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Abstract

®

CrossMark

This research addresses the increasing need for renewable energy solutions in the railway
transportation sector by proposing a method to convert vibrations into electrical energy. The
proposed MagPVDF system uses the coupling of magnetic force and the piezoelectric
properties of polyvinylidene fluoride (PVDF) films to harvest vibration energy. The system’s
structural framework is fabricated using 3D printing with polyethylene terephthalate glycol
filament. The design incorporates four PVDF films and four neodymium magnets, creating
magnetic levitation that induces PVDF bending and enhances energy generation. Laboratory
tests were conducted under cyclic low-frequency loading (4.67-5 Hz) using a mechanical
shaker, simulating vibrational conditions with amplitudes comparable to railway track
deflections. While sinusoidal loading was used for controlled testing, sensitivity analyses were
performed using finite element method simulations, incorporating train-shaped Gaussian load
patterns across a broader frequency range (5-30 Hz). Results demonstrated high responsiveness
to cyclic loading, with the maximum output voltage (1.4 V per PVDF film) occurring at the
resonance frequency (15-20 Hz). These findings highlight the importance of tuning the system
for specific vibration frequencies to maximize performance. The MagPVDF system
demonstrates potential for sustainable vibrational energy harvesting, making it a promising

solution for powering low-energy devices.

Keywords: railway infrastructure, vibration energy harvesting, magnetic levitation, piezoelectric,

FEM

1. Introduction

To ensure the safety and reliability of railway infrastructure,
real-time condition monitoring is useful for detecting faults
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

before they escalate into significant problems. In recent years,
energy harvesting devices have been explored for supporting
auxiliary infrastructure on railways, such as powering mon-
itoring sensors and low-energy devices in remote areas [1].
For instance, piezoelectric energy harvesting has shown prom-
ise, with studies reporting that under typical traffic loads,
a single piezoelectric transducer can achieve a daily energy
output of 964 J, highlighting its potential for infrastructure
applications [2]. Wireless sensor networks have emerged as
a popular solution due to their flexibility and low installation
costs [3]. However, a major challenge facing wireless sensor
networks is the need for a reliable power source. Conventional

© 2025 The Author(s). Published by IOP Publishing Ltd
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batteries, while common, have limited lifespans and can be dif-
ficult to replace or recharge, especially when sensor nodes are
distributed over large areas.

In the railway industry, vibration energy harvesting can
power wireless sensor networks that monitor track conditions,
detect faults, and provide real-time data on train operations
[3, 4]. By harnessing kinetic energy that would otherwise
be wasted, vibration energy harvesting offers a potentially
sustainable and efficient solution for powering low-energy
requirement systems [5]. This approach has potential in remote
or difficult-to-access areas, such as railway tracks, where reg-
ular maintenance and battery replacement are challenging.
Additionally, it supports the growing demand for sustainable
energy solutions, aligning with global efforts to reduce carbon
emissions and dependence on fossil fuels. The potential for
energy harvesting from railway track vibrations is significant,
prompting investigations into various technologies, including
electromagnetic, triboelectric and piezoelectric systems [6-8].

For instance, piezoelectric devices have been success-
fully deployed on rail sleepers, pavements and bridges, offer-
ing low-power solutions for structural health monitoring [9—
11]. Electromagnetic harvesters, particularly those employ-
ing rotary mechanisms such as ball-screw systems, have
shown higher energy outputs and scalability for powering lar-
ger sensor networks [12]. Continuous monitoring of track
vibrations allows these systems to identify early signs of
wear, degradation, or misalignments, enabling timely inter-
ventions and reducing the risk of derailments or accidents [13].
Although electromagnetic harvesters offer potential for rail-
way energy harvesting, their deployment faces several chal-
lenges. The need for large magnets often increases the overall
device volume, reducing power density and making the sys-
tem less efficient relative to its size. Additionally, the com-
plexity of their design, particularly when optimizing for mul-
tiple resonant frequencies or integrating with other systems,
can lead to higher manufacturing costs and increased difficulty
in maintenance, further limiting their practical application
[14]. In contrast, piezoelectric energy harvesters offer advant-
ages such as higher energy density, scalability, and versat-
ility in design [15]. However, many existing piezoelectric
systems still struggle to generate sufficient power for prac-
tical applications, particularly in environments characterized
by high vibration frequencies ranging from 20 to 60 Hz
[16], and limited installation space. Recent innovations have
introduced nonlinear approaches and compression modes to
enhance power output; yet these solutions must also address
critical factors like mechanical robustness and the ability to
operate effectively within the unique constraints of railway
environments [17, 18]. As such, there is a pressing need for the
development of compact piezoelectric energy harvesters that
can reliably meet these demands while delivering adequate
power levels for advanced monitoring systems.

Piezoelectric systems are primarily deployed by the track-
side, where they harness the energy generated from the vibra-
tions of trains passing over the tracks [15]. Early work by
Nelson et al [19] demonstrated the potential of piezoelectric

patches mounted on the rail, with predictions indicating that
the average power output could increase from field test val-
ues to approximately 1.1 mW under loaded train conditions.
This initial exploration laid the groundwork for subsequent
research into various piezoelectric configurations, including
stack-type harvesters, which connect multiple piezoelectric
patches mechanically in series and electrically in parallel,
achieving mean power outputs of 0.8 mW under optimal
conditions [20]. The use of cantilever designs has also been
explored, as they can achieve relatively high strain under
typical vibration inputs. Gao et al [21] proposed a canti-
levered piezoelectric vibration energy harvester (PE-VEH)
utilizing PZT film, which achieved a maximum power out-
put of 4.9 mW in lab tests. To enhance frequency response,
Li et al [22] created a piezoelectric transducer with 6 bimorph
cantilever beams, achieving a frequency range of 55-75 Hz;
however, the maximum power output in field tests was only
0.16 W, as the excitation frequencies from lower-speed trains
fell outside this range. Shan ef al [23] developed a piezo stack
energy harvester, achieving optimal performance at resonant
frequencies of 17 Hz and 20 Hz. However, the harvester’s per-
formance was highly dependent on external factors such as
load resistance and acceleration, leading to potential inconsist-
encies in power generation, which is a critical consideration
for continuous monitoring applications. The compact design,
while advantageous for fitting within the confined space of
railway tracks, raises concerns about mechanical robustness
and long-term durability due to wear from the integrated iner-
tial mass and piezo stack. Despite achieving a maximum aver-
age power output of 6.72 mW, this level may be inadequate
for more demanding wireless sensor network applications.

One approach is using a mechanical vibration rectifier as
proposed by [24, 25] which offers advantages over tradi-
tional track vibration energy harvesters. This method minim-
izes structural alterations to track facilities, improves energy
capture from rail vibrations, and enhances design feasibil-
ity, processing, and overall lifecycle performance, thus poten-
tially addressing some of the challenges identified in previ-
ous research [26, 27]. The proposed system comprises four
modules: motion conversion, motion rectification, generator
and storage. Experimental results demonstrate that this energy
harvester achieves a power output of 28 W. Nonetheless, the
high manufacturing and maintenance costs, along with envir-
onmental concerns associated with this method, pose barri-
ers to its practical implementation. Based on findings from
prior studies [28, 29], at vibration frequencies below 5 Hz, an
increase in frequency generally results in higher output voltage
and harvested energy. However, at higher frequencies, the res-
ults show no consistent pattern, as the peak output voltage var-
ies depending on the test conditions and the type of materi-
als used, with a maximum value observed at a specific load
frequency [30, 31].

While previous studies have made significant strides in
developing PE-VEHs for railway applications, many exist-
ing designs are limited by their narrow operational frequency
ranges and power generation efficiencies, sometimes failing
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to adapt to the diverse and dynamic vibrational environment
of railway systems. Additionally, the integration of piezoelec-
tric systems tends to overlook the potential synergies with
magnetic energy harvesting techniques, which could poten-
tially enhance overall energy capture [32, 33]. Thus, this paper
combines advanced magnetic—piezoelectric systems, aiming
to address these limitations by broadening the operational
frequency spectrum and improving energy conversion effi-
ciencies. By leveraging neodymium magnets for levitation
and polyvinylidene fluoride (PVDF) films for energy con-
version, the study aims to develop a lightweight energy har-
vester attached below the rail foot that maximizes energy out-
put while minimizing mechanical constraints. This integration
seeks to create a more robust and versatile energy harvesting
solution, ultimately enhancing the functionality of energy har-
vesters for railway track superstructures.

2. System design and configuration

The proposed MagPVDF energy harvesting system is
designed for installation beneath the rail foot, situated in the
space between the sleepers (figure 1). This placement allows
the device to harness train-induced vibrations while providing
some protection from environmental factors such as rain, sand
dunes, and debris compared to locations closer to the rail-
head. This location also conflicts less with the superstructure
kinematic envelope.

In this regard, a magnetic—piezoelectric system was
designed using neodymium cylindrical magnets with a dia-
meter of 25 mm and thicknesses of 5 and 10 mm to achieve
levitation and enhance the bending of PVDFs. Table 1 presents
the specifications of the PVDF films. Inspired by the design of
3D printed energy harvesters for railway bridges by Camara-
Molina et al [34, 35], a frame for harvesting rail vibrations
was designed using 3D printing of polyethylene terephthalate
glycol filament.

As shown in figure 2(a), PVDF films and magnets are
housed within a protective cylindrical frame. This enclosure
integrates the energy harvesting system with the railway infra-
structure while shielding internal components from environ-
mental factors. The frame dimensions were optimized to fit
beneath the rail foot in the space between sleepers with an
overall height of approximately 80 mm to minimize interfer-
ence with the superstructure components.

In this study, piezoelectric thin films (PVDF) were selected
over more commonly used piezoelectric ceramics due to their
flexibility, durability, and ability to withstand the harsh mech-
anical vibrations typically found in railway environments.
Additionally, PVDF films are lightweight and easier to integ-
rate into compact designs, making them ideal for this applica-
tion. When the inner cylindrical capsule oscillates, the PVDF
films mounted on the sides bend, generating electrical energy
(figure 2(b)).

The capsule’s movement along the shell was facilitated by
the magnetic levitation effect, which minimized direct con-
tact and friction between the capsule and the shell wall. This

Figure 1. Schematic of proposed energy harvester application.

non-contact mechanism ensured smooth oscillations and pre-
vented significant energy losses due to friction. However,
minor frictional forces caused by air resistance or slight mis-
alignments could not be entirely eliminated but were con-
sidered negligible in the overall energy conversion process.
The 10 mm distance between the magnets was chosen to
allow sufficient space for the capsule’s oscillatory motion
while balancing the magnetic levitation force and the amp-
litude of oscillations. Two PVDF films were mounted on each
side of the capsule to maximize energy harvesting efficiency
by ensuring sufficient bending deformation under vibration
inputs. This configuration was chosen to balance energy
output with structural simplicity while avoiding excessive
material usage. The magnetic levitation effect, illustrated in
figure 2(c) as magnetic field lines around the installed mag-
nets, increases the bending deformation of the piezoelectric
material in response to vibration inputs, thereby boosting
energy conversion efficiency. The dimensions of the PVDF
thin films were determined based on the available space within
the protective frame and the need to achieve optimal bend-
ing deformation without mechanical interference. Specifically,
the size of 30 mm x 10 mm was selected to fit the com-
pact cylindrical design while ensuring compatibility with
standard railway track dimensions. Notably, this interaction
is important for optimizing energy output, while modifying
PVDF materials has the potential to further improve their
performance for future research [40]. Although increasing
the PVDF film size could enhance output power by expand-
ing the effective electrode area (A), thereby elevating voltage
and energy through greater capture of magnetic levitation-
induced deformations, the MagPVDF device prioritizes com-
pactness for installation under the rail foot between sleep-
ers, avoiding disruption to maintenance such as ballast tamp-
ing, rendering larger films impractical due to interference
risks.

The electrical output generated by the PVDF elements was
measured under varying frequencies and amplitudes. To val-
idate the system’s design and configuration, a prototype was
subjected to laboratory testing using a shaker device to sim-
ulate railway vibrations, with output voltage measured via a
digital oscilloscope (appendix B). The experimental proced-
ure begins with activating the vibration source, followed by
installing the MagPVDF harvester, applying controlled vibra-
tion inputs, measuring voltage and current for performance
analysis, and initiating energy harvesting until completion.



Smart Mater. Struct. 34 (2025) 115030

P Aela et al

Table 1. Track and train parameters [36-39].

Category Parameter Value
Train Train speed 200
(kmh™h
Axle load, Pyxe (N) 108.3
Vehicle L. (Wagon length) 22.86
(m)
Ly (Bogie centers) 16
(m)
L, (Bogie 2.6
wheelbase) (m)
Axle positions (m) [2.15, 4.75, 18.15, 20.75]
Number of wagons 24
Track Rail modulus of 2.1 x 10"
elasticity, E; (Pa)
Rail second moment 3.04 x 107°
of area, I; (m4)
Ballast stiffness, 3.15 x 10%
ky (N m™—?)
Rail pad stiftness, 3.5 x 108
ky (N m™~?)
Sleeper spacing, 0.6
Ls (m)
PVDF Piezoelectric 23
coefficient ds;
(pm V~)
Relative permittivity 12
(&r)
Capacitance (nF) 1.38
Density (kg m™) 1780
Young’s modulus 2 x 10°
(Pa)
Electrode area (m?) 30 x 122 x 107°
Length (m) 3x 1072
Width (m) 1x 1072
Thickness (m) 28 x 107°
Assembly Length/width/height 115 x 65 x 75
(mm)
Simulation Track position (m) 25
Time steps 1000
Simulation time (s) 10
Time step size, df (s) 0.01

This setup confirmed the harvester’s ability to generate meas-
urable electrical output from low-frequency vibrations, align-
ing with the design goals of durability and efficiency in rail-
way environments. The system’s performance was validated
through prototype laboratory testing, with numerical analysis
using finite element method (FEM) ensuring data reliability.
The core of the energy harvester consists of PVDF piezo-
electric films. The relationship between mechanical stress (o),
strain (¢), electric field (E), and electric displacement (D) is
described by the piezoelectric constitutive equation for a thin
beam [41]. The piezoelectric material used in this study is
characterized by its ability to couple mechanical and electrical

(a) . (b) Magnet J

10 mmi
4
10 mm I

Magnet

Fixed e

Figure 2. (a) 3D schematic view of the MagPVDF setup, showing
the arrangement of the capsule, magnets, and PVDFs, b)
cross-sectional structural design of the MagPVDF, illustrating the
placement of the magnets and PVDFs with a 10 mm spacing, (c)
magnetic field lines generated around the installed magnets,
depicting their interactions and alignment with PVDFs.

behaviors. Specifically, the material generates strain (g;;) in
response to an applied electric potential gradient (Ey,) and
develops an electric potential gradient when subject to mech-
anical stress (o). This coupling is defined using the piezo-
electric strain coefficient matrix (dj;) for unconstrained mater-
ials, or the piezoelectric stress coefficient matrix (e;;) for con-
strained materials. Additionally, the dielectric properties (e;;)
of the material describe the relationship between the electric
displacement vector (g;) and the electric field [42]. The gov-
erning equation for the piezoelectric material in terms of the
piezoelectric strain coefficient matrix (d”,;) is expressed in
appendix C. There is a relationship between the electric dis-
placement (g;), the stress (o) and the electric field (E;). For a
thin PVDF beam, this can be simplified to:

qi =d310+€E.

Given the relative permittivity of ¢, = 12 for a PVDF film
[43] and permittivity of free space, €p = 8.854 x 10712 Fm~!,
the dielectric constant € is 1.062 x 10'° Fm~1.

3. Forces acting on the system

3.1. Magnetic dipole—dipole interaction

As shown in figure 2(a), neodymium magnets are strategically
positioned to establish a magnetic levitation system around the
PVDF films when the device is subject to dynamic train load-
ing. The resulting magnetic force (Fgipole) 18 estimated as [44]:
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3,u0m1m2

Faipole = T oA

where 119 ~ 47 x 1077 N A~ is the permeability of free space
[45], m; and m, are the magnetic dipole moments varying by
size of magnets [46], and r is the distance between the magnets.
Itis assumed that m = 1.5 Am? is the average value of the mag-
netic dipole moment of permanent magnets [47], while use of
magnets with different size, magnetic moment was defined as
my = 1.5 and my = 1. The restoring force can be linearized
by expanding Fgipole around an equilibrium distance (req), to
determine the spring constant, k.

3.2. Train-induced rail vibration

This section explores the prediction of vibrations due to mov-
ing loads, focusing on the dynamic excitations as described
by Thompson [48]. The passage of a train can be modeled as
a sequence of traveling loads, where each wheelset applies a
force that causes a small deflection of the rail, known as quasi-
static deflection. This deflection is dominant at low frequen-
cies, up to 25 Hz for trains moving at 100 km h™!, and up to
100 Hz at 300 km h~"' [48]. Ju er al [49] provided a method
to predict the dominant frequencies during train passage. The
dominant frequencies are primarily determined by the ratio
between train speed and carriage length and are independent
of train speed itself. The influence factor Rris given by:

Ne Ny

Rf: |P (fdom)‘ = Zzpaxlee_i%—n(i—‘rj)

j=1k=1

where N. is the number of carriages, N,, is the number of
wheel pairs per carriage, P,y is the load per axle, S is the train
speed, sy is the distance between the kth wheel and the begin-
ning of the carriage L. is the carriage length, and 7 is an integer
multiple representing dominant frequencies. As presented in
table 1, our example case is a high-speed train inter-city
125_MKk3 passenger car as investigated by Cleante [36].

To calculate the displacement w(x,?) of a railway track sub-
ject to a moving static load, we start with the differential
equation of motion for a Euler-Bernoulli beam resting on
a Winkler foundation, as derived from the analytical mod-
els presented by various researchers [48, 50]. The govern-
ing equation for a static load P, acting on the beam can
be found in appendix C. By calculating the rail acceleration

(Arait (x,8) = %), the maximum recorded acceleration of
the sleeper was about 20 m s~2, which matches with the res-
ults reported by Cleante [36]. Time history of simulation res-
ults for rail deflection/acceleration, and MagPVDF displace-
ment/acceleration can be found in appendix A.

3.3. Electrical output

The energy generated by piezoelectric materials under mech-
anical stress can be calculated using specific formulations

derived from their electrical properties (E = 1/2 CV?). In piezo-
electric materials, the capacitance (C) is a function of piezo-
electric charge coefficient (d), dielectric constant (€), elec-
trode area (A), and thickness of the piezoelectric expressed as
C= %. The voltage (V) generated in the piezoelectric mater-
ial is proportional to the applied stress [51]:

- d31.A0’.h
= 76 .

\%4

Notably, selecting a filler with a greater piezoelectric charge
coefficient (d3;) and lower dielectric constant () is important
for harvesting system efficiency.

Given the average track acceleration, a,y, = 0.03 m s~ 2
mass of the MagPVDF capsule, Mcappeue = 0.1 kg; PVDF
length, Lpypr = 0.03 m; width Wpypr = 0.0122 m; and thick-
ness, Hpypr = 28 x 107° m, the induced bending stress on
a single PVDF film is 66.4/,kPa (see appendix C, equations
(13)—(15)). Therefore, the output voltage V considering a
dielectric constant of € = 1.062 x 10~' (Fm™!), is 14.38 V.
This output voltage is in agreement with the range of repor-
ted voltage by previous studies [51, 52]. Notably, the output
voltage may not be sufficient for running low-powered sensors
in practice due to power loss caused by internal resistance, cir-
cuit inefficiencies, and dissipation. Thus, applying rectifiers in
a circuit is important for higher effectiveness.

4. Prototype validation

To evaluate the performance of the MagPVDF energy harvest-
ing system, experiments were conducted under low-frequency
conditions (5 Hz) using a mechanical shaker. These experi-
ments provided an initial understanding of the system’s beha-
vior under controlled conditions. Subsequently, numerical
methods were employed to simulate the sinusoidal loading
pattern observed in the low-frequency tests. This was followed
by applying a train-shaped load pattern to perform a sensitivity
analysis of the device performance under higher frequencies
corresponding to various train speeds.

4.1. Experimental validation under cyclic loading

The MagPVDF energy harvesting system was tested exper-
imentally using a mechanical shaker to simulate vibrational
conditions similar to those found in railway environments. The
mechanical shaker, with a working space of 47 x 38 x 17 cm,
was used to simulate vibrational conditions and could operate
in two modes: orbital and reciprocating [53]. The electrical
output generated by the PVDF films was measured using a
digital oscilloscope during the oscillatory motion of the mag-
netic capsule.

The performance of the MagPVDF system was assessed
under varying vibration frequencies ranging from 4.67 to 5 Hz,
with a nominal shaker displacement of 3 mm. The choice of
this narrower band was dictated by the mechanical shaker’s
operational limit, which could not exceed 5 Hz. However,
the actual measured displacement was approximately 2.6 mm
due to mechanical constraints of the experimental setup. This
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Figure 3. (a) and (b) Sample output voltage for a single PVDF in
terms of different vibration frequencies, (c) power output as a
function of resistance, highlighting the variation in energy
generation efficiency under different conditions.

approach ensured deflections were of similar amplitude to
train-induced vibrations. This displacement was further boos-
ted by the magnetic force within the system, enhancing the
oscillations of the inner capsule. As the oscillation amplitude
of the inner capsule was not directly measured (due to its
enclosure within a protective cylinder), it is estimated that
the maximum possible movement of the capsule could reach
15 mm, corresponding to the gap between the magnets on the
upper and lower sides of the system (figure 2(b)).

The results in figures 3(a) and (b) demonstrated a positive
correlation between vibration frequency and energy harvesting
performance. At 4.67 Hz (280 RPM), the MagPVDF system

produced an output voltage of 1.32 V, which increased to
1.52 V at 4.75 Hz (285 RPM) and further to 1.56 V at
4.83 Hz (290 RPM). At higher frequencies of 5 Hz (300 RPM),
the maximum output voltages increased to 2.04 V. The cor-
responding power output per PVDF film is in the range of
0.8-1.2 uW, totaling 1.2-4.8 uW for the system, compar-
able to ultra-low-power devices like the BMA400 sensor
[54], which operates at ultra-low current levels. The results
in figure 3(c) demonstrate the relationship between resist-
ance, output voltage, and generated power for the MagPVDF
system. The output voltage (red curve) increases with res-
istance, eventually stabilizing at a maximum value as res-
istance minimizes current flow, consistent with the open-
circuit behavior of piezoelectric materials [55]. In contrast,
the generated power (black curve) exhibits a peak at an
optimal resistance (~542 MS2), where the trade-off between
voltage and current is balanced; at lower resistances, insuf-
ficient voltage limits power generation, while at higher res-
istances, reduced current results in diminished power out-
put. The dashed and solid curves further indicate that higher
vibration frequencies broaden and enhance the power peak,
as greater mechanical deformation of the PVDF films at
higher frequencies generates higher electrical charges. These
results underscore the importance of operating the system
at its optimal resistance and frequency range to maxim-
ize energy output, while also validating the suitability of
the PVDF dimensions and configuration for railway-induced
vibrations.

Notably, the significant discrepancy between the exper-
imental output and the theoretically calculated voltage in
section 3.3 is largely attributed to practical factors, includ-
ing mechanical damping, material defects, and energy losses
within the system. The comparative analysis of voltage and
power outputs across tested frequencies confirmed the stable
and reliable performance of the MagPVDF system, with the
highest energy harvesting capability observed at 5 Hz. These
results demonstrate MagPVDF’s ability to respond to increas-
ing vibration frequencies by generating higher output voltages,
making it a suitable supplemental energy source for low-power
railway sensors. However, frequencies beyond 5 Hz were ana-
lyzed using FEM, as the maximum frequency attainable by
the experimental device was limited to 5 Hz. FEM simulations
were employed to evaluate the performance of MagPVDF at
higher frequencies relevant to high-speed trains, as discussed
in section 4.2.

4.2. Numerical analysis

A FEM analysis was conducted to simulate the behavior of
the MagPVDF system under cyclic loading, with a focus on
extending the recorded output to higher frequencies (figure 4).
Firstly, a single PVDF film was modeled using hexahedra ele-
ments with material properties listed in table 1. Specialized
piezoelectric elements were used to enable coupling between
the mechanical and electrical fields. These elements integrate
the mechanical, electrical, and permittivity equations required
for simulating piezoelectric behavior. The target global ele-
ment size was set to approximately 1 mm, ensuring the mesh
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Figure 4. Flowchart of the numerical model steps for MagPVDF
system.

could resolve the thin-film geometry and capture stress gradi-
ents effectively. Regarding boundary conditions, each PVDF
film was modeled with one side fixed while the other side
was subject to dynamic loading, replicating its mounting in
the experimental setup. The dynamic force applied to the sys-
tem was a combination of train-induced vibrations and mag-
netic dipole forces acting on the MagPVDF inner capsule.
This approach ensured the model captured the effects of both
external vibrations and internal magnetic interactions on the
system’s performance. The inner capsule itself was modeled
as a solid element, and its deformation was neglected to sim-
plify the analysis while focusing on the dynamic response of
the PVDF films.

To calibrate the strain coefficients (d;;), a sinusoidal force
with a frequency of 5 Hz was applied to simulate the oscil-
latory motion generated by a shaker device. Figures 5(a) and
(b) displays the stress, and output voltage for a single PVDF
film in which the highest voltage was observed at the fixed
ends of the PVDF film under a sinusoidal load at frequency
of 5 Hz. Afterwards, a sensitivity analysis was performed
to evaluate the performance of the MagPVDF system at fre-
quencies of 5, 10, 15, 20, and 30 Hz to assess the system’s
performance across a broader operational range. Figures 5(c)
and (d) presents a sample of the measured displacement and
output voltage over a 100 s duration under a train-induced
load at the frequency of 20 Hz. Magnetic dipole—dipole inter-
actions and the rail vibrations were modeled as the Euler—
Bernoulli beam lying on a Winkler foundation with paramet-
ers listed in table 1 (appendix A). Thereafter, the applied force
on PVDF films during the oscillation of the inner capsule was
calculated.

5. Results

5.1 Validation

As shown in figure 6, FEM results for displacement of a
single PVDF film exhibited less than 5% deviation. The PVDF
strain coefficients (d;) were calibrated by comparing the
FEM results with the experimentally measured output voltage,
reaching a maximum value of 1.97 V. The calibrated strain
coefficients for the matrix were as follows:

A
Displacement (m)

3
3
3
3
43E-03
3
3
3
)

800.00E-03
559 DBE-00
318.12E-08
77.18E-03
163 76E-03
-404.70E-03
-1.37E+00
-181E+00
-1.85E+00
-2.08E+00

B
Voltage (v)

THE

0.00E+00
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-3.78E-03
-5.04E-03
-8.30E-03
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-8.82E-03

C
Displacement (m)

1.01E-02

166400
1.3E+00
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866.5E-03

3

4719808
-21B.9E-02
433802
-650.4E-03
-B6T.1E-03

S1AE+00

D
Voltage (v)

Figure 5. Simulation results for the single PVDF model and
MagPVDF model at F = 20 Hz: (a) displacement distribution, and
(b) output voltage for the single PVDF model, (c) displacement
distribution, and (d) output voltage for the MagPVDF model.

df,, =dfy, =3.5x107";

dt,, =df,, =—8.182x 107",

diyy =dSy, =df, =df,, =—8.124 x 107 "%;

df; =4.02x 107"

[ af, df, a5, 0 0 0 0 0 0
dt, d5, db, 0 0 0 0 0 0
df, d%, df, 0 0 0 0 0 0
0 0 0 df, df, df, 0 0 0
d=| 0 0 0 df, d5, db, 0 0 0
0 0 0 df, do, db, 0 0 0
0 0 0 0 0 0 df, df, df,
0 0 0 0 0 0 d5, db, db,
| 0 0 0 0 0 0 d5, d5, dP, |

The energy output obtained from the equation of
section 3.3, is 4.3 J cm—3, which is in the range of values
proposed by Wang et al [56].
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Figure 7. MagPVDF displacement plotted as a function of time for
various frequencies (F5, F10, F15, F20, and F30) corresponding to
train-load patterns.

5.2. Sensitivity analysis

5.2.1. Displacement. Considering the bogie wheelbase,
La = 2.6 m, the equivalent train speed was assigned corres-
ponding to the desired frequencies, f =5, 10, 15, 20, and 30 Hz
were 46.8,93.6, 140.4, 187.2, and 280.8 km h—!, respectively.
Figure 7 shows the displacement response of the MagPVDF
energy harvester under simulated train loading at the above-
mentioned frequencies.

The displacement amplitudes exhibit clear frequency-
dependent behavior, with the maximum displacement occur-
ring at F15, followed by a slight reduction at F30. At
lower frequencies (F5 and F10), the displacement amplitudes
are comparatively smaller, indicating reduced mechanical
deformation of the MagPVDF harvester. The peak displace-
ment of approximately 12.1 mm at F15 suggests a poten-
tial resonance-like behavior, where the harvester’s mechanical
system responds to the applied train load frequency, maxim-
izing energy harvesting efficiency. The subsequent reduction
in displacement at F20 and F30 can be attributed to decreased
dynamic responsiveness at higher frequencies. These results
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Figure 8. (a) MagPVDF output voltage at different frequencies,
(b) voltage—displacement curve.

highlight the importance of frequency optimization for the
MagPVDF energy harvester, show that a 140.4 km h™! train
speed provides the most favorable conditions for mechanical
deformation and, potentially, electrical energy output.

5.2.2. Output voltage.  As shown in figure 8(a), the system
demonstrated optimal energy harvesting at 15 Hz, correspond-
ing to a train speed of 140.4 km h™!, where the maximum
output voltage was 1.2 V for each single PVDF. At lower fre-
quencies (5-10 Hz), the energy output was significantly lower
due to reduced excitation, while at higher frequencies (30 Hz),
mechanical damping effects reduced efficiency. Voltage out-
put is directly proportional to strain, which is maximized at
resonance, which is close to the resonance frequency repor-
ted by Qu et al (F = 13.39 Hz) [57]. The MagPVDF sys-
tem is ideal for train speeds ranging from approximately 90—
140 km h™!, corresponding to excitation frequencies of 10—
15 Hz, which cover the resonance region of the system. This
train speed range is common in subway and passenger railway
lines, making the system applicable for energy harvesting in
these environments.

5.2.3. Efficiency.  The magnetic dipole—dipole interactions
were found to strongly influence the oscillatory motion of
the inner capsule. The forces generated by these interactions
were proportional to the square of the magnetic flux density
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and were critical in maintaining consistent oscillation amp-
litudes across the frequency range. At higher frequencies (15—
30 Hz), the interactions generated larger restoring forces, amp-
lifying the displacement of the inner capsule and enhancing the
energy harvested by the PVDF layer. Figure 8(b) illustrates
the voltage—displacement hysteresis behavior of MagPVDF
under cyclic loading at different frequencies. The plot shows
distinct hysteresis loops for each frequency due to the dielec-
tric permittivity of the PVDFE. It implies energy dissipation
and nonlinear coupling between mechanical displacement and
output voltage as show previously by Panda and Sahoo [58].
As the frequency increases, the loop shape and size change
significantly. At F = 5 Hz, the loop is narrow and compact,
indicating minimal hysteresis and low energy dissipation. At
F = 10 Hz, the loop is the widest, suggesting the highest
energy loss and strong nonlinear effects. At F = 20 Hz, the
loop is narrower, reflecting lower energy dissipation and a
more linear relationship between displacement and voltage.
For F = 15 Hz, the loop becomes wider, indicating increased
hysteresis, possibly due to greater phase lag between voltage
and displacement. At F30, however, the loop narrows slightly
compared to F15, indicating reduced displacement but still
significant energy dissipation. The displacement range also
expands with increasing frequency, demonstrating that the
system’s response is frequency-dependent, possibly close to
the natural frequency of the system. The progressive widening
of the loops with frequency highlights the dynamic nature of
the system and its sensitivity to loading conditions. Overall,
the results confirm that frequency significantly impacts
the hysteresis behavior, with higher frequencies leading to
greater energy dissipation and nonlinear responses. These
insights are essential for enhancing material performance in
future circuit development and the practical application of
MagPVDF.

5.3. Practical implications and limitations

The MagPVDF system demonstrates exceptional potential
for ultra-low power applications, similar to the innovative
BMAA400 acceleration sensor [54]. The BMA400, designed
for wearables and smart home devices, uses intelligent power
management and consumes as little as 800 nA in ultra-low
power mode, with a typical use case of 5.8 pA, ensuring long-
lasting battery life. Similarly, the MagPVDF system achieves
a maximum open-circuit voltage of approximately 1.4 V per
PVDF film and an estimated power output of 2—-8 mW for load
resistances of 1-10 M(2, providing sufficient energy to power
low-power railway sensors, such as wireless accelerometers or
strain gauges. For example, railway sensors typically consume
1-10 W in sleep mode and 1-5 mW during active data trans-
mission, aligning closely with the MagPVDF system’s harves-
ted power [24]. To improve usability, power conditioning cir-
cuits are necessary to manage the raw AC output from PVDF

films, addressing losses from internal resistance and imped-
ance mismatch [59]. A typical setup includes a full-bridge
rectifier for 80%-90% rectification efficiency, and energy
storage for buffering [60]. Simulations suggest net usable
power of 1-5 mW, suitable for low-power applications. Future
work will focus on optimizing impedance matching, inter-
ference shielding, and validating durability under real-world
conditions.

The experimental validation conducted in this study has
certain limitations that must be acknowledged for future
research. The experiments were performed under controlled
laboratory conditions, which may not fully replicate real-
world operational environments. Factors such as temperature
variations, external environmental vibrations, and long-term
durability were not accounted for and could influence the per-
formance of the system in practical applications. While the
prototype demonstrated promising results at the tested scale,
its scalability to larger, more complex systems remains uncer-
tain and requires further investigation, particularly for exten-
ded operational periods. Lastly, the study primarily focused
on a narrow range of vibration frequencies and amplitudes.
Broader frequency ranges, as well as multi-axis vibration
scenarios, need to be explored in future work to ensure the
system’s robustness and adaptability to diverse real-world
conditions.

6. Conclusion

The MagPVDF system uses the coupling of magnetic force
and the piezoelectric properties of PVDF film to harvest
vibrational energy. The mechanism relies on the deforma-
tion of the PVDF film induced by oscillating magnetic forces,
which generates electrical charge due to the piezoelectric
effect. This innovative approach enables the conversion of
mechanical vibrations into usable electrical energy, making it
suitable for low-frequency vibrational environments such as
railways.

The close agreement between cyclic loading laboratory
tests and FEM results validated the proposed design and
simulation methodology against the lab setup. The system
exhibited high responsiveness within the frequency range
of 5-30 Hz. The results reveal that the maximum output
voltage (1.4 V for each PVDF film) occurred at the res-
onance frequency (15-20 Hz), where the displacement and
strain were maximized. At lower frequencies (e.g. 5 Hz),
the energy output was reduced due to lower acceleration and
force, while at higher frequencies (e.g. 30 Hz), increased
damping effects slightly diminished the harvesting efficiency.
This behavior highlights the importance of tuning the sys-
tem to the target vibration frequency range for optimal per-
formance. This tuning can be implemented by adjusting
the gap between the magnets and modifying the thickness
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of the magnets, which directly influences the system’s res-
onance characteristics. In conclusion, the MagPVDF sys-
tem demonstrates the potential for vibrational energy har-
vesting, offering a useful solution for powering low-energy
applications.
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Appendix B
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Appendix C
Parameters:
Arail (X, 1) Rail acceleration
A Electrode area
C Capacitance
dr, Piezoelectric strain coefficient matrix
ds; Piezoelectric coupling coefficient, relating mechanical stress to electric displacement
ng, Elastic stiffness matrix at zero electric potential gradient
Dy (@) Material’s dielectric properties
E Young’s modulus of the rail
Fgipole Magnetic restoring force
Fotal Total force acting on the MagPVDF system along the z-axis
1 Second moment of area of the rail
ke Support stiffness per unit length
kp Stiffness of rail pad per unit length
ky Stiffness of the ballast per unit length
L Carriage length
Ly Sleeper spacing
my, mp Magnetic dipole moments varying by shape and size of magnets
Metf Effective mass of the dipole system
n An integer multiple representing dominant frequencies
N Number of carriages
Ny Number of wheel pairs per carriage,
Paxie Load per axle
r Distance between the magnets
Teq Equilibrium distance
Sk Distance between the kth wheel and the beginning of the carriage
s Elastic compliance at constant electric field, relating stress and strain
S Train speed
Vv Voltage across the capacitor
Az Rail displacement
€% Permittivity at constant stress, relating electric field to electric displacement
1) Dirac delta function representing the point load at the position of the wheelset
o Permeability of free space
w Natural frequency of the dipole system
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Equations:
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