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 A B S T R A C T

Electromechanics of slender piezoelectric nanobeams is addressed by an effective nonlocal nonlinear method-
ology. Kinematics is modeled according to the Bernoulli-Euler beam theory. Geometric nonlinearities are 
captured exploiting the von Kármán approach. The constitutive law of piezoelectricity, coupling mechanical 
and electrostatic behaviors, is combined with a nonlocal formulation accounting for size effects. Notably, 
the stress-driven nonlocal theory of integral elasticity is adopted and reverted to an equivalent differential 
formulation for theoretical and computational purposes. The relevant structural problem of piezoelectric 
nonlocal elastic beams is derived and solved for benchmark case-studies. Parametric analyses are carried out 
to show the influence of scale effects and electric voltages on the electromechanical response. The proposed 
methodology can enhance modeling and design of new-generation nano-electromechanical systems.
1. Introduction

Nowadays, innovative nanomechanical applications involve piezo-
electric materials due to their appealing features. Indeed, nanode-
vices based on piezoelectric nanobeams [1–4] offer high sensitivity 
for enhanced performance of nanosensors, provide combined sens-
ing and actuation modes, operate with low power consumption, and 
ensure fast response times for converting mechanical signals into elec-
trical ones and vice-versa. Because of their ability to link electri-
cal and mechanical responses, piezoelectric structures (see e.g. [5,6]) 
are suitable for cutting-edge nanotechnological applications in which 
electromechanical coupling plays a pivotal role [7–9].

When dealing with advanced materials and small-scale structures, 
sophisticated tools are required to capture non-conventional responses 
(see e.g. [10–20]). An advanced theoretical framework is represented 
by nonlocal continuum mechanics, providing refined models essential 
to account for scale-dependent behaviors of nanostructures. The earliest 
ideas underlying nonlocal continuum formulations were introduced in 
the seminal works by Kröner [21], Krumhansl [22], Kunin [23], Rogula 
[24,25]. Later, Eringen [26,27] proposed an integral law of elasticity in 
which stress is given by spatial convolution driven by the elastic strain 
field. Nevertheless, difficulties emerged when applying Eringen’s theory 
to nanomechanics, as first detected by Peddieson et al. [28] and then 
discussed by Benvenuti and Simone [29], Khodabakhshi and Reddy 
[30]. A comprehensive explanation was provided by Romano et al. 
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[31], who demonstrated that the loss of well-posedness in structural 
boundary-value problems governed by Eringen’s model stems from in-
compatibility between equilibrium requirements and the strain-driven 
integral constitutive law.

Consequently, Romano and Barretta [32] proposed an alternative 
integral theory of nonlocal elasticity in which nonlocal elastic strains 
are spatial convolutions driven by the stress field. Such a constitutive 
law, which is not the inverse of the strain-driven Eringen’s model, 
guarantees the well-posedness of the governing structural problem and 
accurately describes size effects arising from long-range interactions as 
confirmed by Jafarinezhad et al. [33], Lovisi et al. [34], Indronil [35], 
Behnam-Rasouli et al. [36], Challamel and Sani [37],Barretta et al. 
[38].

Electromechanics of piezoelectric nanobeams is here investigated. 
Geometric nonlinearity is introduced by exploiting the approach pro-
posed by von Kármán [39]. The constitutive law of piezoelectricity 
is combined with the consistent nonlocal stress-driven model account-
ing for size effects. The proposed formulation extends previous con-
tributions in scientific literature, which can be recovered as special 
cases by suppressing axial–transverse coupling (see e.g. [40,41]) or 
geometrically nonlinear effects (see e.g. [3]).

Here is the outline. In Section 2, kinematics is modeled according 
to the Bernoulli-Euler theory of slender beams and the von Kármán 
nonlinear formulation is introduced. The variational formulation of 
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equilibrium is then exploited to derive the differential and bound-
ary conditions of equilibrium. Nonlocal elasticity for nanobeams is 
described in Section 3, and an equivalent differential problem made 
of a second order differential equation equipped with non-standard 
boundary conditions is derived. The mathematical formulation of piezo-
electricity applied to nanobeams is provided in Section 4. Then, the 
electromechanical problem of piezoelectric nonlocal elastic beams is 
formulated in Section 5. Parametric analyses are performed in Section 6 
to investigate the effects of nonlocal parameter and electric voltage 
on electromechanical responses. Concluding remarks are provided in 
Section 7.

2. Kinematics and equilibrium

Let us consider a slender beam ℬ of length 𝐿  and cross-section 𝛺 , 
whose axis is described by the 𝑥  coordinate, while the 𝑧  coordinate 
is taken along the bending axis. Kinematics is formulated according to 
the Bernoulli-Euler theory of planar beams, so that the displacement 
field 𝒘 is represented by 

|𝒘| =
|

|

|

|

|

|

|

𝑤𝑥
𝑤𝑦
𝑤𝑧

|

|

|

|

|

|

|

=
|

|

|

|

|

|

|

𝑢(𝑥) − 𝑧 𝜕𝑥𝑣(𝑥)
0
𝑣(𝑥)

|

|

|

|

|

|

|

, (1)

where 𝑢 and 𝑣 are the axial and transverse displacement fields of the 
beam axis and 𝜕𝑥(∙) denotes derivative of ∙ along 𝑥. The geometric non-
linearities are taken into account through the von Kármán formulation, 
i.e. 
𝜀𝑥 = 𝜕𝑥𝑢(𝑥) +

1
2
(

𝜕𝑥𝑣(𝑥)
)2 − 𝑧 𝜕2𝑥𝑣(𝑥) , (2)

being 𝜀𝑥 the axial strain [42].
According to the variational formulation of equilibrium, the internal 

virtual work 

∫ℬ
𝜎𝑥 𝛿𝜀𝑥 𝑑𝑉 ∶= ∫

𝐿

0 ∫𝛺
𝜎𝑥 𝛿𝜀𝑥 𝑑𝐴𝑑𝑥 , (3)

must be equal to the external virtual work for any virtual displace-
ment fields 𝛿𝑢 and 𝛿𝑣 satisfying homogeneous kinematic boundary 
conditions. Integration by parts and localization lead to the following 
differential equations of equilibrium 
{

𝜕𝑥𝑁(𝑥) = −𝑝(𝑥) ,
𝜕2𝑥𝑀(𝑥) + 𝜕𝑥

(

𝑁 ⋅ 𝜕𝑥𝑣
)

(𝑥) = −𝑞(𝑥) ,
(4)

equipped with boundary conditions 
⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑁(0) 𝛿𝑢(0) = −ℱ𝑥,0 𝛿𝑢(0) ,
𝑁(𝐿) 𝛿𝑢(𝐿) = ℱ𝑥,𝐿 𝛿𝑢(𝐿) ,
𝑀(0) 𝜕𝑥𝛿𝑣(0) = ℳ0 𝜕𝑥𝛿𝑣(0) ,
𝑀(𝐿) 𝜕𝑥𝛿𝑣(𝐿) = −ℳ𝐿 𝜕𝑥𝛿𝑣(𝐿) ,
(

𝑁 𝜕𝑥𝑣 + 𝜕𝑥𝑀
)

(0) 𝛿𝑣(0) = −ℱ𝑧,0 𝛿𝑣(0) ,
(

𝑁 𝜕𝑥𝑣 + 𝜕𝑥𝑀
)

(𝐿) 𝛿𝑣(𝐿) = ℱ𝑧,𝐿 𝛿𝑣(𝐿) ,

(5)

being 𝑝 and 𝑞 axial and transverse distributed loadings and 𝐹𝑖,𝑗 , ℳ𝑗 , 
with 𝑖 ∈ {𝑥, 𝑧} and 𝑗 ∈ {0, 𝐿}, concentrated forces and bending couples, 
respectively. It is worth noting that the following static equivalences 
have been defined 

𝑁 ∶= ∫𝛺
𝜎𝑥 𝑑𝐴 , 𝑀 ∶= ∫𝛺

𝑧 𝜎𝑥 𝑑𝐴 , (6)

where 𝜎𝑥 is the axial stress field. In Eq. (6), 𝑁 and 𝑀 stand for the 
axial and bending interaction fields, respectively.

3. Nonlocal elasticity for nanobeams

Size dependent mechanical behaviors of nanobeams are modeled by 
the stress-driven nonlocal theory [32] according to which the nonlocal 
2 
elastic curvature 𝜒𝑒𝑙 is given by the following constitutive integral law 

𝜒𝑒𝑙(𝑥) = ∫

𝐿

0
𝜙𝑐 (𝑥 − 𝜂)

(

𝑀
𝐾𝑓

)

(𝜂) 𝑑𝜂 . (7)

The latter equation expresses the nonlocal curvature field as spatial 
convolution between averaging function 𝜙𝑐 and bending interaction 
field 𝑀 . Symbol 𝐾𝑓  in Eq. (7) denotes the local elastic flexural stiffness. 
The kernel 𝜙𝑐 is described by a characteristic length 𝑐 ∈ ]0,+∞[ . As 
suggested by Eringen [27], the averaging kernel can be selected as the 
Helmholtz’s bi-exponential function 

𝜙𝑐 (𝑥) =
1
2 𝑐
𝑒−

|𝑥|
𝑐 , (8)

since it satisfies peculiar properties that enable inversion of the con-
stitutive integral law Eq. (7) into the following differential equation 

𝜒(𝑥) − 𝑐2 𝜕2𝑥𝜒(𝑥) =
(

𝑀
𝐾𝑓

)

(𝑥) , (9)

equipped with the constitutive boundary conditions 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜕𝑥𝜒(0) =
𝜒(0)
𝑐

,

𝜕𝑥𝜒(𝐿) = −
𝜒(𝐿)
𝑐

,

(10)

as proven by [32]. In absence of nonelastic effects, coincidence of 
nonlocal elastic and geometric curvatures can be assumed, i.e. 𝜒𝑒𝑙 =
𝜕2𝑥𝑣. The equivalent differential problem provided by Eqs. (9)–(10) is 
theoretically and computationally convenient, as shown in the follow-
ing.

4. Piezoelectricity for nanobeams

In the absence of free electric charges, Gauss theorem writes as 
𝑑𝑖𝑣𝑫 = 0 , (11)

id est, the electric displacement 𝑫 of the piezoelectric nanobeam is 
a solenoidal field. Eq. (11) can be written in terms of components as 
follows 
𝜕𝑥𝐷𝑥 + 𝜕𝑧𝐷𝑧 = 0 , (12)

being 𝐷𝑥 and 𝐷𝑧 the components of the electric displacement along 𝑥
and 𝑧 axes, respectively, that are explicitly expressed by the constitutive 
laws of linear piezoelectricity [43], i.e. 
{

𝐷𝑥 = 𝜆𝑥𝛷𝑥 ,
𝐷𝑧 = 𝑒𝑧𝑥 𝜀𝑥 + 𝜆𝑧𝛷𝑧 .

(13)

In Eq. (13), 𝜆𝑥 and 𝜆𝑧 are the dielectric constants, while 𝑒𝑧𝑥 is the 
piezoelectric coefficient; 𝛷𝑥 and 𝛷𝑧 are the components of the electric 
field 𝜱, which is related to the electric potential 𝜓 by the following 
equation 
𝜱 = −∇𝜓 . (14)

Assuming 𝛷𝑥 ≪ 𝛷𝑧, the electric displacement 𝐷𝑥 can be neglected 
in comparison with 𝐷𝑧 [44,45]. Gauss theorem in Eq.  (12) thus pre-
scribes uniformity of the electric displacement 𝐷𝑧 along 𝑧, i.e. 𝜕𝑧𝐷𝑧 = 0, 
that can be further expressed by taking into account Eq. (13)2, Eq. (2) 
and (14) to obtain 
𝜕2𝑧𝜓(𝑥, 𝑧) = −

𝑒𝑧𝑥
𝜆𝑧

𝜕2𝑥𝑣(𝑥) . (15)

The electric potential 𝜓 can be thus derived by solving the differen-
tial equation (15) equipped with the boundary conditions 𝜓

(

𝑥,−ℎ
2

)

=

0 and 𝜓
(

𝑥, ℎ
)

= 𝑉 , being 𝑉  the applied voltage and ℎ the maximum 

2



M.S. Vaccaro et al. Mechanics Research Communications 152 (2026) 104611 
dimension of cross-section along the bending axis 𝑧. It is worth noting 
that the cross-section has been assumed to be doubly symmetric with 
respect to the 𝑦 and 𝑧 axes. Hence, the following expression is derived 
for the electric potential [46], i.e. 

𝜓(𝑥, 𝑧) = −
𝑒𝑧𝑥
𝜆𝑧

𝜕2𝑥𝑣(𝑥)
(

𝑧2

2
− ℎ2

8

)

+ 𝑉
(

1
2
+ 𝑧
ℎ

)

. (16)

The constitutive law of linear piezoelectricity writes as 
𝜎𝑥 = 𝐸 𝜀𝑥 − 𝑒𝑧𝑥𝛷𝑧 . (17)

By taking into account Eq. (2), (14) and (16), the constitutive law 
in Eq. (17) is given by 

𝜎𝑥 = 𝐸 𝜕𝑥𝑢(𝑥) +
𝐸
2
(

𝜕𝑥𝑣(𝑥)
)2 − 𝐸 𝑧 𝜕2𝑥𝑣(𝑥) −

𝑒2𝑧𝑥
𝜆𝑧

𝜕2𝑥𝑣(𝑥) 𝑧 + 𝑒𝑧𝑥
𝑉
ℎ
. (18)

5. Electromechanical bending of piezoelectric nanobeams

The structural problem of piezoelectric nonlocal elastic beams is 
here derived. Considering the static equivalence Eq. (6)1 and the ex-
pression of the axial stress provided by the constitutive law Eq. (18), 
the axial interaction field 𝑁 is obtained 
𝑁 = 𝐸 𝐴 𝜕𝑥𝑢(𝑥) +

𝐸 𝐴
2

(

𝜕𝑥𝑣
)2 + 𝑒𝑧𝑥 𝐴

𝑉
ℎ
, (19)

being 𝐴 the cross sectional area.
Combining the static equivalence Eq. (6)2 for the bending interac-

tion field 𝑀 with the constitutive law in Eq. (18) yields 

𝑀 = −
(

∫𝛺

(

𝐸 +
𝑒2𝑧𝑥
𝜆𝑧

)

𝑧2 𝑑𝐴
)

𝜕2𝑥𝑣 . (20)

Denoting with 𝐾𝑓 ∶= ∫𝛺

(

𝐸 +
𝑒2𝑧𝑥
𝜆𝑧

)

𝑧2 𝑑𝐴 the effective flexural 

stiffening, Eq. (20) can be simply rewritten as 𝜕2𝑥𝑣 = −𝑀
𝐾𝑓

. Exploit-
ing the equivalent differential constitutive equation (9), the bending 
interaction field 𝑀 can be expressed as 
𝑀(𝑥) = −𝐾𝑓

(

𝜕2𝑥𝑣(𝑥) − 𝑐
2 𝜕4𝑥𝑣(𝑥)

)

. (21)

Substituting Eqs.  (19) and (20) into the differential equilibrium 
equations (4), the following set of coupled nonlinear differential equa-
tions is obtained 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐸 𝐴 (𝜕2𝑥𝑢 + 𝜕𝑥𝑣 𝜕2𝑥𝑣) = −𝑝 ,

−𝐾𝑓 𝜕4𝑥𝑣 + 𝑐
2𝐾𝑓 𝜕6𝑥𝑣 +

3
2 𝐸 𝐴 (𝜕𝑥𝑣)2𝜕2𝑥𝑣 + 𝑒𝑧𝑥

𝑉
ℎ 𝐴𝜕

2
𝑥𝑣

+𝐸 𝐴 (𝜕𝑥𝑣 𝜕2𝑥𝑢 + 𝜕𝑥𝑢 𝜕
2
𝑥𝑣) = −𝑞 ,

(22)

governing electromechanical bending of piezoelectric nanobeams.
Eq.  (22) must be equipped with constitutive boundary conditions 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜕3𝑥𝑣(0) =
𝜕2𝑥𝑣(0)
𝑐

,

𝜕3𝑥𝑣(𝐿) = −
𝜕2𝑥𝑣(𝐿)
𝑐

,

(23)

and with standard boundary conditions Eq. (5).
It is convenient to introduce the following non-dimensional fields 

𝜉 ∶= 𝑥
𝐿
, 𝜆𝑐 ∶=

𝑐
𝐿
, 𝑣∗ ∶= 𝑣

𝐿
, 𝑢∗ ∶= 𝑢

𝐿
, 𝑘∗ ∶= 𝐸 𝐴 𝐿2

𝐾𝑓
,

𝑒∗𝑧𝑥 ∶=
𝐴𝑉 𝑒𝑧𝑥 𝐿2

𝐾𝑓 ℎ
, 𝑞∗ ∶=

𝑞 𝐿3

𝐾𝑓
, 𝑝∗ ∶=

𝑝𝐿
𝐸 𝐴

,
(24)

so that the governing differential problem Eq. (22) can be rewritten in 
the following non-dimensional form: 
⎧

⎪

⎪

⎨

⎪

⎪

𝜕2𝜉 𝑢
∗ + 𝜕𝜉𝑣∗ 𝜕2𝜉 𝑣

∗ = −𝑝∗ ,

− 𝜕4𝜉 𝑣
∗ + 𝜆𝑐 𝜕6𝜉 𝑣

∗ + 3
2𝑘

∗ (𝜕𝜉𝑣∗)2𝜕2𝜉 𝑣
∗ + 𝑘∗ (𝜕𝜉𝑣∗ 𝜕2𝜉 𝑢

∗

∗ 2 ∗ ∗ 2 ∗ ∗

(25)
⎩

+𝜕𝜉𝑢 𝜕𝜉 𝑣 ) + 𝑒𝑧𝑥 𝜕𝜉 𝑣 = −𝑞 .

3 
Fig. 1. Fixed piezoelectric nanobeam: non-dimensional displacement field 𝑣∗
for increasing nonlocal parameter 𝜆𝑐 , for an applied voltage 𝑉 = 0.1 V.

Eq.  (25) is equipped with non-dimensional constitutive boundary 
conditions 
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝜕3𝜉 𝑣
∗(0) =

𝜕2𝜉 𝑣
∗(0)

𝜆𝑐
,

𝜕3𝜉 𝑣
∗(𝐿) = −

𝜕2𝜉 𝑣
∗(𝐿)

𝜆𝑐
,

(26)

and with standard (essential and/or natural) boundary conditions in-
volving the non-dimensional displacements 𝑣∗  and 𝑢∗ , axial interac-
tion 𝑁∗ ∶= 𝑁 𝐿2

𝐾𝑓
 and bending interaction 𝑀∗ ∶= 𝑀𝐿

𝐾𝑓
 fields.

6. Case-studies

Parametric analyses are carried out to investigate the electrome-
chanical behavior of piezoelectric nanobeams. The non-dimensional 
form of the governing structural problem derived in Section 5 is nu-
merically solved for fixed and supported nanobeams. The length is 𝐿 =
100 nm and a rectangular cross section of base 𝑏 = 20 nm and height 
ℎ = 𝑏 is assumed. The beam is made of lead zirconate titanate (PZT-
5H) with Euler-Young, modulus 𝐸 = 126 GPa, piezoelectric coefficient 
𝑒𝑧𝑥 = −6.5 C

m2
 and dielectric constant 𝜆𝑧 = 1.3 ⋅ 10−8 C

Vm  [47].
The effect of the nonlocal parameter 𝜆𝑐 and the electric voltage 

𝑉  on the displacement field is investigated. For fixed piezoelectric 
nanobeams under a uniformly distributed transverse loading 𝑞∗ = 1, 
differential equations (25) are solved with prescription of constitutive 
boundary conditions Eq. (26) and with kinematic boundary conditions 
on non-dimensional displacements and rotations at beam ends, i.e. 𝑣∗ =
0, 𝜕𝜉𝑣∗ = 0, 𝑢∗ = 0 at 𝜉 = {0, 1}. Fig.  1 represents the non-dimensional 
displacement field for increasing nonlocal parameter, for an applied 
voltage 𝑉 = 0.1 V. The parametric analyses show a stiffening structural 
response in agreement with the results provided by [48–50]. The 3-
dimensional plot of the displacement field 𝑣∗ as function of the nonlocal 
parameter 𝜆𝑐 is provided in Fig.  2.

The maximum non-dimensional displacement 𝑣∗𝑚𝑎𝑥 ∶= 𝑣∗(𝜉 = 0.5)
versus voltage is represented in Fig.  3 for 𝜆𝑐 = 0.2, showing an increas-
ing displacement for increasing external voltage. Finally, Fig.  4 shows 
the 3-dimensional plot of maximum non-dimensional displacement 𝑣∗𝑚𝑎𝑥
versus nonlocal parameter 𝜆𝑐 and applied voltage 𝑉 .

For supported piezoelectric nanobeams under a uniformly distri-
buted transverse loading 𝑞∗ = 1, the differential equations (25) are 
solved with prescription of constitutive boundary conditions Eq. (26) 
and with kinematic and static boundary conditions, 𝑣∗ = 0, 𝑀∗ =
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Fig. 2. Fixed piezoelectric nanobeam: 3D plot of non-dimensional displace-
ment field 𝑣∗ as function of the nonlocal parameter 𝜆𝑐 .

Fig. 3. Fixed piezoelectric nanobeams: maximum non-dimensional displace-
ment 𝑣∗𝑚𝑎𝑥 ∶= 𝑣∗(𝜉 = 0.5) versus voltage 𝑉  for 𝜆𝑐 = 0.2.

Fig. 4. Fixed piezoelectric nanobeams: 3D plot of maximum non-dimensional 
displacement 𝑣∗𝑚𝑎𝑥 versus nonlocal parameter 𝜆𝑐 and applied voltage 𝑉 .

0, 𝑢∗ = 0 at 𝜉 = {0, 1}, with the non-dimensional bending interaction 
field is given by 
𝑀∗(𝜉) = −𝜕2𝜉 𝑣

∗(𝜉) + 𝜆2𝑐 𝜕
4
𝜉 𝑣

∗(𝜉) . (27)

The non-dimensional displacement field for increasing 𝜆𝑐 , for an 
applied voltage 𝑉 = 0.1 V is represented in Fig.  5. A stiffening structural 
behavior is obtained, as shown in the 3-dimensional plot representing 
4 
Fig. 5. Supported piezoelectric nanobeam: non-dimensional displacement field 
𝑣∗ for increasing nonlocal parameter 𝜆𝑐 , for an applied voltage 𝑉 = 0.1 V.

Fig. 6. Supported piezoelectric nanobeam: 3D plot of non-dimensional dis-
placement field 𝑣∗ as function of nonlocal parameter 𝜆𝑐 .

the displacement field 𝑣∗ as function of the nonlocal parameter 𝜆𝑐 (see 
Fig.  6).

Fig.  7 shows the maximum non-dimensional displacement 𝑣∗𝑚𝑎𝑥 ∶=
𝑣∗(𝜉 = 0.5) versus voltage 𝑉 , for 𝜆𝑐 = 0.2. Fig.  8 represents the 3D plot 
of 𝑣∗𝑚𝑎𝑥 versus nonlocal parameter 𝜆𝑐 and applied voltage 𝑉 , showing a 
decreasing maximum displacement for increasing nonlocal parameter 
and for decreasing voltage.

7. Concluding remarks

The electromechanical behavior of piezoelectric nanobeams has 
been investigated. The Bernoulli–Euler theory has been exploited to 
formulate kinematics and equilibrium of slender beams, while ge-
ometric nonlinearities have been taken into account using the von 
Kármán formulation. The mechanical and electrostatic coupling has 
been captured by means of the theory of piezoelectricity. Size effects 
have been introduced by extending the constitutive piezoelectric law 
to the nonlocal framework. Notably, the stress-driven integral law has 
been exploited, providing the nonlocal elastic piezoelectric curvature 
as spatial convolution driven by the bending interaction field and the 
effective flexural compliance.

The governing equations for piezoelectric nonlocal nonlinear elastic 
beams have been established and a non-dimensional form has been 
provided for computational purposes. The relevant problem has been 
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Fig. 7. Supported piezoelectric nanobeams: maximum non-dimensional dis-
placement 𝑣∗𝑚𝑎𝑥 ∶= 𝑣∗(𝜉 = 0.5) versus voltage 𝑉  for 𝜆𝑐 = 0.2.

Fig. 8. Supported piezoelectric nanobeams: 3D plot of maximum non-
dimensional displacement 𝑣∗𝑚𝑎𝑥 versus nonlocal parameter 𝜆𝑐 and applied 
voltage 𝑉 .

solved for representative structural schemes. Parametric studies have 
been performed to assess the effects of nonlocal parameter and applied 
voltage on the electromechanical response. It has been shown that an 
increase in the applied electric voltage results in a larger maximum 
displacement. Conversely, increasing the nonlocal parameter induces a 
stiffening effect in the structural response, leading to a reduction in the 
peak displacement. The proposed approach can support and improve 
the modeling and design of innovative small-scale systems based on 
piezoelectric soft nanostructures.

CRediT authorship contribution statement

Marzia Sara Vaccaro: Conceptualization, Formal analysis, Inves-
tigation, Methodology, Software, Writing – original draft. Raffaele 
Barretta: Conceptualization, Formal analysis, Investigation, Methodol-
ogy, Supervision, Writing – original draft. Andrea Caporale: Formal 
analysis, Investigation, Software, Writing – original draft. Raimondo 
Luciano: Formal analysis, Investigation, Supervision, Writing – original 
draft.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.
5 
Acknowledgments

Financial support from the Italian Ministry of University and Re-
search (MUR) in the framework of the Project PRIN 2022 ‘‘Nonlocal 
Mechanics of Innovative Soft Nanostructures’’ (code 2022ZW2NMJ) is 
gratefully acknowledged.

Data availability

Data will be made available on request.

References

[1] Y. Guo, M. Alam, Nonlinear bending and thermal postbuckling of magneto-
electro-elastic nonlocal strain-gradient beam including surface effects, Appl. 
Math. Model. 142 (2025) 115955, http://dx.doi.org/10.1016/j.apm.2025.
115955.

[2] Y. Zheng, B. wen Liu, F. Wang, C. ping Chen, Nonlinear bending 
study of size-dependent magneto-electro-elastic laminated nanobeams under 
flexomagnetoelectric effect, Mech. Solids 60 (2) (2025) 1087–1104.

[3] R. Penna, G. Lovisi, Surface and nonlocal effects in piezoelectric nanobeams, 
Eur. J. Mech. A Solids 113 (2025) 105715.

[4] L. Wang, N. Chong, D. Lei, Z. Ou, Nonlinear vibration analysis of nonlocal 
fractional viscoelastic piezoelectric nanobeams incorporating surface effects, Eur. 
J. Mech. A Solids 115 (2026) 105840.

[5] P. Bisegna, R. Luciano, Variational bounds for the overall properties of 
piezoelectric composites, J. Mech. Phys. Solids 44 (4) (1996) 583–602.

[6] P. Bisegna, R. Luciano, On methods for bounding the overall properties of 
periodic piezoelectric fibrous composites, J. Mech. Phys. Solids 45 (8) (1997) 
1329–1356.

[7] S. Khouni, H. Bourouina, A. Lamari, L. Elaihar, Nonlinear thermo-mechanical 
forced vibration of nonlocal FG-CNTRC adsorber with 2D PSH network and vdW 
interactions across wide frequency spectrum, Thin–Walled Struct. 219 (2026) 
114216.

[8] A.J. Piña-Díaz, L. Castillo-Tobar, D. Milachay-Montero, E. Chavez-Angel, R. 
Villarroel, J.A. García-Merino, Frequency-mode study of piezoelectric devices for 
non-invasive optical activation, Nanomaterials 15 (21) (2025).

[9] M. Xiao, A. Xu, Z. Sui, W. Zhang, H. Liu, C. Lee, Multifunctional MEMS, 
NEMS, micro/nano-structures enabled by piezoelectric and ferroelectric effects, 
Nanoscale Horizons 10 (2025) 2744–2771.

[10] L. Placidi, L. Greco, S. Bucci, E. Turco, N. Rizzi, A second gradient formulation 
for a 2D fabric sheet with inextensible fibres, Z. Angew. Math. Phys. 67 (2016) 
http://dx.doi.org/10.1007/s00033-016-0701-8.

[11] L. Placidi, M.G.E. Sherbiny, P. Baragatti, Experimental investigation for the 
existence of frequency band gap in a microstructure model, Math. Mech. Complex 
Syst. 9 (4) (2022) 413–421.

[12] E. Barchiesi, F. dell’Isola, F. Hild, On the validation of homogenized modeling for 
bipantographic metamaterials via digital image correlation, Int. J. Solids Struct. 
208 (2021) 49–62, http://dx.doi.org/10.1016/j.ijsolstr.2020.11.003.

[13] S.M. Hozhabrossadati, N. Challamel, M. Rezaiee-Pajand, A.A. Sani, Application of 
Green’s function method to bending of stress gradient nanobeams, Int. J. Solids 
Struct. 143 (2018) 209–217.

[14] L. Placidi, F. dell’Isola, A. Kandalaft, R. Luciano, C. Majorana, A. Misra, A 
granular micromechanic-based model for ultra high performance fiber-reinforced 
concrete (UHP FRC), Int. J. Solids Struct. 297 (2024) 112844, http://dx.doi.org/
10.1016/j.ijsolstr.2024.112844.

[15] M. Čanađija, V. Kosmerl, M. Zlatić, D. Vrtovsnik, N. Munjas, A computational 
framework for nanotrusses: Input convex neural networks approach, Eur. J. 
Mech. A Solids 103 (2023) 105195.

[16] M. Čanađija, S. Ivić, Carbon nanotubes as a basis of metamaterials and 
nanostructures: Crafting via design optimization, Mech. Mater. 197 (2024) 
105105.

[17] A. Rezaei, R. Izadi, N. Fantuzzi, A non-classical computational method for 
modelling functionally graded porous planar media using micropolar theory, 
Comput. Struct. 306 (2025).

[18] H. Nguyen, N. Challamel, C. Wang, Analytical solutions for free vibrations of 
rectangular cuboid elastic lattices and their continuous approximations, J. Sound 
Vib. 600 (2025) 118836.

[19] J. de Castro Motta, L. Placidi, N.C. Rana, F. Fraternali, A Weierstrass approach 
to the analysis of rarefaction solitary waves in tensegrity mass-spring systems, 
Commun. Appl. Ind. Math. 15 (2) (2024) 8–16.

http://dx.doi.org/10.1016/j.apm.2025.115955
http://dx.doi.org/10.1016/j.apm.2025.115955
http://dx.doi.org/10.1016/j.apm.2025.115955
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb2
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb2
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb2
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb2
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb2
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb3
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb3
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb3
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb5
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb5
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb5
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb6
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb6
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb6
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb6
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb6
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb7
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb9
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb9
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb9
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb9
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb9
http://dx.doi.org/10.1007/s00033-016-0701-8
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb11
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb11
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb11
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb11
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb11
http://dx.doi.org/10.1016/j.ijsolstr.2020.11.003
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb13
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb13
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb13
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb13
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb13
http://dx.doi.org/10.1016/j.ijsolstr.2024.112844
http://dx.doi.org/10.1016/j.ijsolstr.2024.112844
http://dx.doi.org/10.1016/j.ijsolstr.2024.112844
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb15
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb15
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb15
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb15
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb15
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb16
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb16
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb16
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb16
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb16
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb17
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb17
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb17
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb17
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb17
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb18
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb18
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb18
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb18
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb18
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb19
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb19
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb19
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb19
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb19


M.S. Vaccaro et al. Mechanics Research Communications 152 (2026) 104611 
[20] J. de Castro Motta, F. Fraternali, G. Saccomandi, Rarefaction pulses on tensegrity 
lattices are just sech2-solitary (dark) waves, Meccanica 60 (10–11) (2025) 
3429–3438.

[21] E. Kröner, Elasticity theory of materials with long range cohesive forces, Int. J. 
Solids Struct. 3 (5) (1967) 731–742.

[22] J.A. Krumhansl, Some considerations of the relation between solid state physics 
and generalized continuum mechanics, in: E. Kröner (Ed.), Mechanics of Gen-
eralized Continua, Springer Berlin Heidelberg, Berlin, Heidelberg, 1968, pp. 
298–311.

[23] I.A. Kunin, The theory of elastic media with microstructure and the theory of 
dislocations, in: E. Kröner (Ed.), Mechanics of Generalized Continua, Springer 
Berlin Heidelberg, Berlin, Heidelberg, 1968, pp. 321–329.

[24] D. Rogula, Influence of spatial acoustic dispersion on dynamical properties of 
dislocations, Bull. Pol. Acad. Sci.: Tech. Sci. 13 (1965) 337–385.

[25] D. Rogula, Introduction to nonlocal theory of material media, in: D. Rogula 
(Ed.), Nonlocal Theory of Material Media, Springer Vienna, Vienna, 1982, pp. 
123–222.

[26] A.C. Eringen, Linear theory of nonlocal elasticity and dispersion of plane waves, 
Internat. J. Engrg. Sci. 10 (1972) 425–435.

[27] A.C. Eringen, On differential equations of nonlocal elasticity and solutions of 
screw dislocation and surface waves, J. Appl. Phys. 54 (9) (1983) 4703–4710.

[28] J. Peddieson, G.R. Buchanan, R.P. McNitt, Application of nonlocal continuum 
models to nanotechnology, Internat. J. Engrg. Sci. 41 (3–5) (2003) 305–312.

[29] E. Benvenuti, A. Simone, One-dimensional nonlocal and gradient elasticity: 
Closed-form solution and size effect, Mech. Res. Commun. 48 (2013) 46–51.

[30] P. Khodabakhshi, J. Reddy, A unified integro-differential nonlocal model, In-
ternat. J. Engrg. Sci. 95 (2015) 60–75, URL: https://www.sciencedirect.com/
science/article/pii/S0020722515000919.

[31] G. Romano, R. Barretta, M. Diaco, F. Marotti de Sciarra, Constitutive boundary 
conditions and paradoxes in nonlocal elastic nanobeams, Int. J. Mech. Sci. 121 
(2017) 151–156.

[32] G. Romano, R. Barretta, Nonlocal elasticity in nanobeams: the stress-driven 
integral model, Internat. J. Engrg. Sci. 115 (2017) 14–27.

[33] M. Jafarinezhad, R. Sburlati, R. Cianci, Static and free vibration analysis of 
functionally graded annular plates using stress-driven nonlocal theory, Eur. J. 
Mech. A Solids 99 (2023) 104955.

[34] G. Lovisi, L. Feo, A. Lambiase, R. Penna, Application of surface stress-
driven model for higher vibration modes of functionally graded nanobeams, 
Nanomaterials 14 (4) (2024) 350.
6 
[35] D. Indronil, Dynamics of nonlocal stress-driven Rayleigh beam, Forces Mech. 18 
(2025) 100299.

[36] M.-S. Behnam-Rasouli, N. Challamel, A. Karamodin, A.A. Sani, Application of the 
Green’s function method for static analysis of nonlocal stress-driven and strain 
gradient elastic nanobeams, Int. J. Solids Struct. 295 (2024) 112794.

[37] N. Challamel, A.A. Sani, Green’s functions of size-dependent timoshenko beams: 
Gradient elasticity versus stress-driven nonlocal theories, Int. J. Solids Struct. 
314 (2025) 113308.

[38] R. Barretta, F. Marotti de Sciarra, M.S. Vaccaro, Nonlocal elasticity for nanos-
tructures: a review of recent achievements, Encyclopedia 3 (2023) 279–310, 
http://dx.doi.org/10.3390/encyclopedia3010018.

[39] T. von Kármán, Festigkeitsprobleme im maschinenbau, in: F. Klein (Ed.), in: 
Encyklopädie der Mathematischen Wissenschaften, vol. IV/4, no. C, B. G. 
Teubner, Leipzig, 1910, pp. 311–385.

[40] T.S. Jang, A new semi-analytical approach to large deflections of Bernoulli–
Euler–von Kármán beams on a linear elastic foundation: Nonlinear analysis of 
infinite beams, Int. J. Mech. Sci. 66 (2013) 22–32.

[41] F. Ahmad, T.S. Jang, J.A. Carrasco, S.U. Rehman, Z. Ali, N. Ali, An efficient 
iterative method for computing deflections of Bernoulli–Euler–von Kármán beams 
on a nonlinear elastic foundation, Appl. Math. Comput. 334 (2018) 269–287.

[42] J.N. Reddy, An Introduction to Nonlinear Finite Element Analysis, Oxford 
University Press, USA, 2004.

[43] J. Yang, An introduction to the theory of piezoelectricity, Advances in Mechanics 
and Mathematics, Springer Cham, 2019, http://dx.doi.org/10.1007/978-3-030-
03137-4.

[44] S.V. Gopinathan, V.V. Varadan, V.K. Varadan, A review and critique of theories 
for piezoelectric laminates, Smart Mater. Struct. 9 (1) (2000) 24–48.

[45] B. Gheshlaghi, S.M. Hasheminejad, Vibration analysis of piezoelectric nanowires 
with surface and small scale effects, Curr. Appl. Phys. 12 (4) (2012) 1096–1099.

[46] S. Hosseini-Hashemi, I. Nahas, M. Fakher, R. Nazemnezhad, Nonlinear free 
vibration of piezoelectric nanobeams incorporating surface effects, Smart Mater. 
Struct. 23 (3) (2014) 035012.

[47] Z. Yan, L. Jiang, Surface effects on the electromechanical coupling and bending 
behaviours of piezoelectric nanowires, J. Phys. D: Appl. Phys. 44 (7) (2011) 
075404, http://dx.doi.org/10.1088/0022-3727/44/7/075404.

[48] D.C.C. Lam, F. Yang, A.C.M. Chong, J. Wang, P. Tong, Experiments and theory 
in strain gradient elasticity, J. Mech. Phys. Solids 51 (8) (2003) 1477–1508.

[49] A.M. Abazari, S.M. Safavi, G. Rezazadeh, L.G. Villanueva, Modelling the size 
effects on the mechanical properties of micro/nano structures, Sensors 15 (11) 
(2015) 28543–28562.

[50] V.A. Eremeyev, Size effect in nanomaterials, in: H. Altenbach, A. Öchsner (Eds.), 
Encyclopedia of Continuum Mechanics, Springer, Berlin, Heidelberg, 2020, http:
//dx.doi.org/10.1007/978-3-662-55771-6_170.

http://refhub.elsevier.com/S0093-6413(26)00001-7/sb20
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb20
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb20
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb20
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb20
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb21
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb21
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb21
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb22
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb23
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb23
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb23
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb23
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb23
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb24
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb24
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb24
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb25
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb25
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb25
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb25
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb25
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb26
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb26
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb26
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb27
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb27
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb27
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb28
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb28
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb28
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb29
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb29
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb29
https://www.sciencedirect.com/science/article/pii/S0020722515000919
https://www.sciencedirect.com/science/article/pii/S0020722515000919
https://www.sciencedirect.com/science/article/pii/S0020722515000919
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb31
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb31
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb31
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb31
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb31
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb32
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb32
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb32
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb33
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb33
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb33
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb33
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb33
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb34
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb34
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb34
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb34
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb34
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb35
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb35
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb35
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb36
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb36
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb36
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb36
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb36
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb37
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb37
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb37
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb37
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb37
http://dx.doi.org/10.3390/encyclopedia3010018
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb39
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb39
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb39
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb39
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb39
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb40
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb40
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb40
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb40
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb40
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb41
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb41
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb41
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb41
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb41
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb42
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb42
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb42
http://dx.doi.org/10.1007/978-3-030-03137-4
http://dx.doi.org/10.1007/978-3-030-03137-4
http://dx.doi.org/10.1007/978-3-030-03137-4
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb44
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb44
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb44
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb45
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb45
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb45
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb46
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb46
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb46
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb46
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb46
http://dx.doi.org/10.1088/0022-3727/44/7/075404
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb48
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb48
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb48
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb49
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb49
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb49
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb49
http://refhub.elsevier.com/S0093-6413(26)00001-7/sb49
http://dx.doi.org/10.1007/978-3-662-55771-6_170
http://dx.doi.org/10.1007/978-3-662-55771-6_170
http://dx.doi.org/10.1007/978-3-662-55771-6_170

	On nonlinear electromechanics of piezoelectric nanobeams
	Introduction
	Kinematics and equilibrium
	Nonlocal elasticity for nanobeams
	Piezoelectricity for nanobeams
	Electromechanical bending of piezoelectric nanobeams
	Case-studies
	Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


