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Abstract - This study aimed to evaluate a cantilever beam-type
piezoelectric energy harvester operating on train-induced
vibrations for powering Wireless Sensor Networks (WSNs)
used in railway track monitoring systems. The harvester's
behaviours under different conditions are simulated in
MATLAB using the analytical model. Natural frequency,
maximum deflection, and stress were calculated with greater
precision using eigen frequency and stationary analysis
using COMSOL Multiphysics. At a base excitation of 2 g and
a resonant frequency of 120.2 Hz, the simulated results
showed that the developed energy harvester prototype could
generate up to 14 V of AC output voltage and 495 mW of
output power. These findings highlight the promising potential
of the proposed energy harvester for transforming train
mechanical energy into electrical power. This energy
harvester's viability and dependability for real-world
applications in monitoring railway tracks are supported by
developed analytical and simulation models.
Keywords—COMSOL Multiphysics, Energy harvester, 1oT,
Train-induced vibration, railway track monitoring.

1. INTRODUCTION

In light of advancements in the Internet of Things (IoT),
energy harvesting, and wireless sensor technology,
autonomous systems are undergoing development and
deployment across various applications. These include health
monitoring of civil structures, fault identification in industrial
machinery, automation of living and working areas, weather
forecasting, aircraft tracking, and notably, bridge and railway
track monitoring systems. The economy of densely populated
nations heavily relies on an efficient transportation system,
with railways serving as a pivotal component for the
transportation of large volumes of goods and passengers. For
an effective railway transmission system, railway tracks are
crucial to the security of transportation. Therefore, a vast
railway network is installed in different countries

Railway tracks play an indispensable role in the transportation
industry by facilitating the dependable movement of people
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and goods. However, they are constantly subjected to wear
and tear from factors such as the weight of passing trains,
harsh weather conditions, and dynamic stresses. This
deterioration significantly impairs maintenance efficiency,
safety, and operational effectiveness. Even minor rail
accidents incur substantial human and financial costs.
Therefore, ensuring the integrity of railway tracks through
proactive maintenance and monitoring is imperative for
mitigating risks, enhancing safety, and sustaining the
reliability of rail transportation networks. To prevent accidents
and guarantee the safety of the transportation system, a
monitoring system is a dire need that can keep an eye on the
rails around the clock.

A modern solution to this issue is IoT based monitoring
system for railway tracks. An IoT-based railway track
monitoring system is shown in Fig. 1. There are multiple
wireless sensor nodes (WSNs) positioned above the rail line
that gather data from the rail line and send it to the gateway
sensor node via wireless data transmission modules. The data
is communicated to the user through the gateway sensor unit.

The primary concern at hand is supplying WSNs with power.
As a power source, WSNs utilized for railway track
monitoring typically employ batteries. Standard maintenance
for WSNss consists of replacing or recharging the batteries, as
their lifespan is quite short. However, because an enormous
amount of WSNs are deployed across railway track networks,
it is not possible to recharge or replace their batteries. The
continuous operation of WSNs requires an alternative, long-
lasting power source. Energy harvesters [1] can take the place
of batteries in wireless sensor networks. The most promising
aspect of these energy harvesters is that they will continually
convert ambient accessible energies into usable electrical
energy. These harvesters have the potential to give an alternate
option for power supply sources. Motion-based [2-4],
wearable-based [5-7], solar-based [8], RF-based [9-11],
acoustic-based [12-15] or vibration based [16-37] energy
harvesters have been successfully developed to power WSNs
and wireless systems.
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Fig. 1: IoT based Self powered Railway track monitoring system

Most of these energy sources have limitations. The efficiency
of wind power plants varies widely depending on topography
and climate. Sound and radio waves have a low output power
density, making them unsuitable for use as a primary energy
source on a large scale. Similarly, the density of solar energy
is greatest in dry, cloudless regions and lowest in sunny ones.
The vibrational energy of the railway, on the other hand, is a
viable alternative. Using an electromagnetic or piezoelectric
transduction mechanism, vibration energy in the railway track
can be harnessed and used.

Several researchers have worked to investigate the power
obtained from the train-induced vibration, which can be later
used to power WSNs used in the railway track monitoring
system. Perez et al. [38] developed a tram-mounted
electromagnetic vibration energy harvesting with two degrees
of freedom. The VEH is merely a permanent magnet and coils.
Numerical simulation and actual data suggest that the energy
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harvester can output 6.5 mW. The inductive voice coil system
invented in [39] turns the vertical deflection of a track into
electrical power. As the track deflected, a voltage was
generated in the coil that was attached to the rail and traveled
vertically through the stationary magnetic field. The average
power with a 7.5 kQ load resister was calculated to be 0.16
mW in the simulation. Many distinct designs of piezoelectric
train-induced VEH systems have been created to
accommodate a wide range of potential installation sites.
Cantilever types, stacked types, bilateral fixed types, and
circular types are the most common line-side structures for
piezoelectric energy harvesters [40].

In a railway setting, piezoelectric VEHs based on a cantilever
mechanism are the simplest method for harvesting vibration
energy. To capture the vibrational energy from passing trains
on a bridge, Cahill et al. [41] designed a piezoelectric energy
harvester based on a cantilever beam. The estimated frequency
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of the bridge's energy harvesting is shown to be consistent
with the tested natural frequency, and the maximum output
voltage was found to be 99 mV. Gao et al. [42] aimed to
create a prototype to supply electricity to outlying areas. A
detailed modeling and simulation of a railway track-mounted
electromagnetic energy harvester are presented. Li et al. [43]
investigated the performance of piezoelectric VEHs based on
cantilevers when subjected to varying resistors and
frequencies. The power output performance of a piezoelectric
harvester is at its best at its resonance point. Wang et al. [44]
examined the efficiency of a piezoelectric stack device
coupled to the train track as a means of energy gathering.
Based on the findings, the proposed piezoelectric energy
harvesting technology may be used to power wireless sensors
in railway systems. Hou et al. [45] proposed installing a
piezoelectric VEH based on a layered structure atop the rail
transit bridge. Based on simulation results, we know that the
max output voltage and current can be as high as 195.8 V and
5.6 mA, respectively, for a total of 1.09 W. The examined
piezoelectric energy harvester has a power density of up to
0.048 mW/cm?®, which is double that of current low-frequency
piezoelectric VEHs. Cantilever-structured piezoelectric VEHs
for use on railway vehicles were proposed by Pasquale and
colleagues [46].

The proposed energy harvester's performance was evaluated
using a miniature train bogie. The results demonstrate that at
its maximum capacity, the harvester can produce an output
power of 4.12 mW. A piezoelectric VEH based on a cantilever
construction was studied by Song et al. [47] and put on a
superconducting Maglev train. Experiments showed that the
harvester's output voltage rose with increasing vibration
frequency, reaching a maximum of over 6 V.

In this work train induced vibration-based cantilever, beam-
type piezoelectric energy harvester is modelled and simulated
using MATLAB and COMSOL Multiphysics. The energy
produced by the harvester can be used for powering WSNs
installed at the railway track monitoring system. Most of the
previously reported train-induced vibration energy harvesters
were based on electromagnetic transduction mechanisms
while for the developed piezoelectric energy harvester, there is
no analytical modelling for optimization of different
parameters, however, in this work an analytical model and
simulation is presented for piezoelectric energy harvester to
optimize the device working parameters. Stationery and Eigen
frequency analysis is performed for the harvester for the
estimation of maximum deflection and stress in the beam
concerning device dimension and amplitude of applied
vibration.

II. ANALYTICAL MODELLING OF PEHS

The architecture of the rail track-induced vibration is
illustrated in Fig 2. PEH, the device is constructed utilizing a

Where b is the beam width, n, is the number of piezoelectric
layers, n, is the number of electrode layers, Ei is the young
modulus, hi is the height of each piezoelectric layer, Ei is the
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Unimorph cantilever piezoelectric beam. It is intended that the
device be affixed securely to either the railway track or the rail
car's structure. At the free end of the beam, a proof mass is
affixed to reduce the natural frequency of the piezoelectric
structure. Both the body and the track experience vibrations
when the train is in motion. The disturbance of the rail car
induces oscillation in the piezoelectric beam. Voltage is
produced across the terminals of the beam when it vibrates
under the influence of external sources, as dictated by the
piezoelectric effect. By applying this voltage to the backup
power battery, it is refueled for additional use. When a minor
amplitude of applied vibration is present, the piezoelectric
beam undergoes deflection, resulting in the generation of
electrical energy by the piezoelectric principle. Fundamental
piezoelectric equations [41]

D =ee +EeT (1)

o=Ce+eE 2)

MEREREE NN LN

. . Proof Mass
+  Piezoelectric ;

Fig 2: Architecture of train-induced vibration PEH

Where e is the strain, D is the electrical displacement, C is the
stiffness, E is the Electrical field, o is the stress, € is the PZT
stress constant, €7 is the permittivity.

The stiffness of a cantilevered beam multilayered
can be written as

_3b nq nz
Kpeam = L_3(Zi=1 n; Ehd+ z:1'=1 ny Ejh?) @)

young modulus and hj is the height of each electrode layer.
Multilayered cantilever beams that have a mass at their tip can
have their effective mass calculated
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From equations (3 and 4) the corresponding natural frequency
of the cantilevered beam can be derived

_ ,Kb
Wpeam™ m:;;n (5)

When a vibrating beam is subjected to a bending moment
M(x), the average effective stress per unit length is

LM(x)C

1
OBeam N f() I} dx ()

Cantilever beam length (L), maximum displacement (C),
moment of inertia (I), and orientation (x) along the beam's
length (x) are all inputs into the following equation.

The voltage generated is proportional to the average effective
stress in the cantilevered beam because it is formed of
piezoelectric material and electrode. The output voltage is
given by

V= _d31*tz;*°'beam (7)

The output power of cantilever beam-based piezoelectric
vibrational energy is given by

V2+Ry,
- (Rs"'RL)2

®)

1. COMSOL MODELING AND SIMULATION

Simulation and modelling of different kinds of engineering
tasks can be done very well with COMSOL Multiphysics.
This paper models and simulates a train-induced vibration-
type piezoelectric energy generator with a cubical mass.
COMSOL Multiphysics FEM is used to look at the greatest
displacement that happened at the tip of the piezoelectric beam
and the mode forms at natural frequencies that go through the
beam because of the vibration. Fig. 3 shows the steps that
were used to model and simulate a piezoelectric beam-
type piezoelectric  energy  generator using COMSOL
Multiphysics.

In the realm of energy harvesting, optimized geometry plays a
crucial role. It's important to remember that the harvester's
high-power density is only available at the low natural
frequency. The proposed device geometry is shown in Fig. 4.
It consists of a piezoelectric layer and a rectangular substrate
layer. The precise geometrical specifications of the proposed
device are displayed in Table I. PZT-5A is employed for the
piezoelectric component, whereas brass is used for both the
substrate layer and the proof mass. All of the device's areas are
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set free, except for the fixed end of the beam. The fixed end
must be securely connected to the rail line. The option for

linear elastic properties such as Young modulus, density, and
Poisson ratio is set to receive their values from the material
library

; Setup Model Select Select
Environment Multiphysics Study
Initial and . s
Bunndary Addn}g Creating
conditions Material geometry
Creating Select Study Run
Mesh Type Simulation

b< View Results

Fig 3: Steps in COMSOL Multiphysics modeling and
simulation

TABLE 1: MATERIAL AND VARIABLE

DESCRIPTION

Description Variable | Values Unit
Elastic layer Length L. 20 mm
PZT layer Length L, 20 mm
Elastic layer Width We 10 mm
PZT layer Width Wp 10 mm
Thickness of the PZT layer hp 0.23 mm
Thickness of the elastic H. 0.22 mm
layer

The volume of proof mass \% 4x10x3 mm’®
Density of proof mass Pm 8,587 | Kg/m?
Elastic layer elasticity Y. 97 Gpa
PZT layer elasticity Y, 66 Gpa
Elastic layer density P. 8785 | Kg/m®
PZT layer density Pp 7800 Kg/m3
Piezoelectric Charge d31 1.75;(1 C/N

0
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Fig. 5 illustrates mesh geometry. COMSOL Multiphysics has
numerous meshing defaults. This simulation uses tetrahedral
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mesh. The domain is small; hence an exceptionally normal
element size is used. Meshing yielded 18672 boundary
elements, 43967 domain elements, and 844 edge elements.

y‘\ZL'X 0

Fig 4. 3D model geometry of the flow-based piezoelectric
energy harvester

Fig 5: Mesh result

Iv. SIMULATION RESULTS AND DISCUSSION

When vibration is applied at the fixed support of the beam,
deflection is produced in the beam as shown in Fig. 6. The
deflection is maximum at the free end and minimum at the
fixed end of the beam. Piezoelectric beams bend and twist,
causing tensions within the plates themselves. Vibration given
to the device causes a corresponding fluctuation in stress. Fig.
7 displays the simulation results showing that at 2 g
acceleration, the greatest stress created is 4.47 MPa at the
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fixed side of the beam and the minimum stress developed is
0.001360 MPa at the free end of the beam.

A 002
x1073

18
I 16
114

112

mm | 410

Yo

Fig 6: Maximum deflection observed in the device

Surface: von Mises stress (N/m?)

A 4.47%x10°
x108

Yo

Fig 7: Maximum stress produced in the device

The eigenfrequencies and mode shapes are the outputs of
an eigenfrequency analysis. Fig. 8 shows the first six
eigenfrequencies and the corresponding mode shape of the
device without proof of mass. As can be seen from Fig. 9,
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adding proof mass at the tip of the beam can reduce the  eigenfrequency of the beam from 708 Hz to 120 Hz.

rlox

wpox  ° |
Mode 2: F= 1295 Hz Mode 3: F=4387 Hz

Mode 4: F = 9181 Hz Mode 5: F = 12240 Hz Mode 6: F = 13690 Hz

Fig 8: Eigenfrequencies and modes shapes of device without proof of mass

z Z ;
fLox 0 Y\L,x 0

Mode 2: F=1268 Hz Mode 3: F=2753 Hz

Mode 4: F= 6655 Hz Mode 5: F=8590 Hz Mode 6: F=10011 Hz

Fig 9: Eigenfrequencies and modes shapes of the device without proof mass
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MATLAB simulation is used to analyze the different factors
based on the analytical model developed in the previous
section. There is a strong correlation between the length,
width, and thickness of a cantilever beam and its stiffness, as
shown in Fig 10. Stiffness values decline noticeably from
5600 N/m to 80 N/m as the length of the cantilever beam
grows from 10 mm to 30 mm. This finding is consistent with
the general rule that beams with a greater length are less rigid
because they bend more easily under the same strain. In
contrast, beams that are shorter by definition are stronger and
less likely to deform under load.

6000 T T 7
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== (@ Beam width = 8 mm

=} 5000 == @ Beam width = 10 mm|]
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=

= 3000 ¢

=

i 2000

£

-1

W

& 1000

0 s i i - = —
10 15 20 25 30

Beam Length (mm)

Fig. 10. Beam stiffness with Vs. Length of the beam

The dependency of the beam's natural frequency on beam
dimension is depicted in Fig. 11. The dynamic behaviour of a
cantilever beam is best understood by displaying the
relationship between the length of the beam and its natural
frequency at constant beam width and thickness. A significant
drop in natural frequency is shown as beam length is increased
from 10 mm to 30 mm, with values going from 350 Hz to 60
Hz. This trend can be attributed to the fundamental principle
that longer beams exhibit lower natural frequencies, indicating
greater flexibility and a longer period for oscillation.
However, shorter beams indicate stiffer materials with faster
oscillation cycles due to their higher inherent frequencies
Certainly, the width and thickness of each layer affect the
natural frequency of a cantilever beam in addition to its length.

Fig. 12 depicts the relationship between the cantilever beam's
tip mass and natural frequency. By adding a proof mass at the
free end of the beam, the natural frequency is drastically
reduced. As the proof mass varies between 10 g to 30 g, the
frequency decreases from 200 Hz to 10 Hz. This decrease in
natural frequency is directly attributable to the additional
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mass, which effectively modifies the beam's inertia and
stiffness, resulting in a decreased oscillation rate. In numerous
applications, such as vibration isolation, energy harvesting,
and precision sensing, modulating the natural frequency to
meet specific requirements is essential for optimal
performance.

== (i) Beam width =6 mm
== @ Beam width = 8 mm
== (@) Beam width =10 mm
=) Beam width = 12 mm |

Beam thickness (substrate) = 0.23 mm
Beam thickness (PZT) = (.22 mm

Natural frequency (Hz)
S
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0 N . .
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Beam length (mm)
Fig 11: Beam natural frequency Vs. Length of the beam
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Fig 12: Natural frequency vs. tip mass
The stress generated within the beam is highly dependent on
its dimensions (length, width, and layer thickness) as depicted

in Fig. 13. Maximum stress increases with beam length
because longer beams bend and deform more under an applied
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excitation. In contrast, the maximum stress decreases as beam
width increases because broader beams provide greater
resistance to bending, hence reducing the stress concentration.
Increasing the beam's length from 10 mm to 30 mm results in

a corresponding increase in maximum stress from 0.5 MPa to
1.8 MPa.

2.5

== ) Beam width =6 mm
Pt == Beam width =8 mm
n‘: 2H <= @ Beam width =10 mm
z =8= ) Beam width =12 mm
:; Beam thickness 1
W (substrate) = 0.23 mm
g 1.5 ] Beam thickness
e (PZT)=0.22 mm
w
E I
-
)
=1
2 0.5E

10

Beam Length (mm)
Fig 13: Maximum Stress Vs Beam Length

Fig. 14 depicts the relationship between the output voltage
generated by the piezoelectric energy harvester and the
variation in input base acceleration. Depending on the
magnitude of the applied base acceleration, the harvester's
output voltage might vary widely. When the input acceleration
is increased from 1 g to 2 g, the harvester's output voltage
varies dramatically, going from 0.5 V to 15 V at the beam

length is 20 mm and the beam width of 10 mm
15 y
Beam Width =10 mm
Beam thickness (substrate) = 0.23 mm
Beam thickness (PZT) = 0.22 mm
—
a == @ Beam Length = 10 mm
@ 10 F|=®=@ Beam Length = 20 mm
%ﬁ == @ Beam Length = 30 mm
ey
=]
=4
st
=
£ st
=
<
0 A A A A
0 0.5 1 1.5 2
Accelartion (g)

Fig 14: Output voltage Vs. input base acceleration
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Power output by the piezoelectric beam-type energy
harvester as a function of input base acceleration is shown in
Fig 15. The input base acceleration has a considerable effect
on the output power. As the input base acceleration is doubled
from 1 g to 2 g, the harvester's output power changes from 100
uW to 495 mW, demonstrating a significant boost in its ability
to generate electricity. The highest output power of the
harvester is 495 mW, and it is achieved under specified
conditions with a beam length of 20 mm, width of 10 mm,
thickness of 0.45 mm, and an input acceleration of 2 g.

500
Beam Width = 10 mm
Beam thickness (substrate) = (.23 mm
- 400k Beam thickness (PZT) = 0.22 mm
s ==z, Beam Length = 10 mm
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2
=]
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=
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O 100}
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0 0.5 1 L5 2

Accelartion (g)

Fig 15: Output power Vs. input base acceleration

V. COMPARISON AND DISCUSSION

The performance of the train-induced vibration energy
harvester prototypes that have been produced is compared
with the performance of train-induced vibration type
harvesters that had been developed in the past. Table 2 shows
all the train-induced vibration energy harvester types that have
been recorded. These comparisons are carried out concerning
the place where the installation was carried out, the internal
resistance, the frequency, the output-input base acceleration,
the output voltage, and the output power. When compared to
piezoelectric harvesters, the Electromagnetically developed
harvesters have a comparatively lower Internal Impedance.
Piezoelectric energy harvesters, on the other hand, have a high
impedance.

The voltage production ofthe developed prototypes is
quite better than the developed energy harvester that has ever
been reported. However, when evaluated based on power
output, the prototypes generated in this work are capable of
generating higher output power than all of the reported energy
harvesters combined. It is evident from this comparison that
the energy harvester that was produced in this work is capable
of producing higher voltage and output power than the
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majority of the reported harvesters that have been developed
in the past.

Type Installation Frequency Input Load Voltage | Power Ref.
position (Hz) acceleration | resistance V) (mW)
(® ()
Line side 6 - 44.6 2.23 119 [42]
Onboard 8 - - 2.5 100 [48]
Line side 7-500 2 - - 45.5 [49]
Electromagnetic Line side 27 - - 1.7 10 [50]
Onboard 28 0.8 - - 6.5 [38]
Onboard - 300 7.07 28.4 [51]
Line side 4 - 50 - 196 [52]
Onboard - - - - 263 [53]
Line side - 0.2 44 1.8 - [54]
Line side 50 0.21 15000 - 1.843 [55]
Onboard 26 - 11000 - 3 [56]
Piezoelectric Line side - - 55024 - 1.03 [57]
Onboard - 1 - 0.3 [58]
Line side 16.6 - - 0.144 - [41]
Line side 1.8 - 1.09 [45]
Line side 3-6 - 40000 - 40 [59]
This prototype Line side 120 2 100 14 495 This
work

Table 2: Comparison of the developed train-induced vibration energy harvester

VI. CONCLUSION

This study aimed to evaluate the cantilever beam-type
energy harvester that operates on train-induced vibrations and
the developed prototypes may be used to supply power for
Wireless Sensor Networks (WSN) employed in the condition
monitoring of railway networks. The study covered a detailed
discussion of the architecture, working mechanism, modeling,
and simulation of the proposed energy harvester. An analytical
model was built to estimate a number of factors such as
maximal stress, stiffness, natural frequency, output voltage,
and output power. Different factors were examined employing
MATLAB simulations based on the analytical model, yielding
important insights into the harvester's performance under
changing conditions. COMSOL Multiphysics modelling and
simulation of the proposed energy harvester device was carried
out to validate the analytical modelling and acquire more
accurate findings. The device's natural frequency, maximum
deflection, and stress were calculated using eigen frequency
and stationary analysis. Simulated data showed that the
designed energy harvester prototype could generate up to 14 V
of AC output voltage and 495 mW of output power at a base
excitation of 2 g and a resonant frequency of 120 Hz. These
findings show that the suggested energy harvester has great
potential as a means of mechanical energy from trains into
electrical power. The analytical models developed were and
validated and showed that the suggested energy harvester is
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practical and reliable for use in monitoring loT-based railway
tracks in the real world.
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