position along the beam. The rotational flexibility due to the crack is
represented by the spring constant %", and the beam’s transverse displacement v(x,?) is expanded in a
modal form.

For modal expansion v(x,t) = Y, W,,X,,(x)9(¢), the crack energy term becomes:
1
Alle = 5. H D WX (b) (70)

To incorporate this into the system, we compute its second variation (or equivalently, functional
derivative), and this leads to the additive term in the global stiffness matrix:

AK{P = A D X! (b)X] (b). (71)

Thus, the total stiffness matrix is

[K ] + [Kcrack] (72)

< =6 f
|
&)
S
S
s
L)

where K.,k 1S the additional stiffness matrix due to the presence of a crack.

6 Numerical results and discussions

In this section, the bending response of the piezoelectric nanobeam is examined. The corresponding
property of material is given in Table 2. The credibility of the current model is established through
comparison of different nonlocal parameters in the absence of cracks, as shown in Table 3. A nanobeam
length of L = 10 nm is assumed and the non-dimensional deflection is defined as:

W= 100@. (73)
qoL*

Fig. 2 illustrates how the nonlocal parameter influences the dimensionless deflection under different
magnetic potentials. As the magnetic potential increases, the deflection also rises. Furthermore, as
the nonlocal parameter increases, the deflection also becomes more pronounced. It is revealed that the
magnetic potential significantly affects the deflection characteristics of the nanobeam.
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Table 2: Material properties of BiTiO3—CoFe,O4 composite materials [31]

Properties BiTiO3;—CoFe; 04

Elastic (GPa) c11 =226, c1p =125, c13 =124,
c33 =216, c4q =44.2, ce6 =150.5

Piezoelectric (C m~?) e31 =—2.2,e33=93, e;5=5.8

Dielectric (107°CV—Im™1) ki1 =5.64, k33 = 6.35

Piezomagnetic NA~!m™) q15 = 275, g31 = 290.1, g33 = 349.9

Magnetoelectric (10°2NsvIch | s, = 5.367, s33 =2737.5

Magnetic (107 Ns? C~%/2) sy = —297, 233 = 83.5

Mass density (103 kg/m?) p=555 a=B=5x10"°

Hygrothermal (/K) Copr=1.6x1075 B,rr =26 x 1077

Table 3: Comparison of results for y = 0.001 and ¢ = 0.001

2 v =0.001 2 ¢ =0.001
L/ | p (nm?) Arefi and Zenkour [3] | Present Lfh | p (nm?) Arefi and Zenkour [3] | Present
1 3.68 3.5781 0 3.68 3.59892
2 3.71 3.6482 1 1.3333 3.66921
10 3 3.77 3.7302 10 2 1.3645 3.74018
4 3.84 3.79011 3 1.3958 3.80234
5 3.94 3.8952 4 1.4270 3.92011
20
18
......... =001
16
Q=0 ;
o 14 -
| 0=0.01
% 12
E 10
2
Z s -
A6
4]
- ——
e
Al 2 3 4 5

Figure 2: Effect of nonlocal parameters on the dimensionless deflection under uniform loading for various mag-
netic potential parameters (L/h =10,V =0, K,, = K, =20,AT =20,AH =1)
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Dimensionless deflection

Dimensionless deflection

Lh

@K, =K,=0 () K, =25, K, =5

Figure 3: Effect of slenderness ratio on dimensionless deflection for uniform load for various electric voltages,
without elastic foundation and with elastic foundation (L/h =10, Q =0, AT =20, AH = 1)

16
20

15

18

14

13

Dimensionless deflection

12 1

Dimensionless deflection

11

10

o] 5 10 15 20

Kw

Kp

Figure 4: Effect of the Pasternak foundation on dimensionless deflection for a uniform load and various electric
voltages (L/h = 10, K,, = K,=20,u=2,Q=0,AT =20,AH =1)
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7.85

20 30

L/h

40 50 60

Figure 5: Effect of aspect ratio on dimensionless deflection for a uniform load and various Winkler foundation
parameters (L/h = 10, K,=20,V=0,Q=0,AT =20,AH =1)

O=0

N e ©=+0.005

\ — — - 0=+001

Frequency

Crack severity K
Kw

Frequency

=
)

18

16

o
=

10

0 1 2 3 4 5 6 7 8 9

Crack severity K
Kp

Figure 6: Effect of crack severity on frequency for various Winkler foundation parameters (L/h = 10, K, = K,, =

20,V =0,AT =20,AH =1)
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Fig. 3 presents the dimensionless deflection of the nanobeam as a function of slenderness ratio,
considering a nonlocal scale parameter of y = 2. The bending of the nanobeam is observed to be ampli-
fied under the application of external electric voltage: specifically, negative voltages enhance deflection,
while positive voltages reduce it. This indicates that positive and negative voltages induce axial tensile
and compressive forces in the nanobeam, respectively. Additionally, it is observed that for zero electric
voltage (V = 0), the dimensionless deflection remains nearly independent of the slenderness ratio.

Fig. 4 shows how the dimensionless deflection of nanobeams changes with Winkler and Pasternak
foundation parameters under varying electric voltages and nonlocal parameters, for an aspect ratio of
L/h = 10. Regardless of the polarity or level of applied voltage, an increase in dimensionless deflection
is observed when larger Winkler and Pasternak parameters are used. The results also indicate that, under
constant electric voltage, deflection is more sensitive to variations in the Pasternak parameter than in the
Winkler parameter.

In Fig. 5, the influence of aspect ratio on the non-dimensional deflection of the nanobeam with
varying Winkler foundation stiffness is illustrated. It is observed that as the aspect ratio (L/h) increases
from 10 to 20, the dimensionless static deflection increases, but then decreases with further increase
in aspect ratio. This behavior is attributed to the fact that increasing the Winkler foundation stiffness
enhances the overall stiffness of the nanobeam, thereby reducing its deflection.

Fig. 6 shows the effect of crack severity on the natural frequency of the nanobeam for various mag-
netic potential and foundation stiffness values. The results indicate that an increase in magnetic potential
leads to a reduction in frequency. Additionally, it is observed that the frequency decreases as crack sever-
ity increases. This trend can be attributed to the fact that higher Winkler foundation stiffness amplifies
the influence of the crack more than Pasternak stiffness, thereby reducing the overall stiffness of the
nanobeam and lowering its natural frequency.

Fig. 7 illustrates the effect of crack depth on the natural frequency of the nanobeam for different
electric voltage and foundation stiffness values. The results show that increasing the applied electric
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voltage leads to a decrease in frequency. It is observed that as the crack depth increases, the frequency
initially rises and then gradually decreases. This behavior can be attributed to the fact that greater Winkler
foundation stiffness amplifies the effect of crack depth, resulting in a reduction in the overall stiffness
and dynamic response of the nanobeam.

7 Conclusion

The deflection characteristic of electro-magneto-elastic nanobeams under hygro-thermal conditions are
analysed in the article. The governing equations are formulated through the application of Hamilton’s
principle, employing a higher-order refined beam model, and are solved analytically. A parametric in-
vestigation in conducted to assess the effects of the nonlocal parameter, thermal-moisture environment,
coupled magneto-electro-mechanical loading, and aspect ratio on the deflection response. Significant in-
fluences are observed in terms of dimensionless deflection. Then both increasing aspect ratio and crack
depth initially raise the nanobeam’s natural frequency, followed by a decrease. This trend is influenced
by Winkler foundation stiffness, which amplifies crack effects. As a result, overall beam stiffness and
frequency are reduced.
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