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Abstract

Piezoelectric semiconductor (PS) fibers are the foundation of nano-
generators, nano force sensors, and other nanodevices. Regulating the
local piezopotential characteristics inside the PS fiber is crucial for its
piezoelectric performance. However, due to the extremely small size of
nanofibers, this is quite challenging. In this study, we propose a method
for modulating local electrical distribution of bent PS fibers using a
multi-segmented layered structure. The field equations for bent PS fibers
are derived, and the effect of a non-uniform additional layer’s discontinu-
ity in material properties and thickness distributions on the distributions
of strain, potential, and charge carrier concentration fields within the
fiber are investigated. Results from theoretical studies and case studies
indicate that the discontinuity of material coefficients or the thickness
in the attached layer allows the local piezopotential distribution of the
bent fiber to be effectively tuned by external forces. In the bent fibers,
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the potential and carrier concentration in the intermediate region no
longer remain constant, but instead, localized potential wells and bar-
riers, or plateau-like regions of high and low potential, start to form
along the axial direction, and they are symmetric with respect to the
strain neutral axis. The discontinuity of various material coefficients in
the attached layer has different effects on the local potential changes
in the bent fiber. Local potentials of arbitrary form can be controlled
through different material and thicknesses distribution combinations of
the attached layer. The findings of this study provide important guid-
ance for modulating the local electrical distributions of PS fibers and
offer new insights and design ideas for nanoscale piezoelectric devices.

Keywords: electrical modulation, potential adjustment, bending
deformation, piezoelectric semiconductor (PS)

1 Introduction

Piezoelectric semiconductor (PS) materials exhibit both piezoelectric and
semiconductor properties, allowing for the control of their electrical behavior
through mechanical loading. Many PS structures have been synthesized [1–3]
and used in various devices, such as nanogenerators [4, 5], piezoelectric effect
transistors [6, 7], physical and chemical sensors [8, 9], and piezoelectric logic
nanodevices [10]. The theoretical development of PS structures has been rapid,
with rich results in both fundamental theory and applied science. The com-
prehensive research on PS-related theory provides a reliable foundation for the
development of piezoelectric crystal devices.

Compared with other structures such as thin films and tubes, one-
dimensional fibers are the most interesting structure for researchers [11, 12].
PS fibers are easier to manufacture and can withstand greater mechanical de-
formation [13], making their electromechanical behavior, including vibration
[14, 15], bending [16], stretching [17, 18], and torsion [19], widely studied, with
valuable results for device design.

The bent nanofibers are widely used in piezoelectric devices such as
nanogenerators and sensors. The renowned ultrasonic-sound nanogenerator in-
vented by Wang [20] is based on bent deformed PS one-dimensional fibers. The
schematic diagram of the structural principle of the nanogenerator is shown
in Figure 1. As shown in Figure 1(a), its basic structure is to cover a layer
of silicon electrode coated with platinum metal on an array composed of ZnO
nanofibers. The platinum coating not only enhances the electrode conductiv-
ity, but also forms a Schottky contact with the semiconductor. Some ZnO
nanofibers are in contact with the upper electrode, while others are located be-
tween the electrode teeth. Under the action of ultrasound, the electrode moves
downward, causing the fibers to bend transversely, resulting in a partial for-
ward bias of the Schottky junction and thus generating a current. The bending
of a single fiber is shown in Figure 1(b).
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Composite structures are commonly employed in piezotronics [21–23].
Studies have shown that the use of insulating layers can improve the efficiency
of nanogenerators [24–26]. Wrapping the nanofibers with an insulating poly-
mer layer can not only prevent internal discharge caused by contact between
the nanofibers but also improve the stability and durability of the device, at
the same time, effectively enhancing the output voltage [27]. Theoretical anal-
yses have been conducted to investigate the electromechanical coupling fields
[18, 28] and wave propagation characteristics [29–31] in PS composite struc-
tures, providing more options for materials and structures in piezotronic device
fabrication.

Inspired by these works, we aim to modulate the local piezoelectric dis-
tribution in the fiber by utilizing the discontinuity of the material coefficient
and thickness of the attached insulation elastic layer, based on the actual de-
sign of the piezoelectric semiconductor fiber wrapped in an insulation shell.
In this paper, local piezoelectric polarization discontinuity is artificially con-
structed in the multi-segmented layered fiber structure, thereby changing the
local piezoelectric potential inside the fiber and achieving control over the
fiber’s piezoelectric performance.

(a) (b)

Figure 1: Nanogenerator model: (a) Schematic illustration of the zigzag elec-
trode and nanofibers; (b) Single fiber bent by electrode propulsion;

This paper presents a feasible design scheme using a three-layer PS fiber,
with the middle layer being the PS layer and the upper and lower elastic lay-
ers having non-uniform elastic constants. The left end face of the fiber is fixed,
and the right end face is subjected to shear force. The novelty of this paper lies
in the fact that significant control over the potential distribution of the inter-
mediate PS layer can be achieved solely by manipulating the elastic properties
and thickness of the additional layer. By combining various control strategies,
it becomes possible to achieve a diverse range of desired control objectives. In
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Section 2, we will model and derive the one-dimensional coupling equations of
the proposed composite fiber and perform corresponding theoretical solutions.
In Section 3, we conduct numerical studies on fiber models with different elas-
tic parameters and thicknesses and compare their modulation effects on local
potential. Finally, we summarize our findings in Section 4.

2 Multi-segmented layered structure’s coupling
equation

Figure 2: A schematic of the bent multi-segmented layered structure with
varying elastic layer elastic coefficients.

The crucial aspect of local piezoelectric modification lies in creating lo-
calized discontinuity within the piezoelectric polarization. As is commonly
understood, piezoelectric polarization is induced by strain. This approach is
based on the principle that, under equivalent stress, the strain produced by
regions with lower stiffness is always greater than that of those with higher
stiffness, thereby generating discontinuous strain. To ensure that the neutral
layer remains on the PS layer during bending deformation, the attached elastic
layer is symmetrically distributed above and below the PS layer. The equiv-
alent cantilever beam model of the multi-segmented layered PS structure is
shown in Figure 2. This paper proposes a multi-segmented layered structure
that features non-uniform stiffness distribution. Specifically, two fully covered
and segmented elastic layers are attached to the middle PS layer. Adding at-
tached elastic layers above and below the PS layer of the nanofiber is necessary
to maintain the neutral plane in the middle during bending and to ensure that
the PS fiber is sandwiched in the insulating elastic layer, which is in line with
the realistic design of the ultrasonic motor.

The intermediate PS layer in this uniform structure simultaneously exhibits
piezoelectric and semiconductor characteristics, whose material parameters are
denoted by superscript (1). Its polarization direction c-axis is oriented along the
positive direction of the x3-axis, while its axial elastic constant, piezoelectric
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constant, and dielectric constant are designated as c1, e133, and ε133, respec-
tively. The height of the middle PS layer is h(1). The elastic layer, attached
both above and below, is comprised of two sections with varying stiffness levels.
To simplify matters, we assume the layer is purely elastic and electrically insu-
lating, devoid of any piezoelectric or semiconductor properties. The attached
elastic layer has a height of h(2) and is divided into two sections of length L1

and L2 − L1 on the left and right, respectively. The superscript (2) indicates
the material parameters of the elastic layer, while the superscripts (l) and (r)

indicate the material parameters of the left partially and partially elastic layer.
In such cases, it suffices to only consider the elastic constant c(2) among the
major constants, as this is a common practice in the analysis of piezoelectric
multi-layer structures [32, 33]. This approach enables sufficient proof that ma-
nipulating local electrical behavior can be achieved through the utilization of
material heterogeneity. It is important to note that in our simulation, c takes
on different values in the two sections, which we have labeled as c(2l) and c(2r).

Considering the deformation in the x2-x3 plane of this structure, and refer-
ring to the Mindlin plate theorem, power series expansions of the displacement,
potential, and carrier concentration variations with first-order approximation
are written in the following form:

u2 ∼= ν(x3, t)
u3 ∼= x2ψ(x3, t)
φ ∼= x2ϕ

1(x3, t)
∆n ∼= x2n

1(x3, t)
∆p ∼= x2p

1(x3, t)

(1)

The corresponding strain, electric field, and carrier concentration gradients
can be expressed as:

S3 = S33 = x2ψ,3 S4 = 2S23 = ν,3 + ψ
E2 = −ϕ1 E3 = −x2ϕ1,3
∆n,2 = n1 ∆n,3 = x2n

1
,3

∆p,2 = p1 ∆p,3 = x2p
1
,3

(2)

The stresses and electric displacements in the piezoelectric and elastic
layers are expressed as:

T
(1)
3 = c

(1)
33 S3 − e

(1)
33 E3 = c

(1)
33 x2ψ,3 + e

(1)
33 x2ϕ

1
,3

T
(1)
4 = c

(1)
44 S4 − e

(1)
15 E2 = c

(1)
44 (ν,3 + ψ) + e

(1)
15 ϕ

1

D
(1)
2 = e

(1)
15 S4 + ε

(1)
11 E2 = e

(1)
15 (ν,3 + ψ)− ε

(1)
11 ϕ

1

D
(1)
3 = e

(1)
33 S3 + ε

(1)
33 E3 = e

(1)
33 x2ψ,3 − ε

(1)
33 x2ϕ

1
,3

T
(2)
3 = c

(2)
33 S3 = c

(2)
33 x2ψ,3

T
(2)
4 = c

(2)
44 S4 = c

(2)
44 (ν,3 + ψ)

(3)
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The material constants of the PS layers in Equation (3) also satisfy the
following relationship:

c
(1)
33 =1/s

E(1)
33 c

(1)
44 =1/s

E(1)
44

e
(1)
33 = d

(1)
33 /s

E(1)
33 e

(1)
15 = d

(1)
15 /s

E(1)
44

ε
(1)
11 = ε

T (1)
11 − (d

(1)
15 )

2/s
E(1)
44 ε

(1)
33 = ε

T (1)
33 − (d

(1)
33 )

2/s
E(1)
33

(4)

The drift-diffusion equations for the current in the PS layer are:

Jn
2 = qn0µ

n
22E2 + qDn

22∆n,2 = −qn0µn
22ϕ

1 + qDn
22n

1

Jn
3 = qn0µ

n
33E3 + qDn

33∆n,3 = −qn0µn
33x2ϕ

1
,3 + qDn

33x2n
1
,3

Jp
2 = qp0µ

n
22E2 − qDp

22∆p,2 = −qp0µn
22ϕ

1 − qDn
22p

1

Jp
3 = qp0µ

n
33E3 − qDp

33∆p,3 = −qp0µn
33x2ϕ

1
,3 − qDn

33x2p
1
,3

(5)

Since the cross-section of the multi-segmented layered structure assumed
in this paper is rectangular [34], the bending moment M , shear force Q, and
the equivalent potential shift sum in the structure can be obtained from the
following integral relationship:

M = T
[1]
33 = b

∫ h(1)/2+h(2)

−h(1)/2−h(2) x2T3dx2

= b
∫ −h(1)/2

−h(1)/2−h(2) x2T
(2)
3 dx2 + b

∫ h(1)/2

−h(1)/2
x2T

(1)
3 dx2 + b

∫ h(1)/2+h(2)

h(1)/2
x2T

(2)
3 dx2

= 2
3 [(

h(1)

2 + h(2))3 − (h
(1)

2 )3]bc
(2)
33 ψ,3 +

2
3 (

h(1)

2 )3bc
(1)
33 ψ,3 +

2
3 (

h(1)

2 )3be
(1)
33 ϕ

1
,3

Q = T
[0]
32 = b

∫ h(1)/2+h(2)

−h(1)/2−h(2) T4dx2

= b
∫ −h(1)/2

−h(1)/2−h(2) T
(2)
4 dx2+b

∫ h(1)/2

−h(1)/2
T

(1)
4 dx2 + b

∫ h(1)/2+h(2)

h(1)/2
T

(2)
4 dx2

= 2bh(2)c
(2)
44 (ν,3 + ψ) + bh(1)c

(1)
44 (ν,3 + ψ) + bh(1)e

(1)
15 ϕ

1

D0
2 = D

[0]
2 = b

∫ h(1)/2

−h(1)/2
D

(1)
2 dx2 = bh(1)e

(1)
15 (ν,3 + ψ)− bh(1)ε

(1)
11 ϕ

1

D1
3 = D

[1]
3 = b

∫ h(1)/2

−h(1)/2
x2D

(1)
3 dx2 = 1

12b(h
(1))3e

(1)
33 ψ,3 − 1

12b(h
(1))3ε

(1)
33 ϕ

1
,3

(6)
Here, ϕ1 represents the first-order distribution of electric potential, which

can be expressed as the potential distribution per unit length. Similarly, n1

represents the first-order change in electrons, which can be expressed as the
distribution of the change in electron concentration per unit length. Thus the
current relationship can be obtained by integrating over the cross-section:

Jn0
2 = J

n[0]
2 = b

∫ h(1)/2

−h(1)/2
Jn
2 dx2 = −bh(1)qn0µn

22ϕ
1 + qbh(1)Dn

22n
1

Jn1
3 = J

n[1]
3 = b

∫ h(1)/2

−h(1)/2
x2J

n
3 dx2 = − 1

12b(h
(1))3qn0µ

n
33ϕ

1
,3 +

1
12b(h

(1))3qDn
33n

1
,3

Jp0
2 = J

p[0]
2 = b

∫ h(1)/2

−h(1)/2
Jp
2 dx2 = −bh(1)qp0µn

22ϕ
1 − qbh(1)Dn

22p
1

Jp1
3 = J

p[1]
3 = b

∫ h(1)/2

−h(1)/2
x2J

p
3 dx2 = − 1

12b(h
(1))3qp0µ

n
33ϕ

1
,3 − 1

12b(h
(1))3qDn

33p
1
,3

(7)
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Drawing on the fundamental principles of piezoelectricity, we present an
exposition of the electromechanical coupling characteristics of PS structures,
utilizing a Cartesian tensor system to formulate a set of three-dimensional
differential equations. The resulting field equations incorporate the equations
of motion, Gauss’s theorem in electrostatics, and the continuity equations for
the hole and electron charges are shown below [35–37]:

Tji,j = ρüi
Di,i = q(p− n+N+

D −N−
A )

Jp
i,i = −qṗ
Jn
i,i = qṅ

(8)

Assuming that the middle layer of the structure in Figure 2 is an n-type
PS fiber, the field equation in static equilibrium can be written as:

Q,3 = 0
M,3 −Q = 0
D1

3,3 −D0
2 = − 1

12qb(h
(1))3n1

Jn1
3,3 − Jn0

2 = 0

(9)

Substituting Equation (6) and (7) into Equation (9), the following four
linear differential equations of second order concerning ν, ψ, and n1 are
obtained:

(2bh(2)c
(2)
44 + bh(1)c

(1)
44 )(ν,33 + ψ,3) + bh(1)e

(1)
15 ϕ

1
,3 = 0

2
3 [(

h(1)

2 + h(2))3 − (h
(1)

2 )3]bc
(2)
33 ψ,33 + 2

3 (
h(1)

2 )3bc
(1)
33 ψ,33 + 2

3 (
h(1)

2 )3be
(1)
33 ϕ

1
,33

−(2bh(2)c
(2)
44 + bh(1)c

(1)
44 )(ν,3 + ψ)− bh(1)e

(1)
15 ϕ

1 = 0
1
12 b(h

(1))3e
(1)
33 ψ,33 − 1

12 b(h
(1))3ε

(1)
33 ϕ

1
,33 − bh(1)e

(1)
15 (ν,3 + ψ) + bh(1)ε

(1)
11 ϕ

1 = − 1
12qb(h

(1))3n1

− 1
12 b(h

(1))3qn0µ
n
33ϕ

1
,33 + 1

12 b(h
(1))3qDn

33n
1
,33 + bh(1)qn0µ

n
22ϕ

1 − qbh(1)Dn
22n

1 = 0

(10)

The solution of the above equation can be set in the following form:{
ν, ψ, ϕ1, n1

}
= {N1, N2, N3, N4} exp(λx3) (11)

Substituting the above equation into Equation (10) yields a homogeneous
linear system of equations with unknown coefficients N1 through N4. To obtain
non-trivial solutions, the determinant of the coefficient matrix is set to zero,
resulting in an 8th-degree polynomial equation concerning λ. The eight roots
of this equation are denoted as λm for m = 1 to 8, and the corresponding
eigenvectors are represented as Nm

1 -Nm
4 . The ratios between these eigenvectors

can be determined. Subsequently, the solution of Equation (10) is:
ν
ψ
ϕ1

n1

 =

8∑
m=1

Gm


Nm

1

Nm
2

Nm
3

Nm
4

 exp(λmx3) (12)
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Here, Gm represents the unknown parameters. Equation (12) holds for both
left and right sections of the multi-segmented layered structure model in Figure
2. However, the difference in equivalent stiffness results in different values of
the coefficients in the two sections. Therefore, there are 16 parameters. They
can be determined using the following boundary and continuity conditions:

ν(0) = 0, ψ(0) = 0, D1
3(0) = 0, Jn1

3 (0) = 0,
ν(L+

1 ) = ν(L−
1 ), ψ(L+

1 ) = ψ(L−
1 ), D

1
3(L

+
1 ) = D1

3(L
−
1 ), J

n1
3 (L+

1 ) = Jn1
3 (L−

1 ),
M(L+

1 ) =M(L−
1 ), Q(L+

1 ) = Q(L−
1 ), ϕ

1(L+
1 ) = ϕ1(L−

1 ), n1(L+
1 ) = n1(L−

1 ),
M(L2) = 0, Q(L2) = F, D1

3(L2) = 0, Jn1
3 (L2) = 0,

(13)
This section deduced the one-dimensional coupled system of differential
equations for the multi-segmented layered structure. By integrating the ap-
propriate boundary conditions and solving for the coefficient matrix, the
following quantities can be determined: deflection ν, shear deformation ψ,
electric potential ϕ1, electron concentration variation n1.

3 Example analysis

Initially, we conducted a correctness validation. In the absence of an additional
layer, our model simplifies to a piezoelectric semiconductor cantilever beam
under bending. By employing parameters identical to those in Zhang’s paper
[38], we obtained identical results, as shown in Figure 3. Thus, the validity of
our approach has been verified.

3.1 Effect of the elastic constant c33

In the one-dimensional model established in Section 2, there are two elastic
constants, c33 and c44, related to bending deformation. We will separately
consider the effects of these two parameters on the force-electric field distri-
bution in the structure due to discontinuities. The structure has a length of
l = 600 nm (L1 = 300 nm, L2 = 600 nm), a width of b = 10 nm, a height of
h(1) = 50 nm, and h(2) = 30 nm with a ZnO n-type PS layer, whose material
constants are listed in Table 1 [39], and an initial free electron concentration
of n0 = 1021 m−3.

First, the effect of the discontinuity in the elastic constant c33 on the dis-
tribution of the electromechanical fields is investigated. It is assumed that

c
(2l)
44 = c

(2r)
44 = 3c

(1)
44 , which means that the elastic constant of the elastic layer

c
(2)
44 is fixed at three times that of the piezoelectric layer c

(1)
44 . The value of c

(2l)
33

is fixed at 3c
(1)
33 , and c

(2l)
33 varies from 1c

(1)
33 to 5c

(1)
33 .

When an external force F = 1 nN is applied, Figure 4 shows the distri-
bution of some electromechanical fields in the structure. When the material is
uniformly distributed along the axial direction, the distribution of the fields is
consistent with the distribution of the internal fields of a homogeneous ZnO
fiber when it is bent, as reported in the literature [40]. The potential ϕ1 and
electron concentration n1, change drastically only near the left end face, while
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Figure 3: Comparison of the electron concentration variation n1 distribution
for a PS cantilever beam under bending without additional layers.

Table 1: Material constants of ZnO

Notation Description Value

c
(1)
33 Elastic constant 144.09 GPa

c
(1)
44 Elastic constant 42.43 GPa

e
(1)
33 Piezoelectric constant 1.68 C/m2

e
(1)
15 Piezoelectric constant −0.48 C/m2

ε
(1)
33 Dielectric constant 11.19× 10−11 F/m

ε
(1)
11 Dielectric constant 7.57× 10−11 F/m

remaining constant in the rest of the structure. This is a typical electrical
characteristic of a bent PS fiber.

When the value of c
(2r)
33 changes, there is a jump in the elastic constant

of the fiber at the center. The overall potential and electron concentration of
the fiber no longer remain unchanged. Instead, a potential barrier or well is
generated at the interface between attached layers, and there is a potential
difference between the two sides of the interface, indicating that the potential
in the middle of the fiber can be controlled. The jump in elastic constant also
leads to a separation between the deflection curve ν in Figure 4(a) and the

angle of rotation ψ in Figure 4(b) at the interface. When c
(2r)
33 increases, the

deformation of the structure becomes difficult, resulting in a decrease in the
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(d)

Figure 4: Effect of discontinuity in elastic constants c
(2r)
33 on electromechan-

ical field distribution: (a) deflection ν; (b) shear deformation ψ; (c) electric
potential ϕ1; (d) electron concentration variation n1.

deflection and rotation on the right side. At the same time, potential wells
appear in both Figure 4(c) and Figure 4(d), and the greater the difference
in the elastic constants between the two sides, the sharper the potential well.

Conversely, when c
(2r)
33 decreases, the deformation of the structure becomes

easier, resulting in an increase in the deflection and rotation on the right side.
Potential barriers appear in both Figure 4(c) and Figure 4(d), and similarly,
the greater the difference in the elastic constants between the two sides, the
sharper the potential barrier. When the difference in elastic constants is the
same, the amplitude of the potential barrier is higher compared to the potential
well.

It is worth noting that the potential and electron concentration distribu-
tions in the region near the fixed end of the fiber overlap, and the change only

occurs near the interface between attached layers. When c
(2r)
33 is greater than

c
(2l)
33 , a potential well is generated at the interface between attached layers, and

the absolute value of the potential well increases as c
(2r)
33 /c

(2l)
33 increases.

We can understand the influence of the elastic constants of the additional
layers on the variation of the piezoelectric potential in the following way: The
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presence of the heterogeneous elastic layers added to the homogeneous fiber
introduces discontinuities in the overall axial stiffness of the structure. Under
the influence of shear forces at the right end, strain also experiences interrup-
tions at the points of stiffness transitions. Consequently, this further disrupts
the continuity of polarization intensity, leading to the generation of polariza-
tion charges at the interfaces. Together with the volume charges arising from
the polarization gradient, these interface polarization charges compel nearby
free charge carriers to redistribute through electrostatic forces. As a result,
local potential variations occur, giving rise to the formation of potential bar-
riers and wells. This offers a design concept for nanoscale piezoelectric devices
capable of harvesting local piezopotential energy.

3.2 Effect of the elastic constant c44
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(d)

Figure 5: Effect of discontinuity in elastic constants c
(2r)
44 on electromechan-

ical field distribution: (a) deflection ν; (b) shear deformation ψ; (c) electric
potential ϕ1; (d) electron concentration variation n1.

This subsection investigates the effect of the discontinuity in the elastic
constant c44 on the distribution of the electromechanical fields. It is assumed



Springer Nature 2021 LATEX template

12 Electrical Modulation in Bent PS Fibers via Multi-segmented Layered Structures

that c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 , indicating that the elastic constant of the elastic layer

c
(2)
33 remains constant along the axial direction and is three times that of the PS

layer c
(1)
33 . Only the value of c

(2r)
44 is varied, while the value of c

(2l)
44 fixed value

is set at 3c
(1)
44 . When an external force F = 1 nN is applied, the distribution

of the electromechanical fields in the structure is shown in Figure 5. In Figure

5(a) and 5(b), for different values of c
(2l)
44 , the change in the deflection ν is

very small, while the rotation angle ψ hardly changes and the curves overlap.
In Figure 5(c) and 5(d), similar to changing c33, the potential ϕ1 and electron
concentration variation n1 on the left side remain almost unchanged, and the
change only occurs near the interface between attached layers. The potential
ϕ1 and the change in electron concentration n1 vary in the middle of the fiber.
However, unlike in Figure 4(c) and 4(d), the distribution of ϕ1 and n1 does
not show sharp steps or wells but forms a slowly varying platform barrier or
well. That is, ϕ1 and n1 do not return to positions close to their original values
after reaching their extremum, but remain stable.

It is noteworthy that when c
(2r)
44 is less than c

(2l)
44 , the absolute value of the

potential on the right platform area is higher than that on the left, and the

larger the ratio of c
(2r)
44 /c

(2l)
44 , the greater the ratio of the absolute value of the

potential, which has a guiding significance for piezoelectric devices that collect
local potentials. This also indicates that using different structural configura-
tions can produce various forms of local characteristics of the bent PS fiber.
Of course, in actual devices, when materials with different elastic constants
are used for the two sections of the attached layers in the structure, the jumps
in c33 and c44 will occur simultaneously. Therefore, the form of potential vari-
ation should be a combination of sharp steps or wells and platform barriers or
wells, and its specific form needs to be designed based on actual needs.

3.3 Two-dimensional field distribution

The distribution of the piezoelectric field in the bent fiber studied in this
article is not one-dimensional, but varies in the two-dimensional x3-x2 plane.
To illustrate the field variation more clearly, this subsection presents a plot of
the distribution of the piezoelectric field in the fiber under flexural deformation.

Therefore, when considering the sharp potential wells and barriers that
appear in the bent PS fiber as shown in Figure 4(c) and the platform potential
wells and barriers that appear in Figure 5(c), we cannot isolate them and need
to consider the influence of the two-dimensional distribution of the piezoelectric
field on the potential energy.

To highlight the influence of different elastic constant discontinuities on the
two-dimensional field distribution, we consider the following three situations:

I. c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = c

(2r)
44 = 3c

(1)
44 , i.e., no jump in the material

parameters;

II. c
(2l)
33 = 3c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = c

(2r)
44 = 3c

(1)
44 , i.e., only a jump exists in

c
(2)
33 and c

(2)
44 is constant;
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Figure 6: Two-dimensional field distribution in three cases: (a) normal strain
S3; (b) shear strain S4; (c) electric potential ϕ; (d) electron concentration

variation ∆n. In each subfigure, I represents c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 =

c
(2r)
44 = 3c

(1)
44 ; II represents c

(2l)
33 = 3c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = c

(2r)
44 = 3c

(1)
44 ; III

represents c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = 3c

(2r)
44 = 3c

(1)
44 .

III. c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = 3c

(2r)
44 = 3c

(1)
44 , i.e., only a jump exists

in c
(2)
44 and c

(2)
33 is constant.

When F = 1 nN , the comparison of some electromechanical field distri-
butions in the fiber for these three cases is shown in Figure 6.

In Figure 6, the top, middle, and bottom layers of each image represent
situations I, II, and III, respectively. As can be seen from the figure, due to the
concentration of forces acting on the left end as a fixed support, the left side
experiences a significant variation in the electromechanical field, which is not
the focus of our research. The variation of the electric field at the interface in
the middle of the fiber is the main focus of our study, and subsequent discus-
sions will revolve around this. It is observed that the upper and lower segments
of the piezoelectric semiconductor layer generate opposing and symmetrical
electric fields. This phenomenon arises due to the bending deformation of the
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fiber under shear forces at its end-faces, leading to the upper and lower por-
tions of the fiber experiencing equal in magnitude yet opposite compressive
and tensile forces.

First, we discuss the field distribution corresponding to situation I in the
top layer of each image. In Figure 6(a), the normal strain S3 has opposite signs
on the upper and lower sides of the neutral plane where the strain is zero, which
is because one side of the beam is stretched while the other side is compressed
during the flexural deformation. The right end face of the structure only bears
shear force in the x2 direction, so the normal strain near it is close to zero. In
Figure 6(b), the shear strain along the x2 direction is unchanged because the
one-dimensional assumption we adopted assumes that the cross-section of the
fiber remains plane before and after deformation. In Figure 6(c), the sign of the
electric potential φ is opposite on both sides of the neutral plane, and it hardly
changes along the axial direction. This is consistent with the calculation results
in reference [16] and is a typical feature of the electric potential distribution in
a bent PS fiber. The distribution of the change in electron concentration ∆n
in Figure 6(d) is also the same. The field distributions for the discontinuous

c
(2)
33 in case II are shown in the middle layer of each image in Figure 6.

It can be seen that the normal strain S3 undergoes a discontinuous jump at

the discontinuity of c
(2)
33 , while the distribution of the shear strain S4 becomes

non-uniform but does not produce a discontinuous jump. The electric potential
φ and the change in electron concentration ∆n exhibit sharp wells and barriers
on both sides of the neutral plane, which is consistent with the results in Figure
4(c) and 4(c). For the third situation shown in the bottom layer of Figure 6,

the discontinuity in c
(2)
44 causes a jump in the shear strain, while the normal

strain remains continuous. This is exactly the opposite of the situation when

c
(2)
33 is discontinuous. At this time, the middle section of φ and ∆n no longer
exhibit sharp wells or barriers but a relatively slow-changing platform.

When the multi-segmented layered structure is bent, the axial polarization

intensity inside the PS fiber can be obtained by P
(1)
3 = D

(1)
3 − ε0E3. The dis-

tributions of P
(1)
3 corresponding to case II (only c

(2)
33 has a jump) and case III

(only c
(2)
44 has a jump) in Figure 6 are shown in Figure 7. As shown in Figure

7, when c
(2)
33 jumps, the axial polarization intensity is discontinuous at the in-

terface. Additionally, interface polarization charges are generated here, and
nearby free electrons are redistributed under the action of electrostatic force.
Therefore, sharp potential wells and barriers appear in the electric potential
φ, which is reflected in the electric potential distribution graph in the middle

layer of Figure Figure 6(c). It is also shown in Figure 7 that, when c
(2)
44 jumps,

although there is a small peak in the axial polarization intensity at the inter-
face, there is no discontinuity. Therefore, there are no sharp potential wells or
barriers in the electric potential distribution graph in the lower layer of Figure
6(c). The platform-like change is caused by the body polarization charges and
the polarization charges on the upper and lower surfaces of the fiber.
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Figure 7: Distribution of axial polarization intensity P
(1)
3 during c

(2)
33 and c

(2)
44

jump;

3.4 Effect of the elastic layer thickness h

Figure 8: A schematic of the bent multi-segmented layered structure with
varying elastic layer heights.
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Previous studies were based on the assumption that the attached elastic
layer has a constant thickness. In this subsection, the effect of the variation
of the elastic layer thickness h on the distribution of the force-electric field is
investigated. The PS model for the multi-segmented layered structure in this

subsection is shown in Figure 8, where the elastic constants c
(2)
33 and c

(2)
44 of

the elastic layer are fixed, and c
(2l)
33 = c

(2r)
33 = 3c

(1)
33 and c

(2l)
44 = c

(2r)
44 = 3c

(1)
44 .

The thickness h(2) of the elastic layer is divided into two parts, h(2l) and h(2r),
on the left and right sides, respectively. The thickness of the left part h(2l) is
fixed at 30 nm, while the thickness of the right part varies between 10 nm
and 50 nm.
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(d)

Figure 9: Effect of discontinuity in elastic constants c
(2r)
33 on electromechan-

ical field distribution: (a) deflection ν; (b) shear deformation ψ; (c) electric
potential ϕ1; (d) electron concentration variation n1.

The deflection ν in Figure 9(a) and the shear deformation ψ in Figure
9(b) both experience separation at the thickness transition. From a physical
perspective, when the thickness h(2) of the attached elastic layer is small,
the deformation of the structure is relatively easy, and the deflection ν and
shear deformation ψ on the right side also increase accordingly. Figures 9(c)
and 9(d) show the distribution of the potential ϕ1 and the change in electron
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concentration n1 when the thickness changes. At the thickness transition, sharp
potential wells or barriers appear in the potential ϕ1 and the change in electron
concentration n1, and the sharpness depends on the thickness difference of the
elastic layers on both sides. Furthermore, either a plateau-shaped potential
barrier appears on the right side of the central potential well, or a plateau-
shaped potential well appears on the right side of the central potential barrier.
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Figure 10: Comparison of the potential and carrier concentration changes
between the case of a jump in height h and a simultaneous jump in material
coefficients c33 and c44. (a) electric potential ϕ1; (b) electron concentration
variation n1. (c) two-dimensional electric potential φ; (d) two-dimensional elec-
tron concentration variation ∆n.

It is noteworthy that this peculiar change in the electric field is similar
to the combined effect of changing c33 in Subsection 3.1 and changing c44
in Subsection 3.2. To better compare the similarities and differences between
changing the thickness h of the elastic layer and changing the elastic param-
eters c33 and c44 simultaneously, Figure 10 is selected to compare the case of

h(2l) = 30 nm, h(2r) = 10 nm and c
(2l)
33 = 3c

(2r)
33 = 3c

(1)
33 , c

(2l)
44 = 3c

(2r)
44 = 3c

(1)
44 .

Figures 10(a) and 10(b) compare the distribution of potential and change
in electron concentration, where the solid green line represents the initial state
with uniform elastic layer height and no elastic coefficient changes. It can be
seen from the figures that the effect of changing the thickness and changing
the elastic coefficients c33 and c44 simultaneously on the trend of electric field
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distribution is similar, but there are slight differences in amplitude changes.
Figures 10(c) and 10(d) show the two-dimensional field distribution of the
electric field, where it can be seen more clearly that the potential wells and
barriers caused by thickness discontinuities are sharper. From the surface po-
tential distribution, the fiber surface shows a multi-segment distribution, such
as a low potential well plateau area, a sharp potential barrier area, and a high
potential well plateau area on the lower surface of the fiber.

From the perspective of superposition, Figures 9(a) and 9(b) can also be
understood as the similar result of simultaneous discontinuities in c33 and c44.
Since the discontinuity in c44 results in a very small change in the deflection
ν and shear deformation ψ, the results are similar to that of the discontinuity
of c33, but the amplitude variation caused by the discontinuity of thickness h
is larger.

Through the research in this subsection, we found that changing the thick-
ness of the elastic layer can produce effects similar to simultaneously adjusting
c33 and c44. In practical design, it is almost impossible to adjust the elastic
coefficients c33 and c44 of materials by changing the materials alone. This pro-
vides new insights and ideas for the design of PS structures and also provides
new methods for obtaining the target ratio of c33 and c44. For example, we can
simultaneously change the thickness and material of the elastic layer on the
right side to obtain the desired ratio of c33 and c44, thereby better controlling
the local potential in the piezoelectric fiber.

F

PS layer

Elastic layer

Elastic layer

x2

x3

h
(2l)

h
(2r)

h
(1)

h
(2m)

h
(2n)

3/8 l

3/8 l

1/8 l

1/8 l

Figure 11: Schematic representation of the model for the four-segment multi-
layer structure.
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Figure 12: Distribution of potential and carrier concentration changes for
the four-segment multi-layer structure. (a) electric potential ϕ1; (b) electron
concentration variation n1.

3.5 Structures with more segments

The multi-segmented layered fiber structure proposed in this paper can ef-
fectively regulate the local potential distribution for multi-layer structures
consisting of more than three segments. Here, we take the example of a four-
segment structure, with the structural model shown in Figure 11. The heights
of the four segments, from left to right, are 40, 30, 20, and 10 nm. The seg-
ment boundaries are located at 3/8l, 1/2l, and 5/8l. The potential and electron
concentration distributions are presented in Figures Figure 12(a) and Figure
12(b), respectively. From the figures, it is evident that our design is capable
of creating potential barriers or wells in local regions even for structures with
more segments. This implies that our design exhibits enhanced generality.

4 Conclusion

The influence of a multi-segmented layered structure design on the local elec-
tromechanical coupling characteristics of a bent PS fiber was investigated in
this paper. The one-dimensional coupled equation of the bent multi-segmented
layered PS structure was solved. The electrical distributions of the PS fiber
were analyzed by studying and discussing the numerical results. The distri-
bution of potential and electron concentration for different elastic coefficient
jumps in the attached layers was compared, and the similarities and differences
were analyzed. The main conclusions of this paper are as follows:

(1) In the bent multi-segmented layered PS fiber, the discontinuity in mate-
rial coefficients or attachment layer thickness breaks the uniformity of electrical
characteristics in the intermediate region, allowing for active modulation in
response to external forces.

(2) In bent multi-segmented layered PS fibers, the distribution of local
potential wells and barriers varies along the axis and is symmetrical about the
strain neutral axis.
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(3) In bent multi-segmented layered PS fibers, the jumps in different ma-
terial coefficients in the attached layer have different effects on the local
potential changes. Specifically, the jump in c33 produces sharp local poten-
tial wells and barriers in the fiber, while the jump in c44 produces relatively
flat platform-type potential wells and barriers. Meanwhile, the effect of the
thickness variation of the attached layer is similar to the effect of the simul-
taneous variation of the material coefficients c33 and c44. This suggests that
local piezopotential regulation can be diversified through different materials
and thicknesses combinations.
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