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KEYWORDS ABSTRACT

Energy harvesting, This study proposes an innovative method for harvesting energy from vehicles as they pass
Piezoelectric, over speed bumps by leveraging piezoelectric materials. The core aim is to harness
Traffic sensors, mechanical vibrations produced by vehicle motion and convert them into electrical energy,
Speed bumps. which can then be used to power low-energy urban infrastructure, such as traffic sensors

and street lighting. To simulate this process, a cantilever beam model fitted with a
piezoelectric patch was utilized, with excitation through non-contact magnetic force. The
equations of motion were formulated based on the Euler-Bernoulli beam theory and
subsequently solved numerically using MATLAB. Experimental validation was carried out
by testing the system at two distinct velocities of the passing mass and three varying
distances between the mass and the beam. The results show a good correlation between the
mathematical model and the experimental data, confirming the model's reliability. Analyses
indicate that increasing the velocity of the passing mass causes a decrease in the output
voltage, and increasing the distance of the object from the magnet also leads to a decrease in
the magnetic force and a drop in the generated voltage. Moreover, the findings suggest that,
when optimized, the system can deliver a promising level of efficiency in generating power.

Extended Abstract

1. Introduction

he increasing demand for sustainable and low-maintenance energy solutions in intelligent urban

infrastructure has stirred up vast interest in energy harvesting technologies. In this context, piezoelectric

materials have become promising candidates because of their ability to convert mechanical vibrations into
electrical energy. This work proposes a new approach for harvesting energy produced by the vibrations caused by
vehicles when they cross speed bumps. The system exploits a cantilever beam provided with a piezoelectric patch,
which is actuated by noncontact magnetic forces to generate sustainable energy appropriate for low-power
applications, such as traffic sensors and streetlights. Background and Motivation Conventional approaches to
piezoelectric energy harvesting usually refer to direct mechanical coupling with dynamic bodies, entailing wear,
and reduced reliability in the long run.
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In order to overcome this constraint, the present study proposes an innovative non-contact method by using
magnetic forces to generate vibrations in the cantilever beam, which reduces mechanical wear and increases the
durability of the system. The main aim is to harvest vibrational energy produced by vehicles and transform it into
usable electrical energy, reflecting increasing focus on energy efficiency and development of smart city projects.
This would offer a low-cost solution for powering distributed systems in urban environments, such as traffic
control and public lighting networks.

2. Methodology

The proposed energy harvesting system is envisaged as a cantilever beam with a piezoelectric patch mounted
near its fixed end to maximize strain and increase energy output (Figure 1). The beam is magnetically coupled to
a moving mass that simulates the movement of a vehicle passing over a speed bump.
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Figure 1. Schematic of a cantilever beam with a piezoelectric patch, and a moving mass passing through

The magnetic forces induce vibrations as the mass moves under the beam, which are then converted to electrical
energy by the piezoelectric material. The dynamics are analyzed using Euler-Bernoulli beam theory with the
inclusion of electromechanical coupling to account for the coupling between mechanical deformation and
electrical charge production.

3. Analytical Modeling

The Lagrangian formulation, through which the kinetic, potential, and electrical energies were expressed in
terms of generalized coordinates, was used in deriving the equations of motion for the beam-piezoelectric system.
The displacement field was reduced to emphasize transverse motion, thereby reducing the model to a single degree
of freedom. Key parameters such as beam stiffness, damping, and piezoelectric coupling coefficients were
determined experimentally so as to offer more accuracy for the simulations. The vibrational response of the system
was analyzed by obtaining mode shape approximations from finite element modeling. Modal analysis pinpointed
the first natural frequency of the beam, which is very important for understanding resonance behavior. The
resulting equations were numerically solved using MATLAB, which allowed prediction of the voltage output for
different operating conditions.

Figure 2. Overview of the energy harvesting system
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4. Experimental Setup

Experimental verification was carried out with the help of a specially designed test setup. A cantilever beam,
148 mm long, with a piezoelectric patch bonded near its root, was excited by a magnetically levitated moving
mass. The beam was made of stainless steel while the piezoelectric patch used a commercially available material
(QP16N). A magnetic ball served as the moving mass and generated variable magnetic forces depending upon its
velocity and distance from the beam.

Fundamental experiments involved variation of both the velocity of the mass and its distance from the beam.
The generated voltage was measured using a high-impedance data acquisition system under open-circuit
conditions. The damping coefficient was determined using logarithmic decrement methods based on
measurements of free vibration decay, while the stiffness of the beam was determined via static load testing.

5. Results and Analysis

The system achieved an open-circuit voltage maximum of 3.622 V and delivered a peak power output of 1.40
pW when loaded by a 250 kQ resistance. A comparison between the numerical simulations and the experimentally
measured values revealed a difference of about 16%, due to environmental noise, measurement accuracy, and
modeling simplifications.
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Figure 3. Comparison between measured results and numerical solution for a 25 mm distance of the moving mass at speeds of (a) 0.7
meters per second and (b) 1.4 meters per second

Higher speed in the moving mass decreased the output voltage. Faster motion reduced the residence time to interact with
the magnetic field and thus reduced the beam deflection and strain in the piezoelectric patch. Increasing the distance between
the magnetic mass and the beam weakened the magnetic force, which reduced vibrations and the voltage output.

Comparison of maximum power in experimental and numerical solutions under the condition of a moving mass speed of
0.7 (m/s) and a distance of 25 mm is shown in Table 1.

Table 1. Comparison of maximum power in experimental and numerical solutions under the condition of a moving mass speed of 0.7
(m/s) and a distance of 25 mm.

Comparison Quantity Experimental Data Theoretical Data Error
Maximum Power at Optimal Resistance (uW) 1.40 7.46 -4.16%
6. Conclusion

This research presents an approach for harvesting energy from vibrations caused by vehicles passing over speed
bumps, utilizing piezoelectric patches and non-contact excitation through magnetic force. In this system, a
cantilever beam with piezoelectric patches is employed, and as a moving mass passes beneath a magnet attached
to the end of the beam, vibrations are generated that convert mechanical energy into electrical energy. The results
of the study show that the designed system, under open-circuit conditions, was able to generate a maximum voltage
of 3.622 volts. Additionally, an output power of 1.40 microwatts was produced at an optimal resistance of 250
kilo-ohms. The analysis indicates that increasing the speed of the passing mass from 0.7 meters per second to 1.4
meters per second led to a reduction in the output voltage, and increasing the distance of the object from the magnet
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also resulted in a decrease in magnetic force and a drop in the generated voltage. Experiments were conducted at
three distances: 25 mm, 28.6 mm, and 32.2 mm, with the highest efficiency achieved at a distance of 25 mm.
Validation of the numerical model with experimental data showed acceptable agreement, although a discrepancy
of approximately 16% was observed due to environmental factors, noise, and simplifications in the simulation
model. Considering optimal design and environmental conditions, this system can be employed as a sustainable
solution for powering low-consumption urban devices such as traffic sensors and streetlights.
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