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ABSTRACT

Piezoelectric energy harvesting techniques are increasingly seen as promising power sources for wireless sensor
networks that monitor railway infrastructure. However, the piezoelectric generators currently available for
railway applications suffer from low power output, as well as inadequate durability and robustness. To tackle
these issues, this study introduces a novel, high-power, sturdy piezo stack energy harvester’s design, optimiza-
tion, and testing for powering wireless sensor networks in rail systems. The aim is to improve both the power
output and the durability and robustness of the device. The proposed harvester’s high-power generation is
facilitated by a frequency up-conversion mechanism, mechanical transformer design and optimization, and the
application of the piezo stack’s compression mode (dsz mode). The frequency up-conversion mechanism allows
the harvester to function at low-frequency track vibrations with high power. The mechanical transformer
significantly magnifies the force exerted on the piezo stack. The compression mode boots the energy conversion
efficiency due to its higher coupling factor. To enhance durability and robustness, innovative approaches are
employed. The mechanical transformer is optimized for maximum energy transmission efficiency without
exceeding the material’s fatigue limit. Moreover, the piezo stack is designed to operate under pre-compression,
preventing tensile stress and taking advantage of the piezoelectric ceramics’ remarkable compressive strength.
Plate springs are also integrated into the mechanical transformer to maintain motion along the vibration di-
rection. Experimental results from prototype testing provide strong evidence for the high-power output of the
proposed harvester and its ability to power a wireless sensor. A maximum power of 511 mW and an average
power of 24.5 mW are achieved at a harmonic excitation with 21 Hz and 0.7 RMS (Root Mean Square) g, while a
maximum power of 568 mW and an average power of 7.3 mW are generated under a measured railway track
vibration signal.

1. Introduction

manual inspections, WSNs save time and resources while ensuring a
more efficient monitoring process. Moreover, WSNs help detect faults at

Railway transportation systems are crucial for global economies and
people’s everyday lives, with over 854,000 kilometres of railway lines in
use each year [1]. Wireless sensor networks (WSNs) play a crucial role in
monitoring railway infrastructure, including bridges, railway tracks,
track beds, and track equipment, as well as vehicle health monitoring,
such as chassis, bogies, wheels, and wagons [2]. The utilization of WSNs
offers numerous benefits that significantly improve railway operations,
safety, and reliability. One key advantage of employing WSNs for con-
dition monitoring is the reduction in human inspection requirements.
Automated monitoring systems equipped with wireless sensors can
continuously gather real-time data from various components of the
railway infrastructure and vehicles. By eliminating or minimizing
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an early stage, even before they escalate into critical issues, and thus
enables proactive maintenance actions, allowing railway operators to
address problems promptly and avoid costly downtime or disruptions. It
also helps prevent accidents, reduce the risk of catastrophic failures, and
ensure the overall safety of railway operations. While wireless sensor
networks offer invaluable advantages for monitoring railway infra-
structure and vehicle health, the lack of a dependable power source
remains a significant challenge. Traditional power sources, such as
batteries and cables, have limitations. Batteries have a restricted life-
span, complicated replacement process, and negative environmental
impact. Cables, on the other hand, can be challenging to install,
particularly in remote areas or specific underground tunnels. These
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Fig. 1. (a) A schematic of the proposed energy harvester design, and detailed illustrations of (b) the inertial mass system prototype and (c) the piezo stack trans-

ducer prototype.

issues have driven researchers to investigate energy harvesting tech-
nologies, which convert ambient energy from the environment into
electrical power. One potential energy source is vibrations from railway
tracks. Energy can be harvested from the vertical movements of railway
tracks [3], railway sleepers [4], and train bogies [5] generated by
passing trains.

While electromagnetic methods have the capability to generate
power in the range of hundreds of milliwatts [6] or even watts [7], their
implementation in the railway metallic environment is challenging due
to the involvement of a moving magnet [8] or their relatively large size,
which hinders regular track maintenance [9]. In contrast, the piezo-
electric vibration energy harvesting technique has emerged as a prom-
ising approach to harness power from railway track vibrations due to its
simple design, ease of scalability, remarkable energy and power density,
versatile applications, and customisable shapes [10-12].

Initially, one piece of piezoelectric element was bonded directly to
the railway track, resulting in 0.053 mW power output on average [13].
However, the initial output was considered inadequate, prompting the
creation of various designs focused on enhancing power output. One
such design incorporates piezoelectric cantilevers with bending modes
(ds; modes) as suggested in a particular reference, owing to their
straightforward structures [14-17]. For instance, a piezoelectric canti-
lever was developed and a maximum power output of 4.9 mW was
achieved during laboratory testing under conditions of 5 g and 7 Hz
[15]. Li et al. [18] designed a cantilever array composed of six cantile-
vers to expand the frequency range of the harvester, and lab tests
revealed that the average power was 200 uW at 55-75 Hz. In addition to
the cantilever structure, a drum transducer was introduced by exploiting
the bending motion of the piezoelectric ceramic under concentrated
force excitation [19]. According to the experimental results, a set of 16
drum transducers was capable of generating RMS power output of 102
uW when the train was travelling at a speed of 0.5 km/h. However, the
transducer needs to be installed under the sleeper, which may not be
practical for real applications. To further enhance the energy harvesting
performance, piezo stacks with compression modes (d33 modes) have
been investigated taking advantage of the increased coupling factor. For
instance, a piezo stack transducer operating in compression mode was
introduced to harvest the railway track vibration energy and produced a
mean power of 0.34 mW [20]. Nevertheless, the power output generated
solely by the piezo stack remains unsatisfactory.

Generally, despite the high energy and power density potential

exhibited by piezoelectric energy harvesters, the current state-of-the-art
designs and methods for using them in railway applications have rela-
tively low levels of harvested power, ranging from a few to hundreds of
microwatts. This level of power can be utilized to operate condition
monitoring sensor nodes that consume low levels of power and measure
low time-varying signals such as temperature and humidity [21,22].
However, these signals are often insufficient for early fault diagnosis of
systems. Current condition monitoring technologies rely on fast
time-varying signals such as vibration and acoustic emission [23,24],
which require high sampling rates and the processing and wireless
transmission of substantial amounts of raw data [25]. For instance, it has
been reported that a self-powered vibration wireless sensor node has an
average power consumption of around 7.2 mW [26]. Therefore, the
power generated by piezoelectric railway energy harvesters needs to be
enhanced.

Besides the insufficient power supply, poor durability and robustness
are also hindering factors for the railway application of piezoelectric
energy harvesters. The commonly used cantilever structures are not
suitable for railway use because of the elevated risk of fracture when
subjected to the intense acceleration caused by passing trains [27]. One
of the reasons is that the large displacement of the inertial mass caused
by the high acceleration can exceed the breaking stress of the cantilever
at the support. Another reason is that piezoelectric ceramics in canti-
lever structures work in a bending mode whose strength is lower. It was
reported that piezoelectric ceramics have a low tensile of around 45 MPa
and bending strength of approximately 80 MPa [28] while possessing a
high compressive strength of over 600 MPa [29]. Experimental results
revealed that a piezoelectric bimorph cantilever displayed the emer-
gence of line cracks after 2-3 min of vibration [30]. Furthermore, a
bimorph cantilever with a 50 pm steel passive layer was tested and
cracked at 2 g acceleration [31]. Consequently, aside from the power
output, the piezoelectric energy harvesters’ durability and robustness
need to be considered and improved for railway applications.

The modelling and two-peak frequency response characteristic of the
piezo stack harvester was developed in our previous work [32,33].
However, such harvester still faces several challenges. Firstly, the power
output heavily relies on the mechanical transformer’s design, requiring
optimization based on a new optimization function. Secondly, these
harvesters may not withstand the harsh railway environment due to
multi-directional and relatively high acceleration track vibrations,
necessitating innovative strategies to enhance durability and robustness.
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Thirdly, tests under measured railway track vibrations and evaluations
for powering wireless sensors should be conducted for practical appli-
cation. Consequently, this paper aims to optimize the design and harness
its potential for real-world use. The proposed harvester will focus on
both the power output and the durability and robustness of the device to
meet the requirements of the targeted application. The energy harvester
design will be optimised to achieve high energy transmission efficiency
while maintaining sufficient safety capacity. Novel strategies will be
implemented to ensure durability and robustness in the harsh industrial
environment. In particular, the design of the piezo stack will feature
pre-compression to avoid the generation of tensile stress in piezoelectric
ceramics and utilise their high compressive strength. Meanwhile, plate
springs will be incorporated into the mechanical transformer to main-
tain the motion along the vibration direction. Energy harvesting per-
formance under both harmonic excitation and a measured railway track
vibration signal will be evaluated using the optimised robust design and
parameters. Experimental results demonstrate that the proposed
harvester can generate an average power of tens of milliwatts, a sig-
nificant power increase compared to the state-of-the-art piezoelectric
harvesters’ hundreds of microwatts. This harvester has the capability of
powering the wireless sensor, which has been demonstrated in this study
as well.

2. Overview and working principle of the energy harvester
2.1. Overview of the energy harvester

In the proposed energy harvester design, as depicted in Fig. 1(a),
there are two distinct systems joined together using four screws: the
inertial mass system (mass system) and the piezo stack transducer sys-
tem (transducer system). To provide a comprehensive view, Fig. 1(b)
and (c) present detailed illustrations of the inertial mass system and the
piezo stack transducer prototype.

The mass system comprises an impact structure, two plate springs,
and an inertial mass. The resonant frequency of the mass system is
designed to align with the dominant frequency range of track vibration,
using the frequency spectrum outlined in Reference [33]. The impact
structure makes contact with the transducer system and thus enables the
frequency-up conversion mechanism. The initial interval between the
two systems can be adjusted using a washer.

On the other hand, the piezo stack transducer system consists of an
added mass, two plate springs, a piezo stack, a mechanical transformer
and pre-stress caps and bolts. The piezo stack is placed within the me-
chanical transformer. The impact structure applies a force to the me-
chanical transformer. The mechanical transformer then amplifies this
force and transmits it to the piezo stack, which generates power. Two
pre-stress caps are placed on either side of the mechanical transformer,
which is then secured with two bolts and tightened by two bolts. In this
way, static compressive stress is exerted on the piezo stack. This pre-
compression technique utilises piezoelectric ceramics’ high compres-
sive strength and avoids the formation of tensile stress, which is essential
for ensuring their durability. An added mass is incorporated to lower the
transducer system’s resonant frequency, which improves the power
generation capability.

The designed plate springs in the two systems are distinct in shape
and function. The plate springs utilized in the mass system are designed
to have very low stiffness, which helps to maintain a low resonant fre-
quency. These plate springs also enable the attainment of two adjacent
vibration modes, which serves to broaden the frequency bandwidth.
Conversely, with regard to the transducer system, the plate springs are
intended to maintain the vertical oscillation of the mechanical trans-
former while preventing unwanted vibration, thus improving the overall
robustness of the energy harvester.

The energy harvester operates based on the following working
principle. When there is track vibration, the mass system resonates with
the low-frequency vibrations and impacts with the transducer system.
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Fig. 2. Voltage output during one cycle showing the working principle of the
frequency up-conversion mechanism.

This interaction leads to the generation of an impact force, which is then
amplified by the mechanical transformer and subsequently transmitted
to the piezo stack. As a result of this impact force, the transducer system
vibrates freely at its own high resonant frequency, thereby generating
electrical power.

The proposed energy harvester offers several advantages, which can
be summarised as follows. Firstly, the energy harvester is capable of
operating at low-frequency vibrations with high power, thanks to the
frequency up-conversion mechanism. Without this mechanism, the
transducer would work in an off-resonant state subjected to such low-
frequency vibrations, which results in low power output due to its
high stiffness. Secondly, the frequency bandwidth is broadened through
the utilisation of two adjacent vibration modes of the plate springs
designed for the mass system. Thirdly, the force applied to the piezo
stack can be greatly amplified by the mechanical transformer, which
boosts power generation. Fourthly, by employing the mechanical
transformer and added mass, the stiffness of the transducer system is
reduced, leading to a lower resonant frequency, which is advantageous
for maximising the piezo stack’s high-power generation potential.
Fifthly, the piezo stack operates in the compression mode (ds3 mode),
which increases the energy conversion efficiency by 3-5 times
compared to the bending mode (d3; mode) [34]. Finally, the stress on
the piezoelectric element is uniformly distributed instead of severe stress
concentration for harvesters with bending mode, leading to lower peak
stress levels. Additionally, the pre-compression applied to the piezo
stack by the pre-stress caps and bolts enhances the harvester’s
durability.

2.2. Working principle of the frequency up-conversion mechanism

The voltage output of the proposed energy harvester during one
cycle is shown in Fig. 2, illustrating the three stages of the frequency up-
conversion mechanism. In the first stage, the mass system begins oscil-
lating and moves closer to the transducer system caused by the vibration
of the railway tracks. In the second stage, a significant impact force is
generated when the two systems collide, resulting in the maximum
voltage output. During the third stage, as the mass system moves up-
wards, the two systems separate, and the transducer system operates in a
free vibration state at its resonant frequency. This process enables the
energy harvester to convert the low-frequency vibration of the railway
tracks into the high resonant frequency oscillation of the piezo stack
transducer, thus improving the energy harvesting performance in low
frequencies. Such frequency up-conversion mechanism has also been
explored in various domains, including human motion [35], ocean wave
[36], bridge vibration [37], etc.
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Fig. 3. The diagram of the mechanical transformer.

2.3. Working principle of the mechanical transformer

Fig. 3 illustrates the diagram of the mechanical transformer in the
proposed design. The inclined beams have an angle of inclination 6. The
relationship below can be established when the system is in a quasi-
static state [38]:
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K, = %Kout (2)
where F,y; is the output force of the piezo stack, Fy, is the input force of
the mechanical transformer, a is the force magnification ratio of the
mechanical transformer, Ki, and K, are the effective spring constants in
the X and Z direction respectively, $ is the energy transmission ratio of
the mechanical transformer.

According to these equations, it can be inferred that the input force
Fin is amplified by a factor of cot @ through the force amplification
mechanism of the mechanical transformer, and the stiffness is simulta-
neously reduced along the Z-axis, represented by Ky, As the electric
power output is proportional to the square of the force applied to the
piezo stack, the mechanical transformer leads to a considerable
enhancement in power generation.

3. Design of the energy harvester
3.1. Optimisation of the mechanical transformer

The design of the mechanical transformer is crucial for ensuring the

safety and performance of the harvester, as it is the weakest component
and has a crucial role in the amplifying force applied to the piezo stack.
To extract more power, the mechanical transformer is expected to have
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Fig. 4. The objective function and the combined maximum stress with different parameters (length L, and thickness L, of the transformer, block thickness h, and
inclined angle 6). The optimal mechanical transformer is selected with L,= 20 mm, L= 10 mm, 6 = 6°, and h= 2.8 mm (represented by the symbol “x™).
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both high energy transmission efficiency and adequate safety capacity.
Optimizing the geometric parameters of the mechanical transformer is
necessary to achieve these functions.

To enable easy bending of the beams, the inclined beams of the
mechanical transformer are designed with thin ends and a thick block in
the middle having a thickness of h. The thin ends act as flexure hinges,
while the thick block reduces beam deformation and minimizes the
storage of elastic energy. The thin ends should be as narrow as possible
to achieve a high energy transmission efficiency while guaranteeing the
stress demands. Consequently, the thickness of the thin ends is 0.4 mm.
The geometric size of the piezo stack is 7 x 7 x 36 mm. The length of
the transformer L, and the thickness of the transformer L; determine the
total length of the mechanical transformer. L, affects the interaction
between the mechanical transformer and the piezo stack, while L; in-
fluences the deformation of the mechanical transformer. A set of pa-
rameters that define the mechanical transformer is shown in Fig. 3 and
requires optimization.

The input force is magnified by the mechanical transformer, as
shown in the following equation.

Fum
F,

a= 3

The power generated in the piezo stack is proportional to the square
of applied force on the stack F,,;, and hence is proportional to the square
of the force magnification ratio a [39].

Despite the force magnification, not all the energy is transferred to
the piezo stack. Some of the strain energy stored in the mechanical
transformer cannot be converted into electricity. Thus, the energy
transmission efficiency of the mechanical transformer, denoted by  and
calculated by the following equation, is also a critical factor to consider.

Wou _ 2F puiXour

4
Win F[nxin ( )

B=

where Wy, is the output work done on the piezo stack, Wy, is the input
work of the mechanical transformer, x,, is the output displacement of
one side of the piezo stack, xj, is the input displacement of the me-
chanical transformer. Fyy;, X0y, and x;, are derived through Solidworks
simulation with a designated Fj; value of 100 N. Subsequently, the
values of @ and f can be calculated.

Hence, the objective function 7 should be expressed as the following
function [40].

n=a*ep 5)

In general, to achieve a high-power output, a large force magnifi-
cation ratio a is typically desired. However, it is also essential to maxi-
mize the transfer of mechanical energy to the piezo stack through the
mechanical transformer. As a result, the optimisation objective function
Nopt Of designing the mechanical transformer is to obtain a maximum 7,
defined as Eq. (6). Additionally, the mechanical transformer used in this
work is made of spring steel 60Si2CrVA with a fatigue limit of around
750 MPa [41]. To ensure the mechanical transformer has a long lifetime
and high durability, the maximum stress should not exceed the mate-
rial’s fatigue limit o4y, rather than the yield limit, as defined as Eq. (7).

Hope = max (i) (6)
Max(stress) < Omax @

When subjected to railway vibration, the mechanical transformer ex-
periences two types of forces. The first is the impact force introduced by
the impact structure. The second is the inertial force produced by the
track’s random vibration. To analyse the maximum stress on the me-
chanical transformer, our developed model [33] is used to conduct stress
analysis in Solidworks under both impact force and random vibration.

The worst scenario is that the stresses under both forces achieve
maximum simultaneously. Therefore, the combined maximum stress is
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Table 1
Comparison of the three mechanical transformers used in the research.
Design Combined Force Energy Objective
maximum magnification transmission function »
stress (MPa) ratio a efficiency f (%)
1[32] 745 8.96 20.34 16.33
2[33] 583 8.98 7.84 6.32
This 688 8.83 23.19 18.08
work

calculated by adding the maximum stresses under both forces. The
objective function and the combined maximum stress of the mechanical
transformer with different parameters are shown in Fig. 4. In general,
the objective function exhibits an initial increase followed by a decrease
as both L, and L;increase. It has been found that when L; reaches 12 mm,
the combined maximum stress experiences a significant rise. Therefore,
to achieve the highest objective function while ensuring that the fatigue
limit is not exceeded, the optimal values of L,= 20 mm and L= 10 mm
are chosen. In terms of the block thickness h, the maximum value of the
objective function is observed at h= 2.8 mm. It should be noted that
there is some fluctuation in the objective function. This behaviour arises
due to the fact that as h increases, both x,,; and x;, decrease, and their
ratio does not follow a linear relationship. The combined maximum
stress remains primarily within the range of 680-700 MPa, which is well
below the fatigue limit. Furthermore, as the inclined angle 6 increases,
both the objective function and the combined maximum stress exhibit a
decreasing trend. To ensure the attainment of the highest objective
function value while staying within the fatigue limit, a value of 6 = 6° is
chosen. Based on the above analysis, the optimal mechanical trans-
former is selected with L,= 20 mm, L= 10 mm, 6 = 6°, h= 2.8 mm,
represented by the symbol “x > in the figure.

Table 1 provides a comparison of the three mechanical transformers
used in our research. The optimised mechanical transformer design has
the highest objective function with a lower combined maximum stress
compared to the other designs.

3.2. Design of the plate springs in the piezo stack transducer system

The energy harvester is intended to move along the x-axis, but the
multi-directional ambient vibrations and the eccentric impact between
the two systems can cause multi-directional forces that could be harmful
to the mechanical transformer. To examine the effects of these forces on
the combined maximum stress, the impact and inertial forces are applied
along the 3-axis respectively, as depicted in Fig. 5(a). The combined
maximum stresses from the y-axis and z-axis are 2248 MPa and
2647 MPa, respectively, which are three to four times higher than that
from the x-axis (688 MPa). This highlights the importance of ensuring
that the mechanical transformer vibrates only along the x-axis during
operation. Therefore, to improve stability and robustness, plate springs,
as depicted in Fig. 5(b) have been designed and incorporated into the
piezo stack transducer system. The connection parts in all four directions
are engineered to confine vibrations along the x-axis. Employing a
hollow design helps to reduce stiffness, while the central circular plate
facilitates connection with the added mass. Fig. 5(c) showcases the as-
sembly of the plate springs in the piezo stack transducer system, posi-
tioned at the top of the mechanical transformer with the added mass
sandwiched in between. This arrangement effectively guides the motion
of the added mass, ensuring that the mechanical transformer vibrates
exclusively along the x-axis where the minimum stress is induced.

3.3. Design of the added mass

For the sake of a low height of the energy harvester and maximum
utilisation of the harvester’s available space, a cylindrical added mass
with a diameter of up to 50 mm is implemented. However, to prevent
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Fig. 5. (a) The model showing the impact force and the inertial force applied to the 3-axis respectively, and (b) plate springs used to support the mechanical

transformer, and (c) plate springs assembled into the piezo stack transducer.

Fig. 6. Added mass in the system.

any interference with the deformation of the plate springs on the me-
chanical transformer, bosses with a diameter of 30 mm are strategically
incorporated. These bosses are specifically designed to match the size of
the central circular plate of the plate springs, allowing for a seamless
integration. The design of the added mass is illustrated in Fig. 6.

4. Fabrication and experimental setup
4.1. Fabrication

To test the performance of the energy harvester, a prototype is
manufactured using the optimal design. The material properties are

t.ransdu'cqu
system A
.
@ Energy Harvester |
Shaker H

® e
(a)

listed in Reference [33]. The mass system includes a 0.3 kg inertial mass,
two spring steel plate springs (0.4 mm thickness), and an impact struc-
ture. The piezo stack system consists of a 0.15 kg added mass, two spring
steel plate springs (0.2 mm thickness), a mechanical transformer, a
piezo stack of 560 layers with d33 mode, and pre-stress caps and bolts.
The piezo stack has a size of 7 x 7 x 36 mm and is provided by Thor-
labs. The mechanical transformer, made of spring steel, is assembled
with an interference fit with the piezo stack. Specifically, the space on
the mechanical transformer for assembling the piezo stack is machined
slightly shorter than the piezo stack so that the mechanical transformer
is elongated upon assembly. The assembly is then compressed by the
pre-stress caps and bolts along the z-axis for reliable operation and
durability of the piezo stack.

Both the top and bottom of the added mass are attached to one plate
spring to allow the mechanical transformer to vibrate along the x-axis
and prevent undesired vibration during operation. Washers are used to
adjust the initial interval of the two systems, and the two systems are
fastened together using four screws. The overall design is shown in Fig. 7

(a).
4.2. Experimental setup

Fig. 7(b) presents the experimental setup. The signal generator
(Tektronix AFG3022C) and power amplifier (APS 125) are adopted to

control the input signal. The energy harvester is mounted on the shaker
(APS 113) and connected to a load resistor. An accelerometer is also

[ sznn Generor
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S
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Fig. 7. (a) The prototype energy harvester, and (b) the experimental setup.
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installed on the shaker to measure the acceleration. The voltage is
measured by NI cDAQ-9174 and then employed to compute the power.

5. Results and discussions
5.1. Optimisation of various parameters

5.1.1. Load resistance

Fig. 8 depicts the average power across a range of load resistance
with a washer of 1.6 mm when subjected to input excitation of 21 Hz
and 0.7 RMS g. The load resistance of 150 Q is found to generate the
maximum average power and is thus selected as the optimal load
resistance for subsequent tests.

5.1.2. Washer

The initial interval between the two systems significantly affects the
energy harvesting performance of the harvester. To achieve the desired
initial interval, washers are utilized. Previous research indicates that a
washer of approximately 1.5 mm thickness can generate the dual-peak
frequency responses caused by the two vibration modes resulting from
the plate springs on the inertial mass. Therefore, washer thicknesses of
1.5 mm, 1.6 mm, and 1.7 mm are examined at 0.7 RMS g to determine
their impact on the frequency responses, as illustrated in Fig. 9.

It is found that the average power exhibits two peaks at both 19 Hz
and 21 Hz, which enhances the energy harvester’s frequency band-
width. Within the resonant region (19-21 Hz), the transducer system
experiences a substantial impact force from the mass system, resulting in
a significant improvement in power output. However, as the excitation
frequency moves away from the resonant region, the impact force de-
creases, leading to reduced power output. The frequency responses
across the three washer sizes (1.5 mm, 1.6 mm, and 1.7 mm) exhibit
similar average power outside the resonant region. However, within the
resonant region, the maximum average power is attained with a 1.6 mm
washer. This configuration yields a peak average power of 24.5 mW.
Consequently, a 1.6 mm washer is selected for further testing.

5.1.3. Added mass

The added mass affects both the transducer system’s resonant fre-
quency and the maximum stress induced. Fig. 10(a) presents the fre-
quency responses of average power with 50 g, 150 g, and 250 g added
masses subjected to 0.7 RMS g acceleration, while Fig. 10(b) displays
their time-dependent responses, indicating the transducer system’s
resonant frequency. Results show that as the added mass increases from
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Fig. 10. (a) The average power at different frequencies with 50 g, 150 g, and 250 g added mass, and (b) their time-dependent responses showing the transducer

system’s resonant frequencies.
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Fig. 11. Measured (a) voltage and (b) power and energy output responses in the time domain subjected to harmonic excitation.
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Fig. 12. Measured voltage, power, and acceleration in the time domain when
actuated under a measured railway track vibration signal.

50 g to 250 g, the transducer system’s resonant frequency decreases
from 185 Hz to 147 Hz. Additionally, the harvester’s resonant fre-
quencies slightly shift from 20 Hz and 22-21 Hz and 24 Hz. It is because
added mass influences the impact force between the two systems,
allowing a minor change in the stiffness. Moreover, the maximum stress
of the mechanical transformer increases with the added mass. Generally,
the highest average power with 150 g and 250 g added mass are
24.5 mW and 22.6 mW respectively, while the mechanical transformer’s
combined maximum stresses are 688 MPa and 782 MPa. Therefore,
150 g added mass is chosen with the higher average power output and
lower induced stress.

5.2. Energy harvesting performance under the optimised parameters

After investigating the effects of various parameters, an optimised
design is determined with 150 Q load resistance, a 1.6 mm washer, and
150 g added mass. The energy harvesting performance is evaluated
under harmonic excitation and a measured railway track vibration
signal to demonstrate the time-dependent response characteristics and
the powering potentials under railway track vibration.

5.2.1. Under harmonic excitation

Fig. 11 depicts the energy harvester’s voltage, power, and energy
output in the time domain with a harmonic excitation of 0.7 RMS g and
21 Hz. The voltage and power responses of the energy harvester display
two distinct patterns in each cycle. When the two systems collide, the
voltage and power output achieve their highest levels. Conversely, upon
detachment of the inertial mass system, the transducer system oscillates
freely at its resonant frequency of 152 Hz, causing the voltage and
power output to gradually decay under free vibration. Notably, the
voltage and power output decay at a rapid pace due to the elastic energy
storage from the plate springs. However, the plate springs are vital to
ensure the energy harvester’s durability and robustness, despite
comprising voltage and power output. Overall, the proposed energy
harvester converts the 21 Hz excitation into the 152 Hz free vibration of
the transducer system, successfully attaining the objective of frequency
up-conversion mechanism. The maximum power output is 511 mW,
with an average power of 24.5 mW.

5.2.2. Under measured railway track vibration signal

In order to characterise the energy harvesting performance under
railway track vibration, the input excitation is provided by a measured
track vibration signal. Fig. 12 shows the measured voltage, power and
acceleration (0.7 g RMS acceleration) in the time domain actuated
under such a signal. The maximum power output is 568 mW with an
average power of 7.3 mW. These results demonstrate that the proposed
harvester performs efficiently and effectively under railway track
vibration.

5.3. Tests for powering wireless sensor

The performance of the proposed energy harvester in powering a
wireless sensor is assessed in the subsequent experiment. The experi-
mental setup is presented in Fig. 13(a), where the energy harvester is
connected to the energy harvesting circuit, an electrolytic capacitor
(22mF), and a wireless sensor (TI SimpLink CC2650) instead of using the
load resistor depicted in Fig. 7(c). The SimpLink App installed on a
mobile phone is used to receive data from the wireless sensor. The
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Fig. 13. Tests of the proposed energy harvester for powering wireless sensor: (a) experimental setup, and (b) voltage across the capacitor illustrating the power

transfer process.

Table 2

Comparison of piezoelectric vibration harvesters for railway applications in the literature.

References Year  Shape of Resonant Installation Acceleration [g] Load Resistance Power [mW] Power Density
Harvester Frequency [Hz] Position [kQ] Average Peak [mW/g]
Pasquale et al.[14] 2011 Cantilever 5.71 Bogie 1.53 210 4 0.109
Gao et al.[15] 2016  Cantilever 7 Track 5 100 4.88 < 0.081
Lietal.[18] 2014 Cantilever 55-75 Track 0.2 59.4 0.2 0.36 0.05
Array
Yuan et al.[19] 2014  Plate Sleeper 0.75 mm 4000 0.1 (RMS)
displacement
Cao et al.[20] 2022 Piezo stack 5 Track 2 mm 12 0.34
displacement
Mishra et al.[42] 2021  Cantilever 93.54 Track 0.25 5000 0.026 0.005
Dziadak et al.[43] 2022 Pendulum 14.2 Bogie 1 mm 25 3.56 0.142
displacement
Camara-Molina 2023  Cantilever 5.68 Bridge 1.32 33 0.38 0.003
et al.[44]
This work Piezo stack 19 & 21 Track 0.7 (RMS) 0.15 24.5 511 0.054

voltage across the capacitor is illustrated in Fig. 13(b) subjected to a
harmonic excitation of 0.7 RMS g and 21 Hz to exhibit the power
transfer process. When there is vibration excitation, the energy harvester
starts converting the vibration energy into electrical energy that charges
the capacitor, causing an increase in the voltage. The charging process
persists until the capacitor is fully charged and reaches its maximum
voltage. Subsequently, the capacitor discharges, powering the wireless
sensor that transmits data to the SimpleLink App, causing the voltage to
drop until it reaches the detection voltage. The capacitor then charges
again, and the wireless sensor becomes inactive until the capacitor is
fully charged once more, repeating the powering cycle. The results
confirm that the proposed energy harvester can power a wireless sensor
effectively.

5.4. Comparison with state-of-the-art literature

A comparison between the proposed vibration energy harvester and
existing piezoelectric harvesters for railway applications is presented in
Table 2. The results show that the proposed harvester outperforms the
existing harvesters in terms of power output, generating an average
power of tens of milliwatts, while the existing harvesters only produce
hundreds of microwatts.

6. Conclusions

A high-power and robust piezo stack energy harvester for wireless

sensor networks in railway applications is designed, optimised, and
tested in this paper. The design focuses on maximising power output,
and enhancing durability and robustness. The proposed harvester’s
high-power production stems from the use of frequency up-conversion
mechanism, the mechanical transformer design and optimisation, and
the application of piezo stack’s compression mode (ds3 mode). The
frequency up-conversion mechanism, realised through mechanical
impact, enables the energy harvester to operate at low-frequency vi-
brations with high power. The impact force is then amplified by the
mechanical transformer and transmitted to the piezo stack operating in
dss mode for a higher coupling factor. To achieve high energy trans-
mission efficiency while ensuring longevity and durability, the me-
chanical transformer is optimised by maximising an objective function
while keeping the maximum stress within the fatigue limit. To further
enhance the durability and robustness, the piezo stack is designed in a
pre-compressed state using interference fit and pre-stress caps and bolts.
This prevents tensile stress and takes advantage of the piezoelectric
ceramics’ exceptional compressive strength. Additionally, plate springs
are incorporated into the mechanical transformer to maintain its motion
along the vibration direction and prevent undesired vibration, as the
maximum stress from the y-axis and z-axis is significantly higher than
that from the x-axis.

The performance of the harvester has been evaluated with various
parameters. The harvester with optimised parameters is assessed under
both harmonic excitation and measured railway track vibration signals.
The proposed energy harvester successfully converts the 21 Hz
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excitation into the 152 Hz free vibration of the transducer system. Under
a harmonic excitation of 21 Hz and 0.7 RMS g, the harvester generates a
maximum power of 511 mW with an average power of 24.5 mW. These
results demonstrate that the proposed harvester can produce tens of
milliwatts of power, a significant improvement over the hundreds of
microwatts produced by existing piezoelectric harvesters in the litera-
ture for railway applications. Under a measured railway track vibration
signal, a maximum power of 568 mW and an average power of 7.3 mW
is achieved. Moreover, the harvester’s capacity to power a wireless
sensor is demonstrated, making it a promising power supply for wireless
sensor networks in rail system.
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