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Abstract: It is known that a large amount of vibration mechanical energy will be generated during
train operation. If the mechanical energy can be obtained from the track structure, it can greatly
optimize the energy configuration of the metro. Currently, most sensors are limited to disk or cymbal
structures and are not used in the track bed; different from existing structures, this paper designs
a spherical energy harvester based on a rubber bearing floating slab track, wherein the size range
of the spherical energy harvesting structure was approximately determined based on the geometric
spatial relationships of the actual track bed internal structure. Compared to the traditional disk and
cymbal energy harvesters, the mechanical and electrical properties of the spherical energy harvesting
structure was studied by a numerical simulation method, and the optimal size of the spherical
energy was determined by calculation. The main conclusions are as follows: (1) Compared with the
traditional disk harvester and cymbal harvester, the spherical harvester had better mechanical and
electrical properties. (2) By calculating the output power of energy harvesters under load matching,
we found that the output power of the spherical harvester was two orders of magnitude higher than
that of the disk harvester and 53% higher than that of the cymbal harvester. (3) The optimum size
of the spherical harvester was when the thickness of piezoelectric layer was 2 mm, the radius was
16 mm, the axial ratio of the spherical shell was 0.4, and the thickness of the spherical shell was 4 mm.

Keywords: rail transit; sensor; floating slab track; energy harvester; piezoelectric layer dimension

1. Introduction

In recent years, urban rail transit has been widely accepted as a large-capacity and
low-carbon transportation mode. With the increasing mileage of rail transit operation, its
operational safety has been paid more and more attention [1]. To ensure the safety of rail
transit during the operation period, it is necessary to carry out health monitoring on its
engineering structure. Traditional monitoring sensor networks are mainly connected to a
mains power supply or battery, which has some problems such as high maintenance cost
and environmental pollution. Since a large amount of mechanical energy will be generated
by train operation in urban rail transit system [2], it is of great significance to design a kind
of energy harvester to capture electric energy from the track structure.

At present, many scholars have designed energy harvesters for rail transit infrastruc-
ture in order to capture energy from different structures and positions, mainly including
rails, fasteners, and sleepers. For the rail, Li et al. [3] designed a broadband cantilever
energy harvester, which installed a broadband piezoelectric array on one side of the rail to
capture the track vibration mechanical energy during train operation at various frequencies.
Due to the train vibration frequency deviating from its working frequency band in real
environment, it did not achieve the expected effect. Zhang et al. [4] developed a portable
and efficient electromagnetic energy harvesting system with supercapacitors, which was
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installed at the bottom of rails to convert the energy of track vibration into electric energy
and provide stable power output for external loads. For the fastener, Yuan et al. [5] designed
a piezoelectric energy harvester installed under the fastener backing plate to capture the
energy generated by train vibration, and the power obtained was sufficient to power the
wireless sensor. For the sleeper, Wang et al. [6] designed an energy harvester for the upper
part of the sleeper based on the electromagnetic energy collection technology. It featured
a gear structure that converted the irregular pulse bidirectional linear vibration of the
track into adjustable unidirectional rotational motion to improve the output power and
reliability. Lin et al. [7] also designed an enabling structure for the upper part of sleeper,
using a spring pretensioning and resetting device for quick installation without anchoring
it into the railroad foundation. In addition to the design of energy harvesters starting
from common track infrastructure components, scholars have carried out corresponding
energy capture research on floating slab track. Hou et al. [8] proposed a small but high
bearing capacity piezoelectric energy harvester for steel spring floating slab track, which
was mainly installed between track slab and steel spring supporting structure to improve
the energy harvesting efficiency. At present, the design of energy harvesters for a floating
slab track cannot cover all types, so it still needs further study.

The piezoelectric energy harvesting structure utilizes the positive piezoelectric effect
of piezoelectric materials to convert mechanical energy into electrical energy [9], thus
achieving energy recovery and reuse. The materials involved in piezoelectric energy
harvesting mainly include piezoelectric ceramics (PZT), polyvinylidene fluoride (PVDF),
and piezoelectric fibers. Piezoelectric materials, especially PZT, are generally not directly
exposed to the working environment in the process of energy conversion due to their
own brittleness, weak bearing capacity, small displacement, and other characteristic lim-
itations, but packaging structures are added outside them to form piezoelectric energy
harvesters [10]. At present, there are many studies on piezoelectric energy harvesters.
The common energy harvesters are cantilever beam type [11-15], cymbal type [16-18],
multilayer stack type [19,20], bridge type [21,22], arch type [23-25], etc., and there are new
energy harvesters [26-29] 2,201,2424 made of composite materials, such as piezoelectric
fiberboard (MFC), polyvinylidene fluoride (PVDEF), and piezoelectric film.

The cymbal energy harvester is the earliest energy harvester designed and studied,
and it is also recognized as energy harvester with comprehensive performance. It consists
of metal caps at the upper and lower ends and piezoelectric layers in the middle, so it
can capture radial and axial vibration energy at the same time and have high conversion
efficiency. Kim et al. [30] tested the ability of a cymbal energy harvester to obtain electrical
energy in a dynamic vibration environment, finding that metal end caps can increase
ceramic endurance so that the whole structure can bear a higher load. Zhao et at. [31] used
finite element software to analyze the geometrical parameters of cymbal energy harvesters
applied to asphalt pavements, and the results showed that the energy harvesting efficiency
was related to many factors, such as cymbal spacing, end cap thickness, and cavity height.

The improvement and application of the cymbal energy harvester structure has also
been concerned by many researchers. Based on the traditional cymbal energy harvester,
G. Yesner et al. [32] designed a bridge structure energy harvester with metal end caps and a
new type of electrode. Compared with the traditional cymbal piezoelectric energy harvester,
the energy obtained was increased, and the failure period was obtained by cyclic loading
of the prepared structure. It was found that the inconsistent thickness of the bonding layer
was the cause of the structure failure. Liu et al. [33] designed another radial layered cymbal
piezoelectric energy harvester. To match the vibration frequency under traffic load, the
metal end cap was calibrated by theoretical calculation and experimental test. The output
power of the structure was not high, but a scheme to optimize the cymbal energy harvester
structure was provided. The disadvantage of a cymbal piezoelectric energy harvester is
that the metal end caps will cause stress concentration at the inner edge of ceramic plate,
resulting in damage or fracture of the ceramic plate. In addition, the manufacturing process
of a cymbal energy harvester is complex, and there are limitations in practical application.



Appl. Sci. 2023,13, 12287

30f24

The sensors mentioned in the current article are limited to disk or cymbal structure
and not used in the track bed; different from existing structures, this paper designed a
spherical energy harvester based on a rubber bearing floating slab track, and the size range
of the spherical energy harvesting structure was approximately determined based on the
geometric spatial relationships of the actual track bed internal structure. Compared to the
traditional disk and cymbal energy harvester, the mechanical and electrical properties of
the spherical energy harvesting structure were studied by the numerical simulation method.
Meanwhile, in order to improve the energy harvesting efficiency of the spherical energy
harvester, the geometric parameters such as piezoelectric layer thickness, piezoelectric layer
radius, spherical shell axial ratio, and spherical shell thickness were analyzed to obtain the
optimal geometric size.

The architecture of the paper is organized as follows: Section 2 introduces the spa-
tial location where spherical sensors are suitable for harvesting energy in the track bed.
Section 3 proposes the dimensions and parameters of spherical energy harvesting structure.
Section 4 introduces the performance differences between the disk, cymbal, and spherical
energy harvesting structure. Section 5 introduces the optimization process of geometric
parameters of the spherical energy harvesting structure.

2. Energy Harvesting Position of Rubber Bearing Floating Slab Track

When the energy harvester is laid in urban rail transit, the existing research mainly
focuses on the position close to the vibration source, such as rail and fastener, but it
needs to occupy some bounded space, so its application scope will be limited in the rail
transit operation environment with strict limit requirements. At the same time, there is a
possibility of loosening and dropping of the installation under the long-term reciprocating
train operation environment, which has certain potential safety hazards. Therefore, the
designed energy harvester in this paper is considered to be arranged inside the floating
slab track, thus reducing the impact on the safety of train operation. To make full use
of the mechanical energy generated during train operation and realize large-scale power
generation, energy harvesters are mainly in the form of an array. An array of energy
harvesters is formed under each rubber support, and its position and arrangement are
shown in Figure 1.

harvesting position

Figure 1. Energy harvesting position.
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3. Proposal of the Spherical Energy Harvester

The disk energy harvester is the simplest type, being mainly composed of the piezo-
electric layer in the middle and force transmission structures at both ends. The piezoelectric
layer is made of piezoelectric ceramic (PZT-5H), while the force transmission structure
is made of steel, and they are both wafer-shaped. The geometric dimensions of the disk
energy harvester are shown in Figure 2.
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Figure 2. Dimensions of the disk energy harvester.

Here, d = 0.3 mm denotes the thickness of force transmission structures at both ends;
D = 2 mm indicates the thickness of the piezoelectric layer; and ¢, = 32 mm shows the
diameter of the disk energy harvester.

The cymbal energy harvester is one kind of energy harvester with better performance,
mainly consisting of the piezoelectric element and metal caps on both sides, which are
generally bonded by epoxy resin or anchored by bolts. The material used is consistent with
that of the disk energy harvester, that is, PZT-5H is used for piezoelectric elements, and
steel is used for metal caps.

Due to the special structure of the metal cap, the axial load applied on the metal cap is
converted and amplified into two components along the axial and radial directions of the
piezoelectric layer, resulting in a larger voltage than that of the general disk energy harvester.
The geometric dimensions of the cymbal energy harvester are shown in Figure 3 [31].
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Figure 3. Dimensions of the cymbal energy harvester.

Here, t,, = 0.3 mm denotes the thickness of the metal cap; ty = 2 mm indicates
the thickness of the piezoelectric layer; ¢c = 22 mm is the inner cavity bottom diameter;
¢4 = 10 mm is the inner cavity top diameter; d. = 2 mm indicates the height of the inner
cavity; and ¢ = 32 mm denotes the diameter of cymbal energy harvester.

The spherical energy harvester studied in this paper is composed of the piezoelectric
layer and spherical shells at both ends. The piezoelectric layer is a circular sheet structure
with a thickness of 2 mm and a diameter of 32 mm. The outer diameter of spherical shells
at both ends is the same as that of piezoelectric layer, that is, 32 mm. The whole structure is
shown in Figure 4. Similarly, the piezoelectric layer is made of PZT-5H, and the spherical
shell is made of steel [34].
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Figure 4. Spherical harvester energy.

The material parameters of PZT-5H and steel used for each energy harvester are shown
in Tables 1 and 2 [8].

Table 1. Material parameters of PZT-5H.

Parameter Value Unit Description
553 20.7 x 10712 m2/N Flexibility coefficient
ds3 593 x 10712 C/N Piezoelectric strain constant
sf 3 3400 / Relative dielectric constant
Ch 1.27 x 101 N/m?2 Elastic coefficients in direction 1
lez 8.02 x 1010 N/m?2 Elastic coefficients in direction 2
C}lz3 8.47 x 1010 N/m?2 Elastic coefficients in direction 3
C§3 1.17 x 101 N/m? Elastic coefficients in direction 4
CE4 2.30 x 1010 N/m? Elastic coefficients in direction 5
CES 2.30 x 1010 N/m? Elastic coefficients in direction 6
Cgé 2.35 x 1010 N/m? Elastic coefficients in direction 7
es1 17.03 C/m? Piezoelectric stress constants at X-axis
€33 23.24 C/m? Piezoelectric stress constants at Y-axis
els —6.62 C/m? Piezoelectric stress constants at Z-axis
6533 1433.6 / Relative dielectric constant
£§11 1704.4 / Stress-charge constant
0 7500 kg/m?3 Density
Table 2. Material parameters of steel.
Parameter Elastic Modulus/Pa Density/(kg/m?) Poisson’s Ratio
Steel 2 x 10° 7850 0.3

4. Performance Comparison of Energy Harvesters
4.1. Numerical Model

In the COMSOL Multiphysics software, the output voltage of each energy harvester
was simulated by using the coupled physical field of solid mechanics and electrostatic. In
order to simulate the voltage output characteristics of energy harvesters under the same
stress state, energy harvesters of different structural types were embedded in the cylindrical
concrete structure with a height of 50 mm and a diameter of 32 mm, where the concrete
strength grade is C35. The overall model is shown in Figure 5.
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Figure 5. Numerical model of energy harvesters.

After assigning each part to corresponding materials, a base vector coordinate system
was defined so that the piezoelectric material was polarized along the direction of the load.
A uniform load of 0.3 MPa was set at the top of the concrete column with the direction
perpendicular to its upper surface, and a uniform circumferential pressure of 0.2 MPa
was set. At the same time, fixed constraints were set at the bottom of concrete columns.
The model set the ground boundary as the bottom of the piezoelectric layer, the terminal
boundary as the top of the piezoelectric layer, and the terminal type as electric charge. The
initial potential of the piezoelectric layer was 0, and the zero-charge boundary was set in
the circumferential direction.

4.2. Mechanical and Electrical Performance

Since the electrical signal output from the energy harvester varies with excitation, an
energy harvesting circuit is required to capture or store the electric energy generated by the
structure [35,36]. While the energy harvesting circuit also has certain requirements for the
output signal of the energy harvester, it generally requires the minimum output voltage of
the energy harvester to be around 0.5~1.4 V. If the output voltage of the energy harvester
is less than the minimum turn-on voltage, the circuit will be in an open circuit and will
not be able to transmit or store electric energy. Therefore, the output voltage of the energy
harvester is one important electrical characteristic.

As shown in Figure 6a, the stress of the disk energy harvester was concentrated at
the force transmission plate, and the peak stress was 0.45 MPa. As shown in Figure 6b,
the output voltage of the disk energy harvester had an obvious laminar distribution along
the axial direction, and the maximum value was 0.62 V. The total electricity generated was
calculated to be 1.09 x 1077 7.

As shown in Figure 7a, the stresses in the cymbal energy harvester were concentrated
at the top and bottom edges of metal caps with a peak stress of 3.62 MPa. As shown in
Figure 7b, the output voltage of the cymbal energy harvester was obviously distributed
in layers along the axial direction, and the maximum value was 6.5 V. The total electricity
generated by this energy harvester was calculated to be 9.37 x 1078 7J.

Compared with the disk energy harvester, the output voltage and total output energy
of the cymbal energy harvester were greatly increased. The output voltage was about
10 times higher than that of the disk energy harvester, and the total output energy was an
order of magnitude higher than that of the disk energy harvester. However, the cymbal
energy harvester showed a significant stress concentration at the change of geometric sizes,
and the peak stress was about eight times higher than that of the disk energy harvester.
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Figure 6. Mechanical and electrical properties of disk energy harvester.
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Figure 7. Mechanical and electrical properties of the cymbal energy harvester.

As shown in Figure 8a, the stress of the spherical energy harvester was concentrated
at the bottom edge of the spherical shell, but there was an obvious uniform gradual change
of stress along the surface of the spherical shell, thus effectively reducing the peak stress,
which was 1.25 MPa. As shown in Figure 8b, the output voltage of the spherical energy
harvester also showed obvious laminar distribution along the axial direction, and the
maximum value was 6.7 V. The total electricity generated by the spherical energy harvester
was calculated to be 1.17 x 1077 J.
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(a) Stress distribution (b) Output voltage

Figure 8. Mechanical and electrical properties of the spherical energy harvester.

Compared with the disk energy harvester, the total output energy of the spherical
energy harvester was greatly improved, being two orders of magnitude higher than that
of the disk energy harvester. And compared with the cymbal energy harvester, although
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the spherical energy harvester also showed some stress concentration at the bottom of the
spherical shell, the peak stress was reduced by 65% compared with the cymbal one due to
the good stress homogeneity of the spherical shell structure. The spherical energy harvester
had both good mechanical properties as well as superior electrical properties. Its output
voltage was 11 times more than that of the disk energy harvester, and the total output
electric energy was 20% more than that of the cymbal energy harvester.

4.3. Load Match

In general, the piezoelectric energy harvester can be equivalent to an AC power supply
with internal resistance, and part of the generated electric energy was consumed by internal
resistance, while the other part was used for the load resistor to do work. Therefore, for
the piezoelectric energy harvester, load resistance matching is particularly important, and
a suitable external load is beneficial to improve the output performance of the energy
harvester. For the piezoelectric energy harvester, it is generally regarded as a sinusoidal
alternating voltage source with constant amplitude, while for the piezoelectric material
itself, it has capacitive and resistive properties. Figure 9 shows the equivalent circuit model
of the piezoelectric energy harvester. Here, V is the voltage source; Ry is the equivalent
internal resistor of the energy harvester; Cy is the equivalent capacitance; and Ry, is the
load resistor.

]RL

Q)
<
—

Figure 9. Equivalent circuit of the energy harvester.

For the above equivalent circuit, the capacitance Cy is calculated as Equation (1):

£33A
Co=—— 1
0="H @
where €33 = srT33 x €¢ (¢g = 8.85 x 10712 F/m) represents the vacuum dielectric constant;
erT33 denotes the relative dielectric constant; €33 indicates the dielectric constant in F/m; A
is the piezoelectric layer area; and H is the piezoelectric layer thickness.

ey . _ 1 . _ tand .
The capacitive impedance Rc, = 577 o, Tesistance Ry = 57¢e, and the ratio of
impedance to capacitive reactance is tané = 1%] PZTs are capacitive elements, and

0
the capacitive reactance is far greater than the impedance, so the impedance of PZT can
generally be ignored and regarded as a pure capacitive element. Therefore, the general
value of tand is very small and negligible, and the load voltage is

RL Ry
V=V ~V 2
L Ry + Ro + Rg, ‘RL+RC0 @
Since the voltage source is a sinusoidal AC voltage, the load power is
15 R
L/ AN I T )
2Ry, 2(Ry + Rc,)

From Equation (3), the output power is maximum when the external load resistance
Ry is equal to the internal impedance R¢,. The value of the load impedance at this time is
called the matching impedance, that is,
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Therefore, the matching impedance is not only related to the capacitance value of
the piezoelectric energy harvester, but also related to the excitation frequency. The output
power when the load is matched is
VZ

Rmutch ~ E

©)

The load match model of disk energy harvester is established in COMSOL. In the
global definition, the load resistance “R;,,;” is defined, and the resistor R; is added with
the resistance value “R;,,;”, that is, the load resistor is set between the output end of
the piezoelectric energy harvester and the ground node of the circuit. After setting up,
frequency domain analysis can be used to study the effect of external load resistance on
the output power of piezoelectric energy harvester, and the output excitation frequency
used was 200 Hz. The voltage on the load resistor varied with the resistance, as shown in
Figure 10a, and the power varied with the resistor, as shown in Figure 10b.

0

- Voltage 25x0°
2.03x10°
0.614 20103 F
2 150t
E
L ]
=
[}
o 10x0°%t
5.0x10*
L L L L ! 0 0 1 1 1 1 J
200 400 600 800 1000 ) 200 400 600 800 1000
Load resistance/KQ Load resistance/KQ
(a) Voltage (b) Power

Figure 10. Influence of load resistance on the electrical output characteristics of the disk
energy harvester.

From the results, it can be seen that as the circuit load resistance increased, the output
voltage increased monotonically and the rate of increase (i.e., the slope of the curve)
decreased. When the load resistance increased to a near open circuit, the output voltage
was 0.61 V, which approached the open circuit voltage of 0.62 V, and the curve tended to
be flat. While the output power was low when the load resistance was very small or very
large, it first increased and then decreased with the increase in the load resistance, and
there was a maximum value. In addition, as can be seen from the shaded part under the
curve, when the load resistance R was in a certain range (50~200 K(2), the output power
of the disk energy harvester was about 1.7 x 10~3 mW, which was at a low level. And the
output voltage was less than 0.5 V in this resistance range, making it difficult to achieve
the minimum input requirements of the energy capture circuit, so the electrical output
performance of the disk energy harvester was found to be relatively ordinary. In this range,
the load resistance that made the output power optimal was the “matching impedance”.
Therefore, when R} = 90 KQ, the maximum output power was 2.03 x 10~3 mW, and the
internal resistance of the piezoelectric energy harvester was calculated to be 90 KQ).

The load match model of the cymbal energy harvester was established, and the effect
of external load resistance on the output power of the cymbal energy harvester was studied
by frequency domain analysis. The results of voltage variation with resistance on the load
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resistor are shown in Figure 11a, and the results of power variation with resistance are
shown in Figure 11b.

020
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______ stz
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=) =
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> 5 :
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Load resistance/KQ Load resistance/KQ
(a) Voltage (b) Power

Figure 11. Influence of load resistance on the electrical output characteristics of the cymbal
energy harvester.

According to the results, as the circuit load resistance increased, the voltage across
the resistor increased monotonically and at a decreasing rate. When the load resistance
increased to a near open circuit, the output voltage was 5.2 V, which approached the open
circuit voltage of 6.5V, and the curve tended to flatten out. While the output power was
low when the load resistance was very small or very large, it first increased and then
decreased with the increase in the load resistance, and there was a maximum value in the
process. When the load resistance R} was within a certain range (50~200 K(2), the output
voltage of the cymbal energy harvester was able to reach the input requirement of the
energy harvesting circuit, which was greater than 1.4 V. And the output power reached
a high level, up to 0.13 mW. Meanwhile, when R} = 90K(}, the maximum output power
was 0.15 mW, and the internal resistance of the cymbal piezoelectric energy harvester was
calculated to be 90 KQ.

Compared with the disk energy harvester, the cymbal energy harvester had the same
matching impedance of 90 KQ). But the output power of the cymbal energy harvester was
two orders of magnitude higher than that of the disk type at a better load resistance, and it
was up to the microwatt level.

The load match model of the spherical energy harvester was established, and the effect
of external load resistance on the output power of the energy harvester was studied through
frequency domain analysis. The voltage on the load resistor varied with the resistance, as
shown in Figure 12a, and the power varied with the resistance, as shown in Figure 12b.

As can be seen from Figure 12, with the increase in circuit load resistance, the voltage
across the resistor increased monotonously, and the growth rate decreased. When the
load resistance increased to a near open circuit, the output voltage was 6.53 V, which
approached the open circuit voltage of 6.7 V, and the curve tended to level off at this time.
The output power was lower when the load resistance was very small or very large, and
the law was consistent with other energy harvesters, that is, the power first increased and
then decreased with the increase in load resistance, and there was a maximum value in
the process.

In addition, it can be seen from the shaded part under the curve that when the load
resistance Ry was within a certain range (50~200 K(Q2), the output voltage of the energy
harvester was greater than 1.4 V, being able to meet the input requirements of the energy
harvesting circuit. And the output power was able to reach a high level, up to 0.2 mW.
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When R}, = 100 K}, the maximum output power was 0.23 mW, and the internal resistance
of the spherical piezoelectric energy harvester was calculated to be 100 KQ2.

[ 6526

6L 0.20

5 -
P % 0.15
> g4} =
] D
° =
> 3r g 010

2 -

0.05
1 -
% 200 200 600 800 1000 0.00
0 200 400 600 800 1000
Load resistance/KQ Load resistance/KQ
(a) Voltage (b) Power

Figure 12. Influence of load resistance on the electrical output characteristics of the spherical
energy harvester.

Compared with the disk and cymbal energy harvester, the matching impedance of
the spherical energy harvester was slightly larger than the other two, at 100 KQ. At the
better load resistance, the output power of the spherical energy harvester was two orders of
magnitude higher than that of the disk one and 53% higher than that of the cymbal energy
harvester, which was also able to reach the microwatt level.

The output electrical properties of the three energy harvesting structures was as shown
in Table 3.

Table 3. Comparison of electrical properties.

Variable Disk Structure Cymbal Structure Spherical Structure
Output voltage/V 0.62 6.5 6.7
Electrical output power/mW 2.03 x 1073 0.15 0.23

The same load of 0.3 MPa was applied to the disk, cymbal, and spherical energy
harvesting structures, and the power output efficiencies were 2.03 x 1073 mW, 0.15 mW,
and 0.23 mW, respectively.

In terms of the three types of energy harvesting structures, the disk energy harvester is
simple in structure, easy to make, and long in service, but its energy harvesting efficiency is
low. The energy harvesting efficiency of the cymbal type is higher than that of the disk type,
but due to its complex structure, it can easily produce stress concentration, which is not
conducive to long-term service. Compared with the disk energy harvesting structure, the
output of the spherical energy harvesting structure is greatly improved. Compared with
the cymbal energy harvesting structure, although the spherical energy harvesting structure
also has a certain stress concentration phenomenon at the bottom of the spherical shell, the
stress concentration phenomenon is weakened due to the good stress equalization of the
spherical shell structure. Therefore, the spherical energy harvesting structure not only has
good mechanical properties, but also has better electrical properties.
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5. Parameter Optimization Design
5.1. Parameter Analysis

To investigate the optimal size of the spherical energy harvester, the parameter anal-
ysis of its geometry was carried out to obtain the optimal energy harvesting effect. The
parametric geometry is shown in Figure 13.

Spherical
shells

Piezoelectric
layer

Figure 13. Geometric model of the spherical energy harvester.

Here, H represents the thickness of the piezoelectric layer, R represents the radius of the
piezoelectric layer, 11 represents the vertical axis radius of the inner cavity of the spherical
shell, and rp represents the horizontal axis radius of the inner cavity of the spherical shell.
The outer radius of the spherical shell is aligned with the radius of the piezoelectric layer.
The axis ratio I is defined as I = r1 /1, which is used to characterize the ellipticity of the
hollow shell; the thickness of the spherical shell is T = R-r,. The parameters of the initial
spherical energy harvester are shown in Table 4.

Table 4. Initial size parameters.

Parameter Value Unit Description
H 2 mm Piezoelectric layer thickness
R 16 mm Piezoelectric layer radius
1 11 mm Vertical axis radius of the inner cavity of the spherical shell
103 11 mm Horizontal axis radius of the inner cavity of the spherical shell
I 1 1 Axis ratio
5 mm Spherical shell thickness

To obtain the optimal size of the spherical harvester, the dimensions of the piezoelectric
layer and hollow shell were parametrically analyzed, and the parameters mainly included
the piezoelectric layer thickness H, the piezoelectric layer radius R, the axis ratio I, and
the spherical shell thickness T. The material properties of each working condition were
consistent during the analysis, and PZT-5H was used for the piezoelectric layer.

5.2. Piezoelectric Layer Thickness

The parametric numerical model of the spherical energy harvester was established
according to the initial size, and the parametric scanning was defined. Thickness H
scanning range was 0.5~8 mm, defined H = range (0.5, 0.5, 8). The peak stress, peak vertical
displacement, peak voltage, and total electricity of the spherical energy harvester with
different piezoelectric layer thicknesses were obtained.

The peak stress under different piezoelectric layer thicknesses is shown in Figure 14.
The peak stress increased with the thickness of the piezoelectric layer, and the overall curve
showed an increasing trend, although there were small fluctuations at some thickness
values. With the increase in piezoelectric layer thickness H from 0.5 mm to 8 mm, the peak
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stress of the energy harvester increased from 1.3 MPa to 1.56 MPa, and the whole increase
was 20%. Figure 15 shows the peak vertical displacement under different piezoelectric layer
thicknesses. The peak vertical displacement decreased with the increase in piezoelectric
layer thickness, and the decreasing trend was basically linear. When the thickness of
the piezoelectric layer increased, the peak value of vertical displacement decreased from
2.47 x 10~ mm t0 2.29 x 10~* mm, with a decrease of 7.3%.
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Figure 14. Peak stress under different piezoelectric layer thicknesses.
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Figure 15. Peak vertical displacement under different piezoelectric layer thicknesses.

As can be seen from Figure 16, the peak voltage increased with the increase in piezo-
electric layer thickness, being almost linear as a whole. The peak voltage of the energy
harvester increased from 1.6 V to 20.8 V, with a total rise of 13 times. Figure 17 shows the
change of total electricity with the increase in piezoelectric layer thickness. It can be seen
that the total electricity increased with the increase in piezoelectric layer thickness, and it
increased from 2.66 x 1078 J to 3.10 x 10~7 J, with an increase of 11.7 times.
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Figure 16. Peak voltage under different piezoelectric layer thicknesses.
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Figure 17. Total electricity under different piezoelectric layer thicknesses.

Considering that the thickness of the piezoelectric layer exceeded 7 mm, the processing
cost increased sharply and the material stability became poor. As can be obtained from
Equation (1), with the increase in thickness, the capacitance Cy decreased, which was not
conducive to matching with the load capacitance C;, resulting in low output efficiency
when containing an external circuit. Therefore, the thickness of the piezoelectric layer
should not be too thick, and if it is too thin, the total electric output will be too small. The
minimum total electrical energy output was taken as a 1 x 1077 J order of magnitude,
and the minimum thickness of the piezoelectric layer under the electric energy output of
this order of magnitude was 2 mm, so the optimal thickness of the piezoelectric layer was
selected as 2 mm comprehensively.

5.3. Piezoelectric Layer Radius

In the study of the effect of piezoelectric layer radius on the energy-harvesting struc-
ture, parametric scanning was defined for the numerical model. The radius R scan range
was from 6 to 23 mm, and R = range (6, 1, 23) was defined in the parameter value list. The
peak stress, peak vertical displacement, peak voltage, and total electricity of the spherical
energy harvester under different piezoelectric layer radii were also obtained.

The peak stress under different piezoelectric layer radii is shown in Figure 18, and the
peak stress increased with the increase in the piezoelectric layer radius. The radius R of
the piezoelectric layer increased from 6 mm to 23 mm, and the peak stress of the energy
harvester increased from 1.02 MPa to 1.57 MPa, with an increase of 53.9%. Figure 19 shows
the variation of the peak vertical displacement, which decreased and then increased with
the radius of the piezoelectric layer. The minimum displacement value existed when the
radius was between 18 and 21 mm, which was 2.41 x 10~* mm. With the change of the
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piezoelectric layer radius, the peak vertical displacement decreased from 2.87 x 10~% mm
t02.43 x 1074 mm in general, which was a decrease of 15.5%.

As can be seen from Figure 20, the peak voltage increased with the increase in the
piezoelectric layer radius and then decreased, and the maximum value was 6.7 V when
the piezoelectric layer radius R = 16 mm. With the increase in radius, the peak voltage
of the energy harvester increased from 5.6 V to 6.5 V, which was 16% higher. The change
of total electricity is shown in Figure 21. It can be seen that the total electricity increased
with the increase in the piezoelectric layer radius, and it increased from 1.13 x 1078 J to
2.3 x 1077 J with the increase in the piezoelectric layer radius R from 6 mm to 23 mm, with
a total increase of 20.4 times.
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Figure 18. Peak stress under different piezoelectric layer radii.
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Figure 19. Peak vertical displacement under different piezoelectric layer radii.
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When the radius of piezoelectric layer varied from 6 mm to 23 mm, the peak stress
and vertical displacement were within the safety range, so the electrical properties were
given priority to determine the radius size. When the radius of the piezoelectric layer R
was 16 mm, the peak voltage of the energy harvester can be taken to the maximum value
of 6.7V, and the minimum output voltage requirement (0.4~1.5 V) can be met. At this
time, the total electricity was 1.17 x 1077 ], so the optimal radius of piezoelectric layer was
16 mm.

Total electricitﬂ

2.5%107
2.0x107 |
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Total Electricity/J
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0.0 L L L L L L L L L s
4 6 8 10 12 14 16 18 20 22 24

Radius of piezoelectric layer R/mm
Figure 21. Total electricity under different piezoelectric layer radii.

5.4. Axial Ratio of Spherical Shell

When studying the effect of the axial ratio of the spherical shell on the energy harvester,
the vertical axis radius of the inner cavity of the spherical shell should be kept consistent,
at 11 mm. Because I = rq /1, the axial ratio can be controlled by changing the radius r;. In
the numerical model, R, was defined as a parametric scan with a range of 5~30 mm, and
R2 =range (5, 1, 30) was defined in the parameter value list. A simple calculation shows
that the corresponding axial ratio range was 0.37~2.20. As the axis ratio increased, the
geometry of the spherical shell slowly changed from a flat ellipsoid to a hanging ellipsoid.
The stress nephogram of the spherical energy harvester with different axial ratios obtained
by the COMSOL simulation is shown in Figure 22.
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Figure 22. Cont.
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Figure 22. Stress nephogram of the spherical energy harvester with different axial ratios.

Meanwhile, the peak stress, peak vertical displacement, peak voltage, and total elec-
tricity of the spherical energy harvester under different axial ratios of the spherical shell
were obtained, as shown in Figures 23-26.
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Figure 23. Peak stress under different axial ratios of the spherical shell.
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Figure 24. Peak vertical displacement under different axial ratios of the spherical shell.
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Figure 25. Peak voltage under different axial ratios of the spherical shell.
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Figure 26. Total electricity under different axial ratios of the spherical shell.

As shown in Figure 23, the peak stress decreased with the increase in the axial ratio
of the spherical shell, and the decreasing rate became slower and slower. When the axial
ratio of the spherical shell increased from 0.37 to 2.2, the peak stress of the energy harvester
decreased from 5.08 MPa to 0.64 MPa, with a decrease of 87.4%. Figure 24 shows the
variation of the peak vertical displacement, which decreased with the increase in the axial
ratio of the spherical shell, and the decreasing rate also became slower and slower. With the
increase in the axial ratio of the spherical shell, the peak vertical displacement decreased
from 9.51 x 10~* mm to 2.02 x 10~% mm, a decrease by 78.8%.

As can be seen from Figure 25, the peak voltage of the energy harvester decreased
with the increase in the axial ratio, and the decreasing rate slowed down continuously.
The overall peak voltage of the energy harvester decreased from 23.7 V to 4.8 V, with the
decrease of 79.8%. As shown in Figure 26, the change of total electricity decreased with
the increase in the axis ratio, from 6.98 x 107¢J to 2.35 x 10~8 J, which was two orders of
magnitude lower. The variation of the peak voltage with the axial ratio of the spherical
shell was analyzed, and it was concluded that the axial ratio of the spherical shell had a
great influence on the electrical properties of the spherical energy harvester.

When the axial ratio of the spherical shell varied from 0.37 to 2.2, the peak stress and
vertical displacement of the energy harvester were within the safe range. And the electrical
properties such as peak voltage and total electricity changed obviously with the axial ratio,
so the electrical properties were given priority to determine the axial ratio of the spherical
shell. When the axial ratio of the spherical shell was small, the voltage and electric energy
output of the energy harvester became better. That is, when the geometric design of the
energy harvester was more inclined to the flat ellipsoid, it had better captive performance.
When the axial ratio I was 0.4, the peak voltage was 20.6 V, which met the minimum output
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voltage requirement (0.4~1.5 V). And the total power was 4.40 x 10 J, which was at a
better level. Therefore, the optimal axial ratio of the spherical shell was 0.4.

5.5. Spherical Shell Thickness

When studying the influence of the spherical shell thickness on the energy harvester,
the horizontal axis radius of the inner cavity of the spherical shell was kept constant, at
11 mm. The axial ratio was controlled by changing the outer radius of spherical shell,
i.e., the piezoelectric layer radius R. In the parameter value list, R = range (12, 1, 23) was
defined, and the spherical shell thickness T = R-r; ranged from 1 mm to 12 mm. The peak
stress, peak vertical displacement, peak voltage, and total electricity of the spherical energy
harvester with different spherical shell thicknesses were obtained.

As shown in Figure 27, the peak stress decreased with increasing spherical shell
thickness. The spherical shell thickness T increased from 1 mm to 12 mm, and the peak
stress of the energy harvester decreased from 4.28 MPa to 0.81 MPa, with a decrease in
81.1%. Figure 28 shows the variation of the peak vertical displacement, which decreased
with increasing spherical shell thickness from 4.22 x 10~* mm to 1.65 x 10~* mm, with a
decrease of 60.9%.
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Figure 27. Peak stress under different spherical shell thicknesses.
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Figure 28. Peak vertical displacement under different spherical shell thicknesses.

As can be seen from Figure 29, the peak voltage first increased and then decreased
when the spherical shell thickness was continuously increased, and the peak voltage was
6.7 V when the thickness T = 4 mm. As the thickness increased from 1 mm to 12 mm, the
peak voltage of the energy harvester increased from 3.6 V to 5.9 V, with an increase in 63.8%.
As shown in Figure 30, the change of total electricity increased with the increase in spherical
shell thickness, showing a linear trend. With the increase in spherical shell thickness, the
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total electricity of energy harvester increased from 3.91 x 1078 J to 1.86 x 10~7 J, with an
increase of 4.8 times.
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Figure 29. Peak voltage under different spherical shell thicknesses.
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Figure 30. Total electricity under different spherical shell thicknesses.

When the spherical shell thickness varied in the range of 1~12 mm, the peak stress and
vertical displacement of the energy harvester were within the safety range, so the electrical
properties were also given priority to determine the thickness of the spherical shell. When
the thickness of the spherical shell was 4 mm, the peak voltage of the energy harvester
can be taken to the maximum value of 6.7 V, which meets the minimum output voltage
requirement (0.4~1.5 V). At this time, the total electricity was 1.05 x 10~7 J, and the optimal
spherical shell thickness was 4 mm.

Through numerical simulation of the dimension parameters H, R, I, and T of the
spherical energy capture structure, it was found that the peak voltage and total electricity
of the spherical energy structure increased with the increase in piezoelectric layer thickness
H. The peak voltage first increased and then decreased when increasing the piezoelectric
layer radius R, and the total electricity increased with the increase in piezoelectric layer
radius R. The peak voltage and total electricity decreased with the increase in spherical
shell axial ratio I. The peak voltage first increased and then decreased with the spherical
shell thickness T getting larger, and the total electricity increased with the thickness T of
the spherical shell. Considering obtaining better electrical performance and combining it
with the actual situation, the optimal size of the spherical energy harvester was obtained
as shown in Table 5, and the energy harvester cell under the optimal size is shown in
Figure 31.
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Table 5. Optimal size parameters.

Parameter Value Unit Description
H 2 mm Piezoelectric layer thickness
R 16 mm Piezoelectric layer radius
] 5 mm Vertical axis radius of the inner cavity of the spherical shell
103 12 mm Horizontal axis radius of the inner cavity of the spherical shell
I 0.4 1 Axis ratio
4 mm Spherical shell thickness

Hollow
shells

Piezoelectric
layer

Figure 31. Optimal size model of the spherical energy harvester.

6. Conclusions

For the rubber bearing floating slab track, a spherical energy harvester was designed,
and the mechanical and electrical properties of the disk, cymbal, and spherical energy har-
vesters were compared by numerical simulation. Furthermore, the geometric parameters
of the spherical energy harvester were optimized. The conclusions are as follows:

(1) Compared with the disk and cymbal energy harvester, the spherical energy harvester
had better electrical and mechanical properties and showed less stress concentration.
The output voltage of the spherical energy harvester was 11 times that of the disk one,
and the total electricity output was 20% more than that of the cymbal energy harvester.

(2) By calculating the output power of the energy harvesters under load match, we found
that the output power of the spherical energy harvester was two orders of magnitude
higher than that of the disk one and 53% higher than that of the cymbal one, being
able to reach the microwatt level under impedance match.

(3) The optimal dimensions of the spherical energy harvester were piezoelectric layer
thickness h = 2 mm, piezoelectric layer radius r = 16 mm, spherical shell axis ratio I =
0.4, and spherical shell thickness t = 4 mm.

(4) The spherical energy harvesters had better mechanical and electrical properties than
the traditional energy harvesting structure, so it has broad prospects in the field of
energy harvesting of rail transit and other energy harvesting fields.

(5) This paper creatively proposed a new spherical energy harvesting structure and
applied it to energy harvesting in the field of rail transit. In the future, it can also
be applied to the field of energy harvesting under long-term heavy load such as
road surface.

The summary of abbreviations and symbols is shown in Appendix A.
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Appendix A
d the thickness of force transmission structures
D the thickness of the disk piezoelectric layer
¢ . the diameter of the disk energy harvester
tm the thickness of the metal cap
tp the thickness of the cymbal piezoelectric layer
¢c the inner cavity bottom diameter
¢4 the inner cavity top diameter
dc the height of the inner cavity
¢ the diameter of cymbal energy harvester
dss piezoelectric strain constant
€31,€33,€15 the piezoelectric stress constant

S S
5?3 and €2},

relative dielectric constants

€33 relative dielectric constant
C%, C%, C%, C§3, CE4, C§5, C§6 the elastic coefficients
0 density
H piezoelectric layer thickness
R piezoelectric layer radius
r vertical axis radius of the inner cavity of the spherical shell
Iy horizontal axis radius of the inner cavity of the spherical shell
I axis ratio
T spherical shell thickness
Ry equivalent internal resistor of the energy harvester
Co equivalent capacitance
Ry load resistor
£33 vacuum dielectric constant
A piezoelectric layer area
Rg, capacitive impedance
Ry external load resistance
Riuateh matching impedance
\% voltage source
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