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Abstract

Railway infrastructure is undergoing digital transformation, with increased reliance on intelligent
monitoring, control, and safety systems. Powering these distributed systems remains a challenge due to
the impracticality of extending wired connections or replacing batteries frequently along thousands of
kilo-meters of track. Energy harvesting offers a promising solution by converting train-induced
mechanical vibrations and track deflections into usable electrical power. This study proposes an
electromagnetic vibration-based energy harvesting system integrated with a mechanical amplification
mechanism. The system is designed to power wireless sensor networks (WSNs) deployed for railway
condition monitoring and operational safety. A prototype was modelled and tested under simulated train
axle loads (50-100 kN) and varying train speeds (40—100 km/h). Results indicate that the harvester
generates between 0.6—1.6 W of average power per axle load, sufficient to sustain WSN nodes for extended
periods without external energy supply. Compared with existing approaches, the proposed system
demonstrates higher power density and stability, enabling continuous power availability in remote railway
environments. The findings highlight the potential of railway energy harvesting as a viable component of
sustainable and autonomous railway operation frameworks.

Keywords: Railway energy harvesting, Electromagnetic generator, Track vibrations, Wireless sensor
networks, Sustainable power systems.

1. Introduction:

Energy harvesting in railway environments has attracted significant attention since the early 2000s,
primarily due to the high levels of mechanical vibration, repeated loading, and kinetic energy inherent to
train—track interactions. The railway industry presents a unique environment where substantial amounts
of otherwise wasted energy are available, and if properly harnessed, this energy can contribute toward
powering railway infrastructure, signalling systems, or wireless sensor networks (WSNs). Early patents
demonstrated the feasibility of converting train-induced forces into usable electrical energy. One of the
pioneering patented methods highlighted the potential of utilizing the vertical and lateral deflections of
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rails under train load to drive an electromechanical transducer, thereby generating power directly from
rail-track interaction [1]. Such approaches revealed the untapped potential of railway systems as
renewable energy platforms. However, these designs often remained at the conceptual or prototype stage,
with limited large-scale experimental validation [2].

A comprehensive review of transport-based energy harvesting technologies further emphasized
that railways, unlike road vehicles, offer repeatable and predictable loading conditions, making them ideal
candidates for controlled energy harvesting experiments [3]. Subsequent research examined energy
recovery from multiple railway phenomena, including rail bending, sleeper deflection, and track-bed
vibration. For instance, systems were proposed where piezoelectric or electromagnetic transducers were
embedded beneath railway sleepers to harvest energy from the periodic loading caused by passing trains

[3].

These studies demonstrated that even relatively small amounts of rail deflection could generate
electrical energy sufficient to power low-consumption devices such as track-mounted sensors or signal
lights. Nonetheless, the challenge lay in ensuring durability, as the railway environment subjects
components to extreme stresses, moisture, and temperature fluctuations [4]. In addition to braking-based
recovery, researchers have investigated energy harvesting from secondary effects of train operation, such
as airflow and acoustic vibrations. Although less efficient compared to track deflection methods, these
alternative strategies highlight the wide range of exploitable energy sources present in railway systems

[31, [4].

Another direction of research considered energy harvesting from train braking systems. The
braking process dissipates large amounts of kinetic energy, traditionally wasted as heat. By implementing
regenerative braking systems, significant portions of this energy can be recovered and stored in batteries
or ultracapacitors for reuse [5]. While this concept has been widely adopted in modern urban transit and
electric rail systems, its integration into conventional railway tracks and infrastructure remains limited,
often due to cost and retrofitting complexities. Despite these promising studies, most patented and
experimental systems remain at laboratory or pilot scale. A common shortcoming is the limited translation
of theoretical or prototype-level success into long-term field deployment. In real-world railway
environments, maintenance constraints, cost efficiency, and reliability over millions of loading cycles
often prevent these concepts from scaling up [1], [2], [5]. As a result, while the literature provides a rich
portfolio of energy harvesting strategies, practical application has lagged behind, leaving a clear gap
between theoretical feasibility and industrial implementation.

This background underscores the importance of continued research into robust, high-output energy
harvesters capable of withstanding harsh railway conditions, while simultaneously providing sufficient
power density to sustain real-time monitoring systems. Wireless sensor networks (WSNs) play a crucial
role in railway safety by monitoring track integrity, wheel defects, axle temperature, and vibration
anomalies. A model for secure railway operations was proposed, but power limitations restricted large-
scale deployment [6]. Research has emphasized that batteries in harsh environments degrade over time,
reducing reliability [7]. Other works reviewed ultra-low-power sensor design, noting the urgent need for
energy-autonomous nodes [8]. More recent studies in high-speed railway systems highlighted energy
sustainability challenges [9]. This shortcoming motivates the need for self-powered nodes in railway
applications [10].
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2.Literature Review:

Electromagnetic energy harvesters have emerged as one of the most promising technologies for
harnessing low-frequency vibrations in railway environments. These systems typically rely on Faraday’s
law of electromagnetic induction, where relative motion between a coil and a magnetic field induces
current that can be harvested and stored.

One reported railway-track vibration harvester successfully generated power in the range of 100
mW to 500 mW under field conditions [11]. This marked an important milestone by proving the feasibility
of powering low-consumption devices such as track-mounted sensors or wireless transmitters. Train-
induced vibrations, while frequent, are typically of low frequency (below 50 Hz) and often decay rapidly
as they propagate through the ballast and sleepers. This creates challenges in maintaining consistent energy
generation. To overcome these limitations, researchers explored various design modifications and
amplification strategies. For example, adding mechanical resonance structures—such as cantilever beams
with attached proof masses—has been proposed to amplify weak track vibrations, thereby improving
electromagnetic induction efficiency [12]. Such mechanical amplifiers can shift the harvester’s natural
frequency to match the dominant frequencies of railway-induced vibrations, significantly increasing
harvested power. Nevertheless, ensuring structural durability under cyclic loading and environmental
stresses remains a major design hurdle.

Another important advancement in this area has been the integration of electromagnetic harvesters
with wireless sensor networks (WSNs). WSNs are indispensable in modern railway monitoring, as they
detect rail cracks, measure axle temperature, or monitor ballast settlement. However, their dependence on
conventional batteries has hindered large-scale deployment due to maintenance costs and limited
operational lifetimes. When coupled with electromagnetic energy harvesters, these sensor nodes can
operate autonomously, thereby enhancing system reliability and reducing the need for manual battery
replacement [12]. This integration represents a significant step toward realizing energy-autonomous
monitoring systems for smart railways.

Further theoretical analyses of vibration energy harvesting in low-frequency environments have
also provided valuable design guidelines. Models accounting for vibration spectrum characteristics,
damping ratios, and electromagnetic coupling have been developed to optimize the coil-magnet
configuration, improve transduction efficiency, and estimate realistic power outputs [13]. Such studies
emphasize that system performance is highly sensitive to resonance tuning, coil winding density, and
magnetic field strength. Additionally, these models highlight that achieving watt-level outputs requires
not only efficient transduction but also mechanical amplification mechanisms that can capture a greater
portion of train-induced energy.

Durability is another critical factor that has steered the research community toward
electromagnetic harvesters rather than piezoelectric devices. While piezoelectric harvesters can achieve
relatively high energy densities, they are prone to material fatigue, depolarization, and cracking under
heavy dynamic loads—conditions typical of railway tracks. Electromagnetic systems, in contrast, rely on
relatively robust coils and magnets, which can withstand harsh mechanical and thermal cycling without
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significant degradation [14]. This makes them particularly attractive for long-term deployment in railway
infrastructure, where maintenance opportunities are infrequent and costly. Researchers have proposed
several approaches, including multi-stage resonators, nonlinear energy harvesting techniques, and
magnetic resonance coupling, to enhance system responsiveness to weak excitations [15]. However, these
strategies are still largely experimental and have yet to be validated under full-scale railway operations.

2.1 Inspiration from Road Shock Absorbers:

Inspiration for enhancing railway vibration harvesters can be drawn from the automotive domain,
particularly the development of regenerative electromagnetic shock absorbers. Road vehicles, like trains,
operate under constant exposure to vibration, suspension deflection, and cyclic dynamic loading. Unlike
railway tracks, however, road suspensions exhibit relatively larger displacements during operation,
making them ideal candidates for harvesting mechanical energy through electromagnetic induction.

Early studies on regenerative shock absorbers for vehicles demonstrated that energy recovery at
the watt level was achievable under normal driving conditions [16]. These systems typically replace or
supplement conventional hydraulic dampers with electromagnetic mechanisms that convert suspension
movements into electrical energy. The principle relies on relative motion between a coil and a permanent
magnet, in which vertical oscillations of the suspension generate alternating currents that can be rectified
and stored. The key advantage is that energy otherwise wasted as heat in traditional dampers can instead
be utilized to power onboard electronics or even partially charge the vehicle battery.

Subsequent improvements in suspension-based harvesters pushed the boundaries further, with
experimental results indicating energy recovery potentials ranging from 100 W to as high as 400 W in
automotive systems [17]. These values are orders of magnitude higher than the outputs typically obtained
from railway-track-based vibration harvesters, which are usually limited to a few hundred milliwatts. The
significant difference lies in the amplitude of motion: car suspensions experience deflections of several
centimeters, whereas rail track vibrations are often restricted to sub-millimeter levels. This contrast
suggests that railway harvesters could benefit from adopting similar principles of mechanical
amplification to artificially increase effective displacement and maximize electromagnetic induction.

In addition to pure electromagnetic conversion, hybrid damping-energy harvesting systems have
been introduced in the automotive sector [18]. These designs integrate traditional damping with energy
recovery, maintaining passenger comfort while simultaneously generating power.

Research in vehicle systems has shown that resonant coupling between magnetic structures and
coils can significantly improve transduction efficiency [19]. By tuning the resonance frequency of the
magnetic subsystem to match dominant vibration frequencies, energy conversion can be maximized
without requiring excessively large displacements. This concept could be adapted to railway harvesters,
where resonance tuning is essential due to the low-frequency but periodic nature of train-induced
vibrations.

The automotive literature, therefore, serves as both a technological and conceptual foundation for
railway energy harvesting. While direct application is not feasible due to differences in mechanical
environments, the principles of mechanical amplification, hybrid damping—harvesting integration, and
resonance tuning are directly transferrable in summary, road shock absorber research highlights the
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immense potential of regenerative suspension systems to deliver high levels of energy recovery.
Translating these ideas into the railway sector represents a promising pathway to overcome the persistent
challenge of low vibration amplitudes in track-based harvesters. By integrating mechanical amplification
and hybrid approaches, railway harvesters could evolve into reliable, high-output systems that power next-
generation railway monitoring and safety infrastructures [20].

——
==

Figure 1: Methodology

3.Methodology:

The Figure 1 illustrates the overall workflow of the study. This research followed a systematic
methodology involving system design, prototype fabrication, and performance evaluation to develop an
electromagnetic railway vibration energy harvesting system for sustainably powering wireless sensor
networks (WSNs). The approach combined conceptual design, mechanical amplification, electromagnetic
conversion, power conditioning, and experimental validation.
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3.1 System Design and Conceptualization

Railway tracks are constantly subjected to cyclic vibrations generated by train axle loads, typically
within the frequency range of 20-35 Hz and with vertical displacements of 2-4 mm. Previous research
has shown that these vibrations can be effectively harnessed to power small electronic devices and
monitoring systems [21]. Based on these insights, the proposed energy harvesting system was designed
with several integrated components: a rail-spring assembly to capture vibrations, a rack-and-pinion
mechanism to amplify small displacements, a flywheel with a chain drive to stabilize motion, and an
electromagnetic generator to convert mechanical energy into electricity. A power conditioning circuit was
incorporated to ensure the harvested energy could reliably meet the voltage and current requirements of
wireless sensor nodes [22].

3.1.1 Theoretical Comparison

The proposed electromagnetic vibration harvester was compared theoretically with existing
piezoelectric and hybrid harvesters. Based on Faraday’s law of induction, the induced voltage V=N d®/dt
depends on coil turns (N) and rate of magnetic flux change (d®/dt). For the same input vibration amplitude
(2-4 mm at 25-35 Hz), electromagnetic harvesters can produce power levels in the range of 0.5-2 W,
whereas piezoelectric systems typically achieve less than 0.2 W under identical excitation conditions [21,
22]. This theoretical comparison validates the selection of electromagnetic design for higher efficiency
and long-term durability in railway environments.

3.2 Mechanical Amplification Subsystem

Since railway vibrations exhibit relatively low amplitudes, a mechanical amplification system was
necessary to efficiently convert small displacements into usable rotational motion. Similar strategies have
been employed in large-scale railway vibration harvesters using lever-based or rack-and-pinion
mechanisms [23]. In this work, a spring-supported rail captured the axle load vibrations (50-100 kN) and
transferred them to a rack-and-pinion assembly. A flywheel was integrated to provide rotational inertia,
maintaining continuous motion even during intermittent train passages. Additionally, a chain drive was
used to optimize the speed transmission to the generator shaft, ensuring consistent energy conversion [24].

3.3 Electromagnetic Generator Design

The electromagnetic generator was designed according to Faraday’s law of induction, which states
that the induced voltage is proportional to the rate of change of magnetic flux. Low-frequency
electromagnetic harvesters are particularly suitable for railway applications due to their robustness and
scalability [22]. For this design, a Neodymium Iron Boron (NdFeB) permanent magnet (40 mm x 20 mm)
and a copper coil with 1500 turns of 0.5 mm wire were selected. A laminated soft iron core was employed
to minimize eddy current losses, and a 2.5 mm air gap was optimized to enhance magnetic flux coupling.
The generator was tuned to correspond with the dominant vibration frequencies observed on railway tracks
(25-35 Hz) for efficient energy conversion [23].
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3.4 Power Conditioning and Energy Storage:

The alternating current (AC) output from the generator was rectified using a full-bridge diode
rectifier and stabilized with a 2200 uF capacitor. Harvested energy was stored in a 7.4 V, 2000 mAh
lithium-ion battery, sufficient to power wireless sensor nodes with an active consumption of
approximately 200 mW. While hybrid energy harvesting approaches can improve reliability by combining
multiple energy sources [25], this study focused solely on electromagnetic energy harvesting to
demonstrate the feasibility of a standalone system [21].

3.5 Prototype Fabrication and Experimental Setup:

The prototype system was fabricated and tested on a laboratory-scale railway vibration simulator
capable of replicating axle loads (50-100 kN) and train speeds (40-100 km/h). This controlled setup
follows previous methodologies in railway trackside monitoring studies, allowing precise evaluation
before in-field deployment [24]. System performance was measured using a Tektronix 100 MHz
oscilloscope, digital multimeter, accelerometer, and data logger to record voltage, current, and dynamic
responses during testing [22].

3.6 Performance Evaluation and Optimization:

Three distinct testing conditions were investigated: (i) low speed (40 km/h, 50 kN), (ii) medium
speed (60-80 km/h, 75 kN), and (iii) high speed (100 km/h, 100 kN). Output voltage, current, and
harvested power were analyzed under each condition. System optimization was achieved by adjusting coil
turns, chain drive ratios, and load matching to maximize energy conversion efficiency [23]. Consistent
with prior reports on railway vibration harvesters [22-25], the results demonstrated that the proposed
system could reliably convert low-frequency railway vibrations into usable electrical energy, providing a
sustainable power source for long-term wireless sensor network (WSN) operation.

The harvester performance can be mathematically modelled as:
P=1/2 N’B2A2»?RL/ (Rc+RL)?

P = output power, N= coil turns, B = magnetic flux density, A = vibration amplitude, ®= angular
frequency, RL = load resistance, and Rc = coil resistance.

Optimization was achieved by adjusting N, RL and gear ratio to maximize P. This model aligns with
electromagnetic vibration harvester design theories.

A theoretical optimization of the proposed electromagnetic railway vibration energy harvester was
carried out using the mathematical model P = 1/2 (N?B?A2®w?RL)/(Rc + RL)?, where P is the output power,
N is the number of coil turns, B is the magnetic flux density, A is the vibration amplitude, o is the angular
frequency, RL is the load resistance, and Rc is the coil resistance. Based on the design parameters of the
prototype (N = 1500 turns, B=0.45 T, A =3 mm, f =30 Hz, and Rc = 30 Q), the condition for maximum
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power was achieved when RL = Rc. Substituting these values into the model yielded a theoretical
instantaneous power of approximately 60 W under ideal conditions.

Considering magnetic leakage, mechanical damping, and rectification losses, the effective output
was reduced to around 1.2 W, which closely aligns with the experimentally obtained results of 1.33-1.61
W under high load and speed conditions. This correlation validates the accuracy of the theoretical model
and the efficiency of the harvester design. Furthermore, a sensitivity analysis indicated that increasing the
coil turns, magnetic flux density, or vibration amplitude by 10% could enhance the output power by 20—
35%, suggesting that minor design improvements could enable power levels exceeding 2 W. Hence, the
optimization results confirm that the proposed system operates near its theoretical efficiency limit and
possesses strong scalability potential for powering multiple wireless sensor nodes in real-world railway
environments.

4. Results and Discussions:

The results confirm that railway vibrations can be effectively harvested through an electromagnetic
system with mechanical amplification. Mechanical amplification plays a critical role in ensuring the
viability of the proposed railway vibration energy harvesting system. Without the rack-and-pinion and
flywheel mechanism, the small track deflections generated under axle loads (approximately 2—-4 mm)
would have produced less than 200 mW, which is insufficient for sustaining wireless sensor network
(WSN) operation. By introducing amplification, the harvested energy output is significantly boosted,
enabling long-term powering of sensor nodes.

Scalability is another key advantage of the system; given the frequent train passages, the
cumulative energy harvested can be efficiently stored and used to continuously power multiple sensor
nodes. For long-haul freight routes, deploying additional harvesters at regular intervals (e.g., per
kilometer) could establish an integrated smart-railway energy grid. Furthermore, the system demonstrates
high durability and reliability, as electromagnetic harvesters withstand repeated axle stresses far better
than piezoelectric systems, which often degrade under cyclic loading.

Mechanical Electromagnetic
Axle Load
‘ Amplification ‘ Generator
WSN
Power Rectifier and
Conditioning - Energy Storage

Figure 2: Schematic of Rail Track Energy Harvesting System
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Figure 2 depicts the process of converting axle load into electrical energy, amplified mechanically,
generated electromagnetically, transmitted via WSN (Wireless Sensor Network), and then rectified and
stored with power conditioning.

The conceptual block diagram of the proposed system illustrates the complete energy conversion
pathway from train axle-induced vibrations to the electrical output required for powering wireless sensor
networks (WSNs). The system is structured around four integrated subsystems. First, the mechanical input
capture stage utilizes a spring-supported rail section to collect axle load-induced vertical deflections in the
range of 2—4 mm. These small displacements are then enhanced through the mechanical amplification
stage, where a rack-and-pinion assembly coupled with a flywheel converts low-amplitude vibrations into
sustained rotational motion.

This rotational energy drives the electromagnetic conversion subsystem, comprising an NdFeB
permanent magnet and copper coil generator, optimized to operate within the 25-35 Hz vibration
frequency range. Finally, the generated alternating current is regulated in the power conditioning and
storage stage using a rectifier-capacitor circuit, with surplus energy stored in a lithium-ion battery. This
ensures a stable and continuous power supply for wireless sensor nodes deployed in railway monitoring.
A prototype of the proposed energy harvesting system was fabricated and evaluated using a laboratory
railway vibration simulator to replicate real-world operating conditions. The schematic layout of the setup,
presented in Figure 4.2, incorporates several key components arranged in sequence to demonstrate the
complete energy harvesting pathway. A rail section with spring assembly was designed to mimic realistic
track deflections under axle loads, providing the initial mechanical input. This motion was transferred to
a rack-and-pinion mechanism, which amplified the vibration displacement and converted it into rotational
energy. The rotational output was stabilized and optimized for torque transfer through a flywheel coupled
with a chain drive, ensuring consistent motion for effective power generation. The rotational energy was
then directed into an electromagnetic generator, where the interaction of the coil and permanent magnet
produced alternating current voltage. This electrical output was subsequently regulated and smoothed
using a rectifier-capacitor circuit, ensuring steady performance. Finally, the conditioned energy was stored
in a lithium-ion battery, with a wireless sensor network (WSN) node [26] connected to represent the
practical load requirements in real-world railway monitoring applications.
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Table 1: Performance of electromagnetic railway vibration energy harvester under three different

operating conditions: low, medium, and high load/speed

Speed | Axle Load Avg. Output  |Avg. Output Current | Avg. Power

Condition (km/h) (kN) Voltage (V) (mA) (W)

Low Load/Speed 42 51 6.3 94 0.60

Medium-1 60 70 8.4 118 0.99
Medium-2

Load/Speed 71 76 9.9 134 1.33

High 1 Load/Speed | 85 90 10.5 139 1.46

High 2 Load/Speed | 101 100 11.1 141 1.61

The table 1 depicts the performance of the electromagnetic railway vibration energy harvester
under three different operating conditions: low, medium, and high load/speed. As shown, an increase in

train speed and axle load directly enhances the energy harvesting output. At low load/speed (42 km/h, 51
kN), the system produced an average of 6.3 V, 94 mA, and 0.60 W. Under medium conditions (71 km/h,
76 kN), performance improved to 9.9 V, 134 mA, and 1.33 W. Finally, at high load/speed (101 km/h, 100

kN), the harvester achieved its peak output of 11.1 V, 141 mA, and 1.61 W. This clearly demonstrates the
system’s scalability and efficiency, where higher mechanical input results in greater electrical energy

generation, sufficient to power wireless sensor networks sustainably.

1.61
400
350
g 300 9.9 141
& 250 11 0.6
S
5 200 101 100 134 1.33
“‘GCJ 150
8- 100 71 76
50 42 51 4 o Vo 4
0 6.3
Speed Axle Load Avg. Output Avg. Output Avg.Power
(km/h) (kN) Voltage (V) Current (W)
(mA)

Operating Parameters

H Condition Low Load/Speed Medium Load/Speed High Load/Speed

Figure 3: Performance of the Electromagnetic Railway Vibration Energy Harvester under
Different Operating Conditions
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Figure 3 illustrates the performance of the electromagnetic railway vibration energy harvester
under low, medium, and high load/speed conditions. The results show that as train speed and axle load
increase, the harvested electrical output (voltage, current, and power) also rises, with maximum values of
11.1V, 141 mA, and 1.61 W recorded at high load/speed. This confirms the scalability and efficiency of
the proposed system for powering wireless sensor networks.

At low load/speed (42 km/h and 51 kN axle load), the harvester generated an average voltage of
6.3V, a current of 94 mA, and an average power of 0.60 W. This baseline performance demonstrates that
even under minimal dynamic excitation, the system is capable of producing usable electrical energy.

When operating under medium load/speed conditions (71 km/h and 76 kN axle load), the electrical
output increased significantly, reaching an average voltage 0of 9.9 V, current of 134 mA, and power of 1.33
W. This nearly twofold increase in harvested power compared to the low-load scenario illustrates the
sensitivity of the harvester to increased mechanical input energy from train vibrations.

Under high load/speed conditions (101 km/h and 100 kN axle load), the system achieved its
maximum recorded outputs: 11.1 V, 141 mA, and 1.61 W. The observed trend confirms that the harvester
efficiently converts higher kinetic energy from faster and heavier trains into electrical energy. This
scalability indicates that the device can adapt to varying railway operational conditions and reliably supply
power to distributed wireless sensor networks along the tracks.

5. Conclusion

The performance evaluation of the electromagnetic railway vibration energy harvester
demonstrates its ability to efficiently convert mechanical vibrations from train movement into usable
electrical energy. The harvested voltage, current, and power showed a clear increasing trend with rising
train speed and axle load, indicating a strong dependence of energy output on operational conditions.
Under low load/speed conditions, the system produced sufficient energy to power small-scale devices,
while at medium and high load/speed conditions, the harvester achieved maximum outputs of 11.1V,
141 mA, and 1.61 W, highlighting its capability to scale with more intense mechanical inputs. These results
confirm that the proposed harvester is not only reliable under varying dynamic conditions but also efficient
enough to support the energy demands of distributed wireless sensor networks along railway tracks. The
scalability of the system ensures that it can adapt to different train types, speeds, and axle loads, making
it a versatile solution for real-world railway monitoring and energy harvesting applications. Overall, the
study validates the practical feasibility and effectiveness of the device, providing a foundation for further
optimization and integration into smart railway infrastructure.
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