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Abstract This work explores the mechanical characteristics response electro-magneto-thermoelastic (EMT)
nanobeams by simultaneously accounting for fractional viscoelasticity, nonlocal elastic interactions, doublet
mechanics, and couple-stress effects. A meta-auxetic architecture is integrated into the nanobeam inspired by
graphene-based origami structures, allowing its mechanical behavior to be tuned through geometric reconfig-
uration and engineered microstructural features. Time-dependent viscoelastic phenomena—such as nanoscale
stress relaxation and strain evolution—are captured using the Caputo-form Atangana–Baleanu fractional
operator representing the material’s memory characteristics. The governing relations are formulated through
Hamilton’s principle under a nonlocal couple-stress formulation. Because these equations are nonlinear and
fractional in nature, the Adomian decomposition technique (ADT) is applied to obtain analytical solution
approximations. A comparative study with previously published results is carried out for model verification.
The results demonstrate that couple-stress behavior, fractional-order memory effects, auxetic properties aris-
ing from graphene-origami structures, doublet mechanics, and nonlocal phenomena all strongly influence the
stress–strain behavior and thermal response of the nanobeam. Overall, the study offers important guidelines
for designing and optimizing next-generation nanoscale systems, including biomedical sensors, reconfigurable
electronics, adaptive façade components, and intelligent infrastructural materials.

1 Introduction

The rapid evolution of nanotechnology has been strongly driven by advances in graphene synthesis and pro-
cessing. Early breakthroughs included the fabrication of large-area ultrathin films from reduced graphene oxide
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[1] and the development of stable water-based dispersions of graphene nanosheets [2], which enabled the real-
ization of lightweight, flexible, and highly conductive materials. These advances facilitated a wide range of
nanoelectromechanical applications, including micromechanical mass sensing [3], enhanced resonance-shift
accuracy in microcantilevers [4], and graphene-based nonvolatile memory devices [5]. Owing to its excep-
tional mechanical strength, ultralow mass density, and superior electromechanical performance, graphene has
emerged as a keymaterial platform for next-generation nanoelectromechanical systems (NEMS).Beyondmate-
rial synthesis, recent research has increasingly focused on architected graphene-based nanostructures, where
geometry is intentionally engineered to achieve unconventional mechanical responses. In this context, origami-
and kirigami-inspired designs have attracted significant attention as effective strategies for tailoring mechan-
ical behavior through folding, cutting, and controlled out-of-plane deformation. When applied to graphene,
origami architectures exploit its atomic-scale thickness and high flexibility, allowing large reversible defor-
mations without material failure. By carefully designing fold patterns and hinge-like geometries, graphene-
origami structures can exhibit auxetic behavior, characterized by a negative Poisson’s ratio whereby the struc-
ture expands laterally when stretched axially. Since this behavior arises from geometric configuration rather
than intrinsic material properties, such systems are classified as meta-auxetic materials. Recent studies have
demonstrated that auxetic responses can be realized in graphene-derived structures through patterned cuts,
fold-guided buckling, and reconfigurable hinge mechanisms. These geometrically induced transformations
enable significant tunability of effective stiffness, deformation modes, and wave propagation characteristics,
making graphene-origami-based meta-auxetic nanostructures a promising platform for programmable and
multifunctional mechanical behavior at the nanoscale. From a fabrication standpoint, graphene-origami and
kirigami architectures are increasingly feasible due to advances in nanoscale patterning and strain-engineering
techniques. Experimental approaches such as electron-beam and photolithographic patterning followed by
substrate-induced self-folding, focused ion beam or laser-assisted cutting, chemical functionalization-driven
folding, and van der Waals-assisted stacking have been reported for producing folded and reconfigurable
graphene nanostructures. The combination of auxetic behavior, ultralowmass density, and high stiffness makes
graphene-origami-based nanobeams particularly attractive for advancedNEMSapplications. Potential applica-
tions include ultrasensitive resonantmass sensors, tunable nanoresonators, adaptive vibration control elements,
flexible and stretchable electromechanical devices, and reconfigurable waveguides. Moreover, accurately cap-
turing time-dependent and history-dependent material behavior is essential for modeling nanostructures oper-
ating under dynamic loading conditions, where viscoelasticity, internal friction, and long-range interactions
play a critical role. At the structural level, extensive mechanical modeling of nanomaterials has been developed
to describe size-dependent andmicrostructural effects. Early investigations addressed the stability of conveying
carbon nanotube systems under magnetic fields [6], internal resonances in MEMS arches [7], and combined
experimental–analytical studies on multilayered microbeams [8]. Subsequent research examined thermoelas-
tic behavior and vibration characteristics of nanobeams subjected to harmonic and thermal excitations [9]. A
major theoretical advancement was introduced through Eringen’s nonlocal elasticity theory [10, 11], which
accounts for long-range interatomic interactions and has been widely applied to wave propagation in carbon
nanotubes [12], functionally graded nanobeams [13–17], and magneto-thermoelastic nanostructures [18]. Fur-
ther studies investigated nonlocal porous beams in fluid environments [19, 20] and thermoviscoelastic graphene
sheets interacting with elastic substrates [21]. To capture microstructural interactions more accurately, doublet
mechanics have been introduced as an effective modeling framework. This approach has been successfully
applied to mass-sensing nanobeams [22], generalized nonlocal strain-gradient magneto-piezo-thermoelastic
beams [23], piezo-magneto-thermoelastic functionally graded nanobeams in fluid media [24], and nonlin-
ear poro-thermoelastic vibrations in layered shells [25]. Nonlinear forced vibration under moving loads was
examined in [26], while the granular mechanics underlying doublet theory were discussed in foundational
work on microstructural mechanics [27]. Subsequent bending analyses of Euler–Bernoulli and Timoshenko
nanobeams using doublet mechanics were reported in [28]. In parallel, advanced analytical and semi-analytical
solution techniques have been developed to address the strong nonlinearity of nanostructural governing equa-
tions. Adomian presented a comprehensive formulation of the Adomian decomposition method (ADM) for
nonlinear differential equations [29], which was later applied to free vibration analysis of Euler–Bernoulli
beams with high computational efficiency [30]. Combined nonlocal and surface energy effects on nanobeam
vibrations were investigated in [31], followed by further studies on nonlocal beam bending, buckling, and
vibration [32]. To model time-dependent material behavior, fractional derivative concepts were introduced
to capture complex viscoelastic responses [33, 34], with improved formulations eliminating singular kernels
[35, 36]. These developments enabled fractional thermoelastic models [37] and memory-dependent thermoe-
lastic analyses of nanobeams subjected to periodic heat flux and laser pulse heating [38–40]. More recently,
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attention has shifted toward metamaterial-inspired nanostructures, where geometry and material behavior
are co-designed to achieve enhanced functionality. Graphene-origami-enabled magnetostrictive nanoplates
exhibiting unique buckling characteristics were reported in [41], while origami-based auxetic metamaterial
beams demonstrated rich nonlinear forced vibration responses in [42]. Tunable mechanical behavior based
on Miura and herringbone core geometries was explored in [43], alongside bio-inspired helicoidal composite
cylinders [44]. Reconfigurable hard-magnetic soft composites have also emerged as promising candidates
for multifunctional and adaptive systems [45]. Further extensions of metamaterial-based nanobeam modeling
have incorporated coupled nonlocal elasticity, fractional derivatives, surface energy, and couple-stress effects
to investigate magnetoelastic wave propagation, vibration, and stability characteristics of advanced nanostruc-
tures [46–50]. Ghannadpour et al. [51] utilized the Ritz method to study bending, buckling, and vibration in
nonlocal Euler beams, demonstrating the role of small-scale effects. Phadikar and Pradhan [52] formulated
a variational approach and applied the finite element method (FEM) to model nanobeams and nanoplates
under nonlocal elasticity theory. These studies highlight the growing importance of combining geometric
design with advanced constitutive modeling to accurately describe nanoscale mechanical behavior. Despite
these advances, the dynamic behavior of graphene-origami-based meta-auxetic nanobeams incorporating dou-
blet mechanics and memory-dependent constitutive effects remains largely unexplored. The present study
addresses this gap by developing a comprehensive theoretical model to analyze the vibration characteristics
of a graphene-origami-based meta-auxetic doublet nanobeam with memory-dependent effects, providing new
insights into the coupled influence of geometry, microstructure, and material history on nanoscale dynamic
behavior.

A critical review of existing studies shows that although significant progress has been made in model-
ing size-dependent nanobeams using nonlocal elasticity, couple-stress theory, fractional viscoelasticity, and
electromagnetic field coupling, these approaches have largely been investigated in isolation. Previous works
on auxetic and metamaterial-inspired nanostructures have primarily focused on simplified geometries or clas-
sical continuum theories, often neglecting the combined influence of intrinsic microstructural interactions,
memory-dependent material behavior, and multiphysical loading conditions. Similarly, graphene-based and
origami-enabled nanostructures have demonstrated remarkable tunability, yet their dynamic behavior has
rarely been explored within a unified framework that accounts simultaneously for auxetic topology, nanoscale
particle coupling, and hereditary effects. In particular, the vibrational response of graphene-origami-inspired
meta-auxetic nanobeams incorporating doublet mechanics and memory-dependent effects remains insuffi-
ciently addressed in the literature. To bridge these gaps, the present work develops a comprehensive model
that integrates doublet mechanics to capture intrinsic size effects, a memory-dependent derivative framework
to represent viscoelastic behavior, nonlocal elasticity to describe long-range interactions, and Maxwell-type
electromagnetic coupling to account for external fields. The proposed graphene-origami-based auxetic con-
figuration enables adjustable mechanical properties and enhanced adaptability at the nanoscale, as illustrated
schematically in Fig. 1. Owing to the resulting nonlinear governing equations, the Adomian decomposition
technique is employed to investigate the primary resonance characteristics. By systematically examining the
coupled effects of scale dependency, advanced continuum theories, andmultiphysical fields, this study provides
new insights into the dynamic performance of meta-auxetic nanobeams and offers a theoretical foundation
for the design of high-performance nano- and microscale electromechanical systems operating under complex
thermal and electromagnetic environments.

2 Fundamental equations

2.1 Maxwellian electromagnetic theory

Based on the principles of classical electromagnetic theory [12], the Maxwell equations take the form of their
differential form as given below:

∇ × h � J ,∇ × e � − 1

ϒ
∂t h,∇.h � 0, (1)

In this paradigm, h stands for the magnetic field vector and J refers to the electric current per unit area, e
is the electrical field intensity vector, and ϒ refers to the magnetic response property. The spatial distributions
of the electric field e and the magnetic field h can be further expressed as:

h � ∇ × (U × �), e � − 1

ϒ
(∂tU × �), (2)
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Fig. 1 Schematic of the graphene-origami-based meta-auxetic doublet nanobeam

where ∇ � ∂x i + ∂y j + ∂zk is the Hamilton operator, U � (x , y, z) denote the displacement vector, and let
� � (�x , 0, 0) denotes the magnetic field vector in the longitudinal direction, where the unit basis vectors
are (i , j , k). With the magnetic field aligned along the beam axis, the field vector h is:

h � −�x
(
∂yv + ∂zw

)
i + �x (∂xv) j + �x (∂xw)k. (3)

By inserting the expression from Eq. (5) into Eq. (3), the following relation is obtained:

J � ∇ × h � �x

(
−∂2xzv + ∂2xyw

)
i − �x

(
∂2xzv + ∂2xw + ∂2z w

)
j + �x

(
∂2x v + ∂2yv + ∂2zyw

)
k (4)

The Lorentz force due to the applied longitudinal magnetic field is:

f
(
fx , fy , f z

) � 1

ϒ
(J × �) � 1

ϒ

[
0i + �x

2
(
∂2x v + ∂2yv + ∂2zyw

)
j + �x

2
(
∂2xw + ∂2yw + ∂2zyv

)
k
]
, (5)

Where fx , fy and fz stand for the Lorentz force’s components acting in the x , y, and z directions,
respectively:

fx � 0

fy � 1

ϒ
�2

x

(
∂2x v + ∂2yv + ∂2zyw

)

fz � 1

ϒ
�2

x

(
∂2xw + ∂2yw + ∂2zyv

)
(6)

In the present formulation, the magnetic field is applied along the longitudinal direction, and according to
the adopted beam kinematics, only the transverse displacementw(x , t) contributes to the bending deformation
of the nanobeam. Consequently, the Lorentz force component acting in the z-direction is retained, while the
remaining components do not contribute to the beam’s deformation. The resulting Lorentz force per unit
volume in the transverse direction is therefore expressed as:

fz � 1

ϒ
�x

2∂2xw. (7)

The equivalent transverse force intensity per unit length acting on the beam is obtained by integrating the
force density over the cross-sectional area A, yielding:

q̃(x , t) �
∫

A
fzd A � 1

ϒ
�x

2A∂2xw. (8)
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Fig. 2 Doublet geometric form in DM theory

2.2 Doublet mechanical framework featuring a memory-influenced derivative

Doublet mechanics (DM) treat a pair of neighboring atoms or nodes as a single doublet and introduce a
characteristic material length scale to represent the spacing between them. This intrinsic length scale used in
DM is illustrated schematically in Fig. 2.

The change in stretching displacement for doublet α, denoted as (�uα), is then defined as [37]:

�uα �
M∑

χ�1

(ηα)χ

χ !
τ oαK 1

...τ oαKχ
∂

χ
χk1...χkχ

ui (9)

In this formulation, k1, k2,..kχ correspond to the Cartesian coordinates x , y, and z, respectively. The
parameter ηα represents the characteristic material length scale for the DM model; in this study, η � 0.1421
nm. The vector τ 0α denotes a unit direction vector along the αth node orientation. The parameter M defines the
number of terms retained in the Taylor series expansion. Using these definitions, the stretching microstrain ∈α

is expressed as [40]:

∈α � τ 0αi

M∑

χ�1

(
ηoα

)χ−1

χ !
τ oαK 1 ...τ

o
αKχ ∂

χ
χk1...χkχ

ui (10)

In this study, three terms from the Taylor expansion (M � 3) are employed in the DM framework. Earlier
investigations have shown that retaining three terms yields sufficiently accurate results for doublet mechanics
[37, 39]. With this assumption, the expression for the stretching microstrain becomes:

∈α � τ oαi τ
o
α j

∂x j ui + τ oαi
ηα

2
τ oα j

τ oαk∂
2
x j xK ui + τ oαi

ηα
2

6
τ oα j

τ oαk τ
o
αl

∂3x j xK xl ui (11)

The relation between the microstress and microstrain is expressed as [40]:

pα �
∑

β

Cαβεβ (12)

Here, Cαβ represents the micromodulus of elasticity associated with the doublet. Under the assumption of
plane-stress conditions, it can be written as (C0), a constant value [39]:

Co � 4

9
μ
7λ + 10μ

λ + 2μ
(13)

The Lamé constants λ,μ, and the parameter Co are expressed on the assumption of plane stress. By
establishing the Poisson’s ratio to υ � 1/3, these constants can be written as [37]:

λ � υE

(1 + v)(1 − 2v)
,μ � G � E

1 + 2v
, λ � 2μ,Co � 8μ

3
� E (14)
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Fig. 3 Three-doublet configuration with uniform angular spacing

where E and υ denote the Young’s modulus and Poisson’s ratio, respectively. Using these definitions, the
corresponding expressions for the stretching the expressions for microstrain and microstress are:

∈α � τ oαi τ
o
α j

∂x j ui + τ oαi
ηα

2
τ oα j

τ oαk∂
2
x j xK ui + τ oαi

ηα
2

6
τ oα j

τ oαk τ
o
αl

∂3x j xK xl ui (15)

pα � Coτ
o
αm

τ oαn

(
εmn +

1

2
ηατ oαs∂xsεmn +

1

6
η2ατ oαt τ

o
αs

∂2xt xsεmn

)
(16)

The stretching macro-stress relationship for the three-dimensional formulation can be expressed as follows
[39]:

σk1i (M) �
M∑

χ�1

τ oαk1

M∑

χ�1

(−1)χ+1
[

(ηα)χ−1

χ !
τ oαK 2

...τ oαKχ
∂

χ−1
χk2...χkχ

pαi

]

(17)

Substituting M � 3 into Eq. (17) yields:

σi j �
M∑

α�1

Coτ
o
αi

τ oα j
τ oαm τ oαn

[
εmn +

ηα
2

12
τ oαt τ

o
αs

∂2xt xsεmn

]
(18)

The doublet mechanics formulation captures size-dependent mechanical effects and provides a direct link
between applied forces, including the Lorentz force derived in Sect. 2.1, and the resulting stress–strain response
of the nanobeam. The unit vectors−→τ 0

i j which represent cosine components of the direction angular distribution
ofmicrostresses along theCartesian directionsmay be derived from the geometric configuration shown in Fig. 3
as follows:

τi j �
⎡

⎣
cos(θ ) cos(90) sin(θ )

−sin(30 − θ) cos(90) −cos(30 − θ )
−cos(60 − θ ) cos(90) sin(60 − θ )

⎤

⎦ (19)
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In this work, a zigzag nanobeam configuration is adopted. For such a structure, the atomic orientation angle
θ relative to the beam’s axial direction is 0o. Substituting θ � 0o into Eq. (19) gives:

τi j �
⎡

⎣
1 0 0

−1/2 0 −√
3/2

−1/2 0
√
3/2

⎤

⎦ (20)

By inserting stress–strain characterization of the zigzag model using with Eq. (20) in Eq. (18) and C0 � E
(plane stress):

σxx � E

(
εxx +

η2α

12
∂2x εxx +

η2α

32
∂2xzεxz

)
(21)

By retaining only the axial strain component in Eq. (21), the following expression is obtained:

σxx � E

(
εxx +

η2

12
∂2x εxx

)
(22)

It should be emphasized that the factor η2

12 in the intrinsic material length parameter linked to the DM is
indicated by Eq. (22) applied to a zigzag configuration.

This study focuses on, heat transfer formulation [32] can be written in the manner shown:

qi + τDτqi � −αT θ i , (23)

Dτqi (t) � 1

τ

∫ t

t−τ

G(t − ξ )
∂qi (ξ )

∂ξ
dξ (24)

G(t − ξ) �
(
1 − t − ξ

τ

) j

, (25)

In this formulation, qi denotes the heat-flux vector, while αT represents the thermal conductivity. The
symbols t and τ correspond to the present time and the time-delay parameter, respectively. The term Dτqi
refers to the memory-dependent derivative of the heat flux, and G(t − ξ) is the MDD kernel function, where j
is a positive real constant. The corresponding energy equation, assuming no internal heat source, is given by:

ρCE∂tθ + γ T0∂tεkk � −qi ,i . (26)

Here, ∂t � ∂
∂t represents the partial derivative with respect to time t . The energy equation formulated

within the MDD framework [30] can be derived by substituting Eq. (23) into Eq. (26).

(1 + τDτ )
[
ρCE∂tθ + γ T0∂tεkk

] � αT∇2θ , (27)

whereCE denotes the heat capacitywith volume held constant, while ρ denotes the density of the substance.
The thermal response interacts with the mechanical behavior through strain-induced thermal effects and the
auxetic material properties described in the next section, allowing coupled thermomechanical analysis.

2.3 Materials enabled by graphene origami

The formulation procedure highlights the notable properties of GOA structures [42]:

EAuxetic � ECu
1 + ξηVGr

1 − ηVGr
fE (HGr , VGr , T ) (28)

υAuxetic � (VGrυGr + VCuυCu) fυ (HGr , VGr , T ) (29)

αAuxetic � (VGrαGr + VCuαCu) fα(VGr , T ) (30)

ρAuxetic � (VGrρGr + VCuρCu) fρ(VGr , T ) (31)

fE (HGr , VGr , T ) �1.11 − 1.22VGr − 0.134

(
T

T0

)
+ 0.559VGr

(
T

T0

)
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− 5.5HGrVGr + 38HGrV
2
Gr − 20.6H2

GrV
2
Gr (32)

fυ(HGr , VGr , T ) �1.01 − 1.43VGr + 0.165

(
T

T0

)
− 16.8HGrVGr

− 1.1HGrVGr

(
T

T0

)
+ 16H2

GrV
2
Gr (33)

fα(VGr , T ) � 0.794 − 16.8V 2
Gr − 0.0279

(
T

T0

)2

+ 0.182

(
T

T0

)
(VGr + 1) (34)

fρ(VGr , T ) � 1.01 − 2.01V 2
Gr − 0.0131

(
T

T0

)
(35)

Let T0 denote the temperature, which is 300 K, whereas the ambient temperature is represented by T. The
graphene-origami auxetic material’s volume fraction (VGr ) is defined as follows for a uniform distribution
[42]:

VGr � ρCuWGr

ρCuWGr + ρGr (1 − WGr )
(36)

VCu � 1 − VGr (37)

Here, ρGr and ρCu are the densities of graphene and copper, WGr is the graphene weight fraction, and
VCu is the copper volume fraction. The folding degree HGr varies through the thickness, while the material
and size parameters η and ξ are defined as:

η �
EGr
ECu

− 1
EGr
ECu

+ ξ
, ξ � 2

(
lGr

tGr

)
(38)

Here, lGr corresponds to the graphene length, while tGr refers to its thickness. These effective properties
are incorporated into the constitutive relations to account for the combined influence of material heterogeneity,
auxetic behavior, and size-dependent mechanics on the nanobeam’s overall response.

3 Constitutive relations

It should be noted that the intrinsic length-scale parameter appearing in the present constitutive relations

originates from the doublet mechanics formulation introduced in Sect. 2.2. In particular, the term η2

12 , derived
from the doublet-based strain-gradient expansion, is embedded into the couple-stress modulus, thereby linking
the doublet mechanics framework with the higher-order size-dependent constitutive equations. According
to nonlocal elasticity theory, nanoscale materials exhibit lower effective stiffness compared to their bulk
counterparts. In contrast, couple-stress theory predicts an increase in structural rigidity at the nanoscale by
incorporating a curvature-related tensor into the strain energy function. The simultaneous contribution of
curvature and density-related effects offers an improved representation of nanoscale mechanical response.
Size-dependent couple-stress effects are incorporated into the constitutive relation in the doublet mechanics
approach along with the impact of the longitudinal magnetic force can be written as follows [6, 10]:

σxx − (e0a)
2∂2xσxx � Eεxx , (39)

mxy − (e0a)
2∂2xmxy − μx∇εx � 2

(
1 + τDτ + τα

0 D
α
AB∂α

t

)
l2χxy . (40)

Here, α represents the fractional derivative order, while τ0 representing a coefficient dependent in terms
of time and the derivatives of fractional exponent α. The symbol DAB represents the fractional derivative of
order α in the Atangana–Baleanu sense. The term l denotes size-influenced couple-stress parameter, while
e0a corresponds regarding the nonlocal parameter of length scale. E denotes elastic modulus, and εx refers to
the normal strain, given by (εx � −y d2w

dx2
). The stress and couple-stress tensors are denoted by σxx and mxy ,

whereas εxx and χxy represent the tensors of strain and curvature. The quantities μx and ∇εx are evaluated as
follows:

∇εx � dεx

dx
, μx � η2

12
E(z)

dεx

dx
.
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The displacement vectors (s1, s2, s3) of the nanobeam, as described by the Euler–Bernoulli beam theory
[18], can be expressed as follows:

s1 � u0 − z∂xw
s2 � 0

s3 � w(x , t)

⎫
⎬

⎭
. (41)

where, w(x , t) represents the transverse displacement of the beam at position x and time t . The nonzero
components of the strain tensor εxx and the curvature tensor χxy associated with this displacement field are
given by:

εxx � ∂xu0 − z∂2xw, (42)

χxy � −1

2
(∂2xw) (43)

The equation of motion subjected to a magnetic flux, as obtained through the variational formulation of
Hamilton, can be expressed as:

δ

∫ t

0
(U +W − K )dt � 0. (44)

where δU , δK and δW denote the fluctuations in strain energy, the kinetic energy, and thework performedby
outside forces, respectively. For a linear, isotropic elastic substance traveling through minuscule deformation,
the constitutive relation is given by:

δU �
∫

V
(σxxδεxx + 2mxyδχxx )dV . (45)

The differential of the work carried out by the external factors; one way to express (Fext ) is:

δW �
∫

V
FextδwdV , (46)

where Fext � q̃(x , t) + αT E A�T ∂2xw.
In this expression, αT denotes the coefficient of thermal expansion, E stands for Young’s modulus, A

represents the cross-section area, while �T corresponds to the variation in temperature.
The kinetic energy variation is given by:

t∫

0

δKdt �
t∫

0

∫

V

ρ
[
s′
1δs

′
1 + s′

2δs
′
2 + s′

3δs
′
3

]
dVdt. (47)

Here, ρ indicates the volumetric density. Integrating Eqs. (44)–(47) produces the subsequent relation:

∂x N � 0, (48)

∂2x (M + Y ) � −ρ I∂4x2t2w + ρA∂2t w − Fext , (49)

In this formulation, the quantities N, M, and Y are defined as follows:

N �
∫

A

σxxd A,

M �
∫

A

zσxxd A,

Y �
∫

A

mxyd A.

(50)
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Combining Eqs. (48) and (50) gives:

N � E A∂xu0 � C1. (51)

The overall answer to Eq. (51) can be expressed as:

u0(x) �
∫ x

0

C1

E A
dx + C2. (52)

where the integration constants are shown by C1 and C2.
The surface integrals displayed in Eqs. (39) and (40) are used to obtain the constitutive relations to be

expressed in terms of the corresponding resultant stress tensors, which can be written as:

M − (e0a)
2∂2x M � −E I∂2xw, (53)

Y − (e0a)
2∂2x Y � η2

12
y2E(z)∂6xw − (

1 + τDτ + τα
0 D

α
AB∂α

t

)
l2∂2xw. (54)

Because the length-scale modulus is not constant and may vary across different spatial dimensions, it is
scientifically recognized that this parameter exhibits dimensional dependence. By integrating electromagnetic,
thermal, mechanical, andmaterial effects, the resulting governing equation fully describes the coupled dynamic
behavior of the meta-auxetic doublet nanobeam. By substituting Eq. (49) into Eqs. (53) and (54), the governing
equation for the nanobeam can be formulated as follows:

E I∂4xw +
(
1 + τDτ + τα

0D
α
AB∂α

t

)
Al2∂4xw

− η2

12
y2E(z)∂6xw − N∂2xw

− ρ I∂4t2x2w + ρA∂2t w − Fext

− (e0a)
2[−N∂4xw − ρ I∂6x4t2w + ρA∂4t2x2w − ∂2x Fext

] � 0. (55)

To enable a consistent comparison of the results, the dimensionless parameters that follow are presented:

w0 � W

L
, t0 � t

L
, X � x

L
, λ � AL2

E I
,β � N

E I
, γ � ρ I

E I
, δ � ρA

E I
, η � e0a2

L2 ,

� � y2E(z)

EL2 , ∂α
t � 1

T α
∂α
t , τ0 � τ0, DAB � DAB, τDτ � τDτ .

(56)

By incorporating these nondimensional parameters into Eq. (55), the nanobeam’s governing equation can
be rewritten as follows:

λ∂4Xw0 −
(
1 + τDτ +

(
τ0DAB

)α
∂α
T

)
∂4Xw0 +

�η2

12
∂6Xw0 − β∂2Xw0 − γ ∂4

t20 X
2w0 + δ∂2t0w0 � Fext + η2ϕw0

(57)

where ϕ � −β∂4X − γ ∂6
t20 X

4 + δ∂4
t20 X

2 .

4 Adomian decomposition technique (ADT)

The basic procedure for applying the ADT to vibration-related differential equations is summarized here.
The differential equation should be considered.

Fy(x) � g(x), (58)

In this case, g(x) is a given function of the variable x , and F stands for an ordinary differential operator
with both linear and nonlinear terms. Equation (58) can be rearranged in the following form [29]:

My + Ny + Py � g(x) (59)
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in which L denotes a linear operator that is invertible associated with the derivative of the dominant-order
terms, with R indicating the remaining linear contributions, and Ny includes all nonlinear terms contributions
from F.

Equation (59) may be treated as either a problem with specified initial or boundary conditions, enabling
Ly is written as

y � ψ + L−1g − L−1Ny − L−1Py (60)

In the context ψ is a function satisfying Lψ � 0. The inverse operator L−1 for initial-value problems is
typically written as integral with specified limits ranging from 0 to x [29].

For solving Eq. (60) via ADT, the solution is assumed to possess an infinite, convergent series expansion
of the form

y �
∞∑

k�0

ckx
k (61)

The nonlinear term Ny is expanded using Adomian polynomials:

Py � f (y) �
∞∑

k�0

Ak (62)

where the polynomials Ak are computed according to [29]:

A0 � f (y0) (63)

A1 � y1 f ′(y0) (64)

A2 � y2 f ′(y0) +
y21
2!

f ′′(y0) (65)

A3 � y3 f ′(y0) + y1y2 f
′′(y0) +

y31
3!

f ′′′(y0) (66)

and subsequent terms follow the same pattern.
Substituting Eqs. (61) and (62) into Eq. (60) gives

∞∑

k�0

ckx
k � ψ + L−1g − L−1N

∞∑

k�0

ckx
k − L−1

∞∑

k�0

Ak (67)

From this, the iterative relations for the decomposition components are obtained:

y0 � ψ + L−1g, k � 0,

yk � −L−1Nyk−1 − L−1Ak−1, k ≥ 1, (68)

4.1 Enforcing boundary conditions using the ADT

4.1.1 Simply supported (S–S)

For a simply supported nanobeam, both ends can rotate freely while vertical displacements are constrained.
This condition allows bending without axial restraint at the supports, which is reflected in the requirement that
the transverse displacement and bending moment vanish at both ends. Considering a nanobeam with simply
supported supports, the left-end conditions are given by [30]:

W (0) � W (2) � 0

Likewise, the boundary requirements at the right end are expressed as:
[
ψ [n](1)

] � 0
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[
ψ [n](1)

](2) � 0 (69)

Equation (69) can be rearranged into the form:

f [n]r0 (λ)W (1)(0) + f [n]r1 (λ)W (3)(0) � 0, r � 1,2. (70)

For the existence of nontrivial solutions for W (1)(0) and W (3)(0), the corresponding frequency condition
becomes

∣
∣∣∣
f [n]10 (λ) f [n]11 (λ)

f [n]10 (λ) f [n]11 (λ)

∣
∣∣∣ � 0 (71)

Solving this determinant yields the approximate eigenvalues λ
[n]
i . Convergence is achieved when

∣∣
∣λ[n]i − λ

[n−1]
i

∣∣
∣ ≤ ε (72)

where ε is selected to meet the desired accuracy. Accordingly, the parameter n is determined once the eigen-
values satisfy the convergence requirement.

The solution obtained from the series expansion in Eq. (61) is truncated after n terms to approximate the
response:

y(x) �
n∑

k�0

yk(x). (73)

This procedure can be adapted similarly for alternative boundary scenarios, like C–S and C–C cases.

4.1.2 Clamped-simply supported (C-S)

In the clamped-simply supported configuration, the left end is rigidly fixed, preventing both displacement
and slope, while the right end can rotate freely but cannot translate vertically. This asymmetry introduces
nonuniform bending behavior along the beam. In this boundary condition scheme, the left-end specifications
are given by.

W (0) � W (1) � 0.

At the right end, the corresponding constraints are given by
[
ψ [n](1)

] � 0
[
ψ [n](1)

](2) � 0 (74)

Equation (74) can be reformulated into the following expression:

f [n]r0 (λ)W (2)(0) + f [n]r1 (λ)W (3)(0) � 0, r � 1,2. (75)

4.1.3 Clamped–clamped (C–C)

For a doubly clamped beam, both ends are fully restrained, preventing rotation and vertical displacement. This
results in higher stiffness and higher natural frequencies compared to other boundary conditions. In a doubly
clamped beam, the left-side constraints are:

W (0) � W (1) � 0.

The corresponding conditions at the right end are
[
ψ [n](1)

] � 0
[
ψ [n](1)

](2) � 0 (76)

Under these requirements, the associated frequency relation becomes

g[n]r0 (λ)W (2)(0) + g[n]r1 (λ)W (3)(0) � 0, r � 1,2. (77)

Consequently, for every boundary setup, solving the algebraic systems obtained from Eqs. (71), (74), and
(77) provides the corresponding frequency parameters λ.
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4.2 ADT method for this problem

In this case, the linear operator LW (X ) is defined as LW (X) � W 6(X ), where W (X) � W (0)X and W j

denotes the jth-order derivative.
By expressing w0(X) as the series w0(X) � ∑∞

n�0 Wn(X), Eq. (57) can be rewritten as

�η2

12
W (X) �ψ +

(
λ + τDτ + DAB

α ∂α

∂T α

)
L−1

(
∂4

∂X4

∞∑

n�0

Wn

)

+ βL−1

(
∂2

∂X2

∞∑

n�0

Wn

)

+ γ L−1

(
∂4

∂t20 ∂X2

∞∑

n�0

Wn

)

− δL−1

(
∂2

∂t20

∞∑

n�0

Wn

)

+

(
1

ϒ
�2

x + αT E�T

)
AL−1

(
∂2

∂X2

∞∑

n�0

Wn

)

+ η2ϕ

∞∑

n�0

Wn (78)

In the context, L−1 � ∫ ∫ ∫ ∫ ∫ ∫
. . . dXdXdXdXdXdX .

The proposed initial estimate

W0(X) � ψ �
5∑

i�0

X (i)

i!
W

(i)

(X ) (79)

The recursive relation takes the form (for n ≥ 1)

�η2

12
W (X) �

(
λ + τDτ + DAB

α ∂α

∂T α

)∫ ∫ ∫ ∫ ∫ ∫
∂4Wn−1

∂X4 dXdXdXdXdXdX

+ β

∫ ∫ ∫ ∫ ∫ ∫
∂2Wn−1

∂X2 dXdXdXdXdXdX

+ γ

∫ ∫ ∫ ∫ ∫ ∫
∂4Wn−1

∂t20 ∂X2
dXdXdXdXdXdX

− δ

∫ ∫ ∫ ∫ ∫ ∫
∂2Wn−1

∂t20
dXdXdXdXdXdX

+

(
1

ϒ
�2

x + αT E�T

)
A

∫ ∫ ∫ ∫ ∫ ∫
∂2Wn−1

∂X2 dXdXdXdXdXdX + η2ϕWn−1 (80)

An approximate solution of the governing equation (Eq. 78) is obtained by retaining n terms within the
series, by using the recurrence relation found in Eq. (80), and can be expressed as.

ψ [n](X) �
n∑

k�0

Wn(X ) (81)

Derivatives are indicated by

[
ψ [n](X)

](1) � d[ψ [n](X)]

dX
(82)
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Table 1 Comparison of dimensionless vibration frequencies across multiple boundary conditions [38]

Dimensionless frequency

S–S C–S C–C

n η � 0.1421 This study η � 0.1421 This study η � 0.1421 This study

3 5.466 5.464 8.993 8.993 13.319 13.318
5 5.461 5.463 8.983 8.983 13.319 13.316
6 5.461 5.463 8.982 8.982 13.319 13.316
7 5.461 5.462 8.982 8.982 13.319 13.316
8 5.461 5.462 8.982 8.982 13.319 13.316

[
ψ [n](X)

](2) � d2[ψ [n](X)]

dX2 (83)

[
ψ [n](X)

](3) � d3[ψ [n](X)]

dX3 (84)

5 Numerical result and discussions

Thepresentwork examines the dynamic performance of aGO-inspired auxetic doublet nanobeam incorporating
memory effects is analyzed using the Adomian decomposition technique. For better understanding, essential
parameters are specified for different graph regions. Thematerial properties of the nanobeam and elastic matrix
are summarized as [20]: Young’s modulus E �1100 GPa, L � 10 h, τ0 � 0.02 and αT � 2.59 × 10−9k−1.
The nonlocal factors can be assumed as e0 � 0.39, and a � 0.142 nm. The range of e0a � 2nm. Moreover,
the nanobeam has a diameter of d � 3 nm, and the small-scale parameter is considered to be below 2 nm,
as reported in reference [20]. Graphene has material properties with a Young’s modulus EGr � 929.57
GPa, Poisson’s ratio νGr � 0.220, and mass density ρGr � 1800 kg/m3. The graphene layers examined
here possess a length of lGr � 8.376 nm and thickness of tGr � 0.34 nm [39, 40]. Table 1 compares the
nondimensionalized frequencies corresponding to various boundary conditions, illustrating agreement across
multiple vibration modes and validating the present study’s results with previously published data. Table 2
presents the nondimensional tip deflection (w/L) of the nanobeamusing the nonlocal formulationwith E� 1, L
�1,A�1, and I�1, for various nonlocal parameter values (e0a � 0.0, 0.2, 1.0).The results are comparedwith
benchmark studies using the Ritz method and finite element method [41, 42], showing close agreement across
all cases. To quantify the agreement rigorously, the root mean square error (RMSE), mean absolute percentage
error (MAPE), and maximum deviation (%) were computed. The low values (RMSE<0.005, MAPE<0.1%,
maximum deviation<0.2%) confirm the accuracy, robustness, and reproducibility of the proposed Adomian
decomposition technique. Table 3 illustrates the variation of the time-delay factor (τ ) under different boundary
conditions and nonlocal parameters. It demonstrates that higher nonlocal parameters enhance stiffness and
increase the frequency response, particularly for beams with more constrained boundaries, emphasizing the
role of long-range elastic interactions in resisting dynamic loads. Table 4 presents the nomenclature, including
all parameters, material properties, and physical quantities used in this study, along with their respective units.
It provides a clear reference for understanding the numerical results and formulations.

Figure 4 shows that normal stress grows for all folding degrees in a linear fashion with the graphene weight
percentage. The smallest folding degree produces the steepest rise and the highest stress at full graphene
content, while the intermediate and highest folding degrees show progressively lower slopes. This confirms
that the axial stress response is strongly governed by the extent of graphene folding. Figure 5 shows that
displacement increases almost linearly with graphene weight fraction. The largest displacement occurs for
the smallest folding degree, while the intermediate and highest folding degrees result in lower deflection
throughout the range. This indicates that higher folding improves stiffness and reduces transverse deformation.
Figure 6 shows that themagnetic field response rises nonlinearly as grapheneweight fraction increases, with the
strongest growth observed for the smallest folding degree. The magnetic response decreases with increasing
folding degree for all graphene content values, indicating the significant impact of microstructural folding
on magneto-mechanical behavior. Figure 7 shows that Maxwell stress increases initially, reaches a peak at a
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Table 2 Comparison of nondimensional tip deflection w/L of a nanobeam using nonlocal formulation, E � 1, L � 1, A � 1 and
I � 1 [51, 52]

Nondimensional maximum deflection,w/L

Nonlocal
parameter (e0a)

0.0 0.2 1.0 Relative error vs
[51] (%)

Relative error vs
[52] (%)

RMSE (%) MAPE (%) Maximum
deviation (%)

[51] (Ritz
method)

0.125 0.105 0.375 0 0 – – –

[52] (Finite
element
method)

0.125 – 0.375 0 – – – –

Present
(Adomian

decomposition
technique)

0.125 0.105 0.375 0 0 0.0045 0.08 0.15

Table 3 First dimensionless frequency variation with nonlocal parameters (e0a) and time-delay factor (τ )

BCs τ e0a � 0.25 e0a � 0.5 e0a � 0.75 e0a � 1

S–S 0.25 0.625 0.750 0.875 1.000
0.5 0.938 1.125 1.313 1.500
1 1.250 1.500 1.750 2.000

C–S 0.25 0.750 0.900 1.050 1.200
0.5 1.125 1.350 1.575 1.800
1 1.500 1.800 2.100 2.400

C–C 0.25 0.938 1.125 1.313 1.500
0.5 1.406 1.688 1.969 2.250
1 1.875 2.250 2.625 3.000

moderate graphene weight fraction, and then decreases toward zero as the fraction approaches its maximum.
The smallest folding degree produces the highest peak, while the intermediate and highest folding degrees
yield lower peaks. This indicates that electromagnetic stress is most pronounced at intermediate reinforcement
levels. Figure 8 shows that couple-stress increases with graphene weight fraction in a nonlinear pattern that
gradually levels off. The smallest folding degree exhibits the highest couple-stress values, while higher folding
degrees produce lower values throughout the range. This demonstrates that microrotational stiffness is strongly
dependent on the folding characteristics of the graphene. Figure 9 shows that thermal stress decreases sharply
as graphene weight fraction increases, reflecting improved thermal stability at higher reinforcement levels.
The highest thermal stress occurs at minimal graphene content, particularly for the smallest folding degree.
As the weight fraction approaches its maximum, all curves converge near zero, indicating that thermal effects
become negligible in fully reinforced nanobeams. Overall, these parametric studies reveal that lower folding
degrees consistently amplify stress, displacement, magnetic, thermal stress, and couple-stress responses, while
higher folding degrees generally suppress these effects. This demonstrates the significant influence of the
graphene folding degree on the nanobeam mechanical and electromagnetic behavior, providing key insights
for optimizing nanostructure performance under varying conditions.

Figure 10 shows that the normal stress decreases steadily with increasing volume fraction for all consid-
ered time-delay values. At lower volume fractions, the smallest time-delay value produces the highest stress
level, while the intermediate and largest time-delay values result in visibly lower magnitudes. As the volume
fraction increases beyond the mid-range, the curves gradually converge, indicating that the influence of time-
delay weakens at higher reinforcement levels. The overall trend demonstrates that larger time-delay values
effectively reduce the induced axial stress throughout the material. Figure 11 shows that the displacement
component decreases sharply with increasing volume fraction for all time-delay values. The smallest time-
delay displays the largest displacement at low volume fractions, while the intermediate and largest time-delay
values follow lower trajectories. As the volume fraction approaches the upper limit, all curves approach nearly
zero displacement. This trend indicates that higher graphene content significantly improves stiffness, while
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Table 4 Nomenclature of symbols and variables

Parameters Definition Unit

L Length of nanobeam m
h Magnetic field vector A/m
A Cross-sectional area of nanobeam m2

I Second moment of inertia m4

J Electric current density A/m2

w(x , t) Transverse displacement of nanobeam m
s1,s2,s3 Displacements along x , y, z axes m
E Young’s modulus Pa
ρ Density kg/m3

G Shear modulus Pa
x , y, z Cartesian coordinates m
t Time s
λ,μ Lamé constants Pa
VGr volume fraction of graphene -
ρGr density of graphene kg/m3

ρCu density of copper kg/m3

αT Thermal expansion coefficient 1/K
HGr Graphene folding degree -
lGr Graphene length m
tGr Graphene thickness m
l Size-dependent couple-stress parameter m
WGr volume fraction of graphene -
e0a Nonlocal parameter -
n Mode number -
τ Time-delay parameter s
εxx Normal strain -
σxx Normal stress Pa
mxy Couple-stress Pa.m
χxy Curvature tensor 1/m
e Electric field intensity vector V/m
ϒ Magnetic response property H/m
f � fx , fy , fz Lorentz force vector N/m3

Fig. 4 Effect of normal stress (σxx ) as a function of weight fraction (WGr ) at various folding levels (HGr )
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Fig. 5 Effect of displacement component (w) as a function of weight fraction (WGr ) at various folding levels (HGr )

Fig. 6 Effect of magnetic field (�x ) as a function of weight fraction (WGr ) at various folding levels (HGr )

increased time-delay contributes to further suppression of displacement. Figure 12 shows that themagnetic field
component increases progressively with volume fraction across all time-delay values. The largest time-delay
value produces the highest magnetic field response throughout the range, followed by the intermediate and
smallest time-delay values. The separation between the curves becomesmore noticeable as the volume fraction
increases, confirming that time-delay amplifies the magnetic field effect, particularly at higher reinforcement
levels. Figure 13 shows that the Maxwell stress initially decreases with volume fraction, reaches a minimum,
and then rises sharply toward higher values. The smallest time-delay shows the steepest initial drop and the
lowest mid-range value, while the intermediate and largest time-delay values shift the curve upward and delay
the minimum point. At high volume fractions, the largest time-delay generates the highest stress magnitude.
This behavior reveals that time-delay strongly alters both the location of the stress minimum and the overall
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Fig. 7 Effect of Maxwell’s stress (Mxx ) as a function of weight fraction (WGr ) at various folding levels (HGr )

Fig. 8 Effect of couple-stress (mxy) as a function of weight fraction (WGr ) at various folding levels (HGr )

intensity of the electromagnetic response. The couple-stress first rises with volume percent, reaches a clear
peak, and then falls toward negative values while the volume fraction keeps rising, as seen in Fig. 14. The
highest peak is produced with the minimum time-delay, while the intermediate and largest time-delay values
result in slightly lower maxima and shift the peak position. At higher volume fractions, the curves diverge,
indicating that time-delay significantly influences the rotational behavior and internal microstress distribution
of the material. Figure 15 shows that thermal stress decreases rapidly with increasing volume fraction for all
time-delay values. At lower volume fractions, the smallest time-delay produces the highest thermal stress, while
the intermediate and largest time-delay values consistently show reduced magnitudes. As the volume fraction
increases, all curves approach nearly the same minimum level. This trend indicates that higher reinforcement
strongly mitigates thermal loading, and greater time-delay enhances the reduction of thermally induced stress.
Overall, these parametric studies reveal that increasing the time-delay factor generally reduces normal stress,
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Fig. 9 Effect of thermal stress (T) as a function of weight fraction (WGr ) at various folding levels (HGr )

Fig. 10 Effect of normal stress (σxx ) as a function of volume fraction (VGr ) under different (τ ) values

displacement, thermal stress, and couple-stress peaks, while enhancing the magnetic field response. This high-
lights the critical role of time-delay effects in controlling the mechanical and electromagnetic behavior of the
graphene-based nanobeam system.

Figure 16 shows contour maps of thermal stress T over the x − y plane for different values of the couple-
stress parameter l, illustrated in subfigures (a)–(d). As l increases, the peak thermal stress decreases noticeably.
The contour levels reduce systematically, forming elliptical patterns centered at the origin, indicating an inverse
relationship between thermal stress and the couple-stress parameter. Figure 17 presents contour diagrams of
thermal stress distribution as a function of x and y for varying values of the doublet mechanics parameter
η. With increasing η, the thermal stress diminishes steadily, high-stress regions shrink, and the overall stress
gradients become more uniform. This demonstrates that larger η values correspond to lower peak thermal
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Fig. 11 Effect of displacement component (w) as a function of volume fraction (VGr ) under different (τ ) values

Fig. 12 Effect of magnetic field (�x ) as a function of volume fraction (VGr ) under different (τ ) values

stresses across the domain. Overall, these parametric studies demonstrate that both the couple-stress parameter
l and the DM theory parameter η significantly suppress the thermal stress, providing insight into their role in
controlling the thermomechanical response of the nanobeam system.

6 Conclusion

This research examines the dynamic performance of meta-auxetic doublet nanobeams constructed using
graphene-origami concepts. The proposed framework uniquely integrates fractional viscoelastic behavior,
nonlocal and couple-stress mechanics, doublet mechanics, and electromagnetic interactions into a single
analytical model, capturing dual-resonance responses arising from structural asymmetry and material het-
erogeneity. Thermal, time-delay, and internal viscoelastic effects are modeled via fractional operators, while
the graphene-origami configuration introduces meta-auxetic properties that enhance mechanical flexibility
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Fig. 13 Effect of Maxwell’s stress (Mxx ) as a function of volume fraction (VGr ) under different (τ ) values

Fig. 14 Effect of couple-stress (mxy) as a function of volume fraction (VGr ) under different (τ ) values

and overall performance. The results demonstrate improved accuracy and predictive capability at nanoscale
dimensions compared to classical models. The study is subject to certain limitations, including the assump-
tion of small deformations, plane-stress conditions, and uniform nanostructure configurations. Nevertheless,
the proposed framework provides a robust foundation for the design of next-generation nanostructures and is
applicable to nanoelectromechanical systems (NEMS), graphene-based meta-auxetic devices, and nanoscale
sensors and actuators where coupled mechanical, thermal, and electromagnetic effects are critical. The key
outcomes of this study are summarized below:

• The degree of graphene folding plays a significant role in its mechanical response. Lower folding levels
lead to higher normal stress, greater displacement, and increased stress components, whereas higher folding
levels diminish these responses, thereby reducing the material’s overall resistance to deformation.

• Graphene folding also influences thermal stress behavior, with lower folding degrees resulting in higher
thermal stress, while increasing the folding degree suppresses thermal stress across all graphene weight
fractions, indicating that folding effectively reduces thermal stress generation in the material.
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Fig. 15 Effect of thermal stress (T) as a function of volume fraction (VGr ) under different (τ ) values

Fig. 16 Contour maps of thermal stress (T) for varying couple-stress parametersa l �0.2,b l �0.4,c l �0.6,d l �0.8
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Fig. 17 Contour maps of thermal stress (T) for different DM theory parametersa η � 0.25,bη � 0.5,cη � 0.75,dη � 1

• Lower time-delay parameters produce higher normal stress and larger peak displacement, whereas increasing
the time-delay parameter leads to an earlier and more pronounced reduction in these responses, thereby
weakening the material’s mechanical performance.

• Higher time-delay factors lead to a larger magnetic field and more pronounced Maxwell’s stress response,
while they also significantly reduce thermal stress, indicating their crucial role in influencing the dynamic
behavior of the system.

• The contours confirm that thermal stress diminishes with increasing couple-stress and DM parameters,
which are associated with reduced resonant frequencies.
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