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Abstract : The growing demand for sustainable energy sources has driven researchers to explore innovative energy harvesting
techniques. This paper presents a novel mechanical energy harvesting system designed for smart infrastructure applications. The
system consists of a spring-loaded mechanism and piezoelectric transducers embedded within a structured model. When pressure
is applied, the mechanical force compresses the springs, generating vibrations that activate the piezoelectric discs, producing
electrical energy. This harvested energy can be stored in a capacitor or battery and used for low-power applications such as LED
lighting, sensor networks, and loT devices. The integration of a rack and pinion mechanism enhances the displacement,
improving energy conversion efficiency. This technology is particularly beneficial for smart infrastructure, industrial floors,
transportation systems, and public walkways, contributing to energy efficiency and sustainability. The paper aims utilizing
wasted mechanical energy, this system promotes eco-friendly power generation and supports the development of self-sustaining
smart infrastructure.

I. INTRODUCTION

Energy harvesting technologies have gained significant attention as the world shifts towards renewable energy solutions. Traditional
power generation methods rely heavily on fossil fuels, leading to environmental concerns such as carbon emissions and resource
depletion. To address these challenges, developed alternative energy harvesting techniques that convert wasted mechanical energy
into usable electricity.

One of the most abundant but underutilized sources of mechanical energy is human and vehicular motion. Millions of people walk
on roads, while vehicles generate substantial vibrations on highways and bridges and also the vibration from machines that generate
while in working condition. This mechanical energy, if effectively captured, can contribute to sustainable energy solutions.

This paper proposes a mechanical energy harvesting system using a rack-and-pinion mechanism integrated with a spring-based
platform to convert vertical displacement into rotational motion, ultimately driving a motor to generate electricity. The system is
designed to be installed in high-traffic areas to harness the kinetic energy from foot traffic and vehicle motion. This study explores

the system’s design, working principles, mathematical modeling, and performance evaluation.

Il. LITRATURE REVIEW
Energy harvesting has been extensively researched in recent years, with various methods explored for smart infrastructure

applications. Some of the most common techniques include piezoelectric, electromagnetic, and triboelectric energy harvesting.
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Piezoelectric materials generate electricity when subjected to mechanical stress, making them suitable for applications like smart
flooring and sensors. However, these materials are expensive and tend to degrade over time, limiting their long-term efficiency.
Electromagnetic energy harvesting relies on the movement of magnets and coils to produce electricity, similar to conventional
generators. While effective, this method often requires complex circuitry and large components, making it less practical for
infrastructure-based energy harvesting. Triboelectric generators, which utilize friction between two materials to generate an electric
charge, have also been explored for self-powered sensors and wearable electronics. Despite their potential, triboelectric systems are

highly dependent on environmental factors and material wear, affecting their long-term performance.

Given these limitations, rack-and-pinion-based energy harvesting offers a more durable and cost-effective alternative. The
rack-and-pinion mechanism is widely used in mechanical systems to convert linear motion into rotational motion, making it an
ideal choice for mechanical energy harvesting. Some studies have investigated its application in automotive suspension systems
to recover energy from vehicle vibrations, but limited research has been conducted on integrating this mechanism into smart
infrastructure. The proposed system aims to bridge this gap by developing a scalable and efficient rack-and-pinion-based
energy harvesting system, capable of harnessing energy from pedestrian and vehicular motion in urban environments. By
leveraging mechanical simplicity, cost-effectiveness, and reliability, this system has the potential to contribute to the development

of self-powered infrastructure and reduce dependence on conventional energy sources.

I11. METHODOLOGY

The proposed energy harvesting system is designed to convert mechanical motion into electrical energy using a rack-and-pinion
mechanism. The system consists of two plates, four springs, a rack-and-pinion setup, and a motor. The upper plate moves under
external force, while the lower plate remains stationary. When force is applied to the upper plate—such as from pedestrian footsteps
or vehicle loads—it moves downward, compressing the springs. A rack, which is fixed to the moving plate, moves vertically and
engages with a pinion gear. The rotational motion of the pinion is transferred to a DC generator (motor), which converts mechanical
energy into electrical energy. Once the force is removed, the springs expand, pushing the plate back to its original position, which

resets the system for continuous energy harvesting.

e System Components & Working Principles :

a) Upper and Lower Plates: The upper plate experiences external force, while the lower plate remains fixed to the ground.

b) Springs: Four springs are placed beneath the upper plate to provide restoring force, ensuring smooth up-and-down motion.
¢) Rack-and-Pinion Mechanism: The linear displacement of the rack is converted into rotary motion by the pinion.

d) Motor (DC Generator): The rotation of the pinion drives the motor, generating electricity.

e) Energy Storage: The generated power can be stored in batteries or capacitors for later use.

e Mathematical Modeling :

The system's performance is analyzed using the following equations:
a) Spring Force (Hooke’s Law):
F=kxF = kx
where FF is the applied force, kk is the spring constant, and xx is the displacement.
b) Torque on the Pinion:
T=F-rT = F \cdot r
where TT is the torque, rr is the radius of the pinion, and FF is the force applied by the rack.
c) Power Output:
P=T-wP = T \cdot \omega

where PP is the generated power, TT is torque, and w\omega is the angular velocity of the pinion.
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By optimizing the spring stiffness, rack displacement, and motor efficiency, the system can be designed to generate maximum

power output from mechanical movement.

IV. EXPERIMENTAL SETUP

To validate the system, computer simulations were conducted using CATIA. The simulations modeled the force application on the
plate, the rack’s displacement, and the resulting energy generation. Results showed that higher applied force increased energy
output, confirming the feasibility of the design.

A prototype was built using aluminum plates, steel springs, and a high-efficiency DC motor. Testing was conducted under controlled
conditions with varying force applications. The results indicated that the system successfully generated usable voltage and current,

demonstrating its potential for real-world implementation.

¢ System Components and Specifications

Sr. Components Function Material Used
No.
1. Upper & Lower Plate Provides surface for external force application and Aluminum

supports mechanical components

2. Springs To restores plate to original position after Stainless steel

compression

3. Rack Converts vertical displacement of the plate into linear Alloy steel
motion.
4, Pinion Rotates when engaged with the rack, transferring Hardened Steel

motion to motor

5. Motor Convert Rotational motion into electrical energy. DC Motor

6. Energy Storage Unit Stores the generated electric power for later use. Li-ion Battery

e Performance Evaluation :

a) The system converted vertical displacement into stable energy output.
b) The energy output was compared to piezoelectric and electromagnetic harvesters, showing better cost efficiency.

c) Frictional losses were identified as a challenge, which can be minimized with lubrication and material selection.

V. CONCLUSION

This study presents a mechanical energy harvesting system designed to convert mechanical motion from pedestrian footsteps or
vehicular loads into electrical energy. The proposed system consists of two plates, four springs, a rack-and-pinion mechanism, and
a DC generator, which work together to transform vertical displacement into rotational motion, ultimately generating electricity.
The design was analyzed using mathematical modeling, simulations, and experimental testing, demonstrating its feasibility for
smart infrastructure applications.

The experimental results confirmed that the system can effectively generate electrical energy when subjected to external force.
Optimization of design parameters, such as spring stiffness, rack displacement, and pinion size, plays a crucial role in maximizing
energy output. The integration of high-efficiency motors and advanced storage systems can further enhance the system’s
performance. Moreover, simulation and real-world testing provided valuable insights into structural durability, energy conversion

efficiency, and mechanical losses, which will help in refining future designs.

JETIR2503831 ] Journal of Emerging Technologies and Innovative Research (JETIR) www .jetir.org | 232


http://www.jetir.org/

© 2025 JETIR March 2025, Volume 12, Issue 3 www.jetir.org (ISSN-2349-5162)

While the proposed model shows promise, further research is required to improve efficiency, scalability, and integration with

existing energy networks. The incorporation of 10T, smart sensors, and hybrid energy harvesting technologies could enhance its

real-world applicability. Additionally, large-scale deployment and field testing in high-footfall urban areas, roads, and bridges

would provide a deeper understanding of its long-term performance and economic viability.

Overall, this mechanical energy harvesting system represents a step forward in sustainable energy solutions for smart cities. By

utilizing renewable mechanical energy sources, it has the potential to reduce dependence on conventional power grids, contribute

to energy conservation, and support the development of self-powered infrastructure in the future.
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