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INTRODUCTION
1.1 Background and Context

Abstract

Pakistan faces a persistent energy crisis, with frequent power outages and reliance
on costly, environmentally harmful fossil fuels, necessitating sustainable energy
solutions. This study explores piezoelectric energy harvesting through footstep
power generation using Lead Zirconium Titanate (PZT) transducers to addvess
localized energy demands in urban settings. The system converts mechanical stress
from pedestrian and vehicular traffic into electrical energy, suitable for low-power
applications like LED lighting and mobile charging stations. Implemented in
high-traffic areas such as crosswalks, universities, and railway stations, the
prototype employs 40 PZT transducers arranged in parallel, supported by a
wooden frame with springs for durability. Simulations using COMSOL
Multiphysics predicted a wvoltage output of -58V under a 10N load, while
experimental results yielded 20V and 2.3 mW from a 16-sensor array, sufficient
for smallscale applications. Future improvements include advanced materials,
resonant frequency optimization, and hybrid integration with solar or wind energy
to enhance efficiency and applicability, particularly in Pakistan’s congested urban
centers, contributing to decentralized, ecofriendly energy solutions.

overloading  the  economy, is

worsening

The global energy landscape is undergoing rapid
changes as countries confront rising energy demands,
dwindling fossil fuel supplies, and the need to
mitigate environmental degradation. Energy sources
have become less effective and environmentally
unfriendly, leading to renewed interest in the
development of sustainable energy solutions.
Pakistan is a country experiencing a continuous
energy crisis that severely affects economic growth
and the quality of life. Every day, living and
industrial productivity are interrupted due to power
outages. Mohammed et al. (2023) also argue that the
usage of thermal power generators, based on fossil
fuels and the dominant energy source in Pakistan,
causes high electricity bills due to fluctuating
international fuel prices. This reliance, besides

environmental pollution by emitting greenhouse
gases, worsening the issue of climate change. A more
environmentally friendly, renewable source of energy
is essential to increase the nationwide grid and
minimize environmental damage.

Karachi, Lahore, and Islamabad are some of the
major cities in Pakistan that currently face a massive
energy deficit, and sophisticated concepts are a socio-
economic necessity. Although being effective, the
traditional renewable sources such as solar power,
wind power, and hydroelectric power require
significant investments in infrastructure, and due to
the geographic (and climatic) limitations, can be
restricted. Fauzi and Noh (2022) emphasize that
decentralized and small-scale energy harvesting
technologies represent a viable solution for meeting
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localized energy demands, especially in high-density
areas. Piezoelectric energy harvesting, which refers to
the ability to translate human mechanical energy
into electricity, offers a cost-effective and sustainable
solution. Piezoelectric systems have the potential to
supply the energy consumed in Pakistan through
ambient energy generated by high-traffic locations,
such as crosswalks and public spaces, which align
with the sustainability objectives of the rest of the
world by reducing energy consumption and
emissions (Zhao et al., 2023). The technology is
based on harnessing our daily activities to produce
clean energy, thus minimizing the use of fossil fuels
and the impact on the environment.

1.2 Significance of Piezoelectric Energy Harvesting
Piezoelectricity, derived from the Greek word
piezein, meaning "to press," describes the
phenomenon where certain materials produce an
electric voltage in response to mechanical stress. This
phenomenon was discovered in 1880 by Paul-Jacques
and Pierre Curie and allows for the transformation
of kinetic energy into electrical energy, which is an
excellent renewable energy source. Piezoelectric
devices are gaining more widespread use in high-
traffic areas, including pedestrian sidewalks,
underground metro stations, and city squares, where
human mobility is prevalent. According to Helonde
et al. (2021), piezoelectric energy harvesting can be
utilized to enhance low-energy features, such as
streetlights or mobile charging stations, by harvesting
energy from footsteps. As an example, Selim et al.
(2023) report successful applications where tiles in
the areas with high traffic produced a large amount
of electricity, proving that the technology has
potential as a zero-pollution power source compared
to fossil-fuel-generated power.

Piezoelectric energy harvesting has great potential in
Pakistan, where cities face severe congestion from
both pedestrian and vehicle traffic. According to Ben
Ammar et al. (2023), the deployment of piezoelectric
sensors within infrastructure, such as crosswalks and
speed breakers, can generate electricity that can be
utilized in a local setting, reducing reliance on the
national grid. Piezoelectric systems are not
dependent on weather conditions, unlike solar
energy or wind energy, and are reliable and
environmentally beneficial, even in the face of

constant human activity. Sitapura (2022) states that
the systems do not entail any emissions, which is
consistent with Pakistan's environmental
commitments and the global sustainability goals.
This piezoelectric technology applied to urban
infrastructure such as universities or railway stations,
Pakistan would have a viable solution to the energy
crisis that is clean and decentralized, harnessing the
available human movement to generate sustainable
power.

1.3 Objectives of the Study

The objectives are:

v Develop a piezoelectric-based footstep power
generation system utilizing PZT transducers to
harness electrical energy from mechanical stress.

v Design a robust system capable of withstanding
varying loads from pedestrians and vehicles, ensuring
durability and reliability.

v Implement the system in high-traffic areas, such as
crosswalks, speed breakers, universities, and railway
stations, to maximize energy output.

v' Achieve efficient conversion of kinetic energy into
electrical energy for storage and use in low-power
applications, such as LED lighting or mobile
charging stations.

v Evaluate the system's performance through
simulations and experimental setups to ensure
practical applicability in urban environments.

1.4 Scope and Delimitations

This study focuses on low-level energy harvesting
using piezoelectric systems for powering low-energy
devices, such as LEDs, charging small devices, and
emergency lighting. The project is to be implemented
in high-traffic zones within urban settings, such as
pedestrian walkways, where both foot and vehicular
traffic are likely to be present. Uniform mechanical
pressure, in the form of footsteps or vehicle traffic,
can be utilized to generate electricity through Lead
Zirconium Titanate (PZT) transducers. The system
should give the country of Pakistan a sustainable,
nearby energy source that caters to the urban energy
needs of Pakistan, complementary to the traditional
sources.

Nevertheless, the paper acknowledges that
piezoelectric systems have low scalability and
production, as they typically produce a current of
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only 1-2.5 mA, which requires a considerable
amount of foot traffic to generate usable power. PZT
transducers may be affected by environmental forces,
such as temperature and humidity changes, which
can impair the durability and performance of the
system, limiting its use to clean experimental
environments. The study is not intended to
substitute massive energy systems but to provide a
supplementary solution to the ecofriendly power
generation on the micro-level in urban areas.

2. Literature Review

2.1 Piezoelectricity Fundamentals

The term piezoelectricity originates from the Greek
words piezein (meaning "to press or squeeze"), which
describes the characteristic of some materials to
produce an electric charge in response to applied
mechanical stress. This phenomenon was discovered
in 1880 by Paul-Jacques and Pierre Curie and is a
result of the non-centrosymmetric crystal structure of
certain materials. As a consequence, it can easily
invert a process, as mechanical stress can be
converted into an electrical voltage and vice versa.
According to Sathisha (2021), this effect is central to
technologies in energy harvesting, which enable low-
power devices to convert ambient mechanical energy,
including vibrations or pressure into electrical
energy. Piezoelectric materials comprise natural and
synthetic materials. One of the first materials to be
discovered to have piezoelectric characteristics was
quartz, a naturally occurring crystal, which is
valuable for early applications.

Biological materials, such as bone and collagen, are
found to be piezoelectric, which is notable in

biomedical applications.  Nevertheless, living
materials have been replaced in contemporary energy
harvesting applications by synthetic ones, such as
Lead Zirconium Titanate (PZT), which are more
sensitive and possess higher electromechanical
coupling. According to Halim and Hassan (2023),
the optimized composition of PZT, which involves
adjusting the zirconia and titania ratios, enhances its
performance, making it suitable for applications such
as footstep energy generation. Asadi et al. (2023)
highlight the efficiency of PZT in converting
mechanical energy from footsteps to electrical energy,
especially in areas with high traffic. Bamoumen et al.
(2024) also emphasize that PZT is highly versatile,
potentially forming the foundation of effective
energy harvesting structures in smart infrastructure,
e.g., university campuses, where predictable
mechanical energy, generated by human locomotion,
can be readily obtained.

Vibration-based energy harvesting is also met by the
piezoelectric  effect, which converts minute
mechanical vibrations, such as those caused by
footsteps, into electrical energy. This qualifies it for
use in highly pedestrianized urban areas, where it
provides a low-energy source of sustainable
infrastructure. Piezoelectric materials can also
generate electricity without using any power sources
or creating emissions, which is backed by the world
sustainability plans towards creating alternative
sources of energy that are not harmful to the
environment, compared to the standard energy
systems.

N
\
\
: \
\I
1 ‘
|
Figure 2-1: Piczoclectne Effect
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2.2 Piezoelectric Sensors and Elements

Piezoelectric sensors, also known as transducers, play
a crucial role in energy harvesting systems, converting
mechanical stress into electricity. When pressurized,
forced, or vibrated, these devices produce voltage,
exhibiting minimal deflection due to their high
modulus of elasticity. Sandoval-Rodriguez (2023)
argues that this property enables piezo sensors to
sustain high mechanical loads while generating
valuable electrical signals, making them suitable for
applications such as generating electricity from
footsteps. The sensors are typically made of thin
films on a strong foundation to enable an efficient
transfer of forces to the piezoelectric surface that
produces a voltage output proportional to the
applied stress.

Lead Zirconium Titanate (PZT) is an attractive
piezoelectric material because of its high sensitivity
and durability. According to Lim et al. (2022), the
non-centrosymmetric crystal structure enables PZT to
generate charge efficiently, which can be applied in
energy harvesting steps in high-traffic centers. Selim
et al. (2024) also note the high electromechanical
coupling coefficient of PZT, which enhances the
material's ability to convert even low-force
mechanical transduction into electrical energy. This
is important in self-sustaining systems that do not
require any external power, which would be very
practical in urban areas, such as walkways and
crosswalks. Furthermore, Khan et al. (2023) note
that piezo sensors can detect pressure and force
changes, which enhances their flexibility for a wide
range of applications. Together with their capacity to
work independently, high levels of design have put
piezo sensors at the center of sustainable systems,
considering that systematically controlled mechanical
action, which either involves people or vehicles, can
be achieved.

2.3 Footstep Power Generation Systems

Footstep power generation systems use human
movement to generate energy, either through
piezoelectric or mechanical means. The piezoelectric
system, which directly converts mechanical tension
into electricity, is especially useful in cities with heavy
traffic. Usha et al. (2022) emphasize that such
systems draw kinetic energy from foot traffic to meet
low-energy requirements, such as streetlights or

charging stations. The piezoelectric systems are
simpler, require less maintenance, and have fewer
moving parts compared to mechanical systems, such
as rack-pinion or wheel-gear arrangements, which can
be used to power sustainable energy devices.

Piezoelectric footstep energy harvesting can be
effectively applied in practice. Mohanapriya (2021)
explains that energy-generating floor tiles have
already been installed in high-traffic areas, including
airports and shopping malls, effectively generating
power through human traffic. For example,
Goswami et al. (2021) report that piezo-installed tiles
in high-traffic areas may have the potential to
produce sufficient power to maintain lighting or
charge small devices. The systems work based on the
cumulative mechanism of numerous footsteps, so
they are very appropriate in high-density urban
centers, such as train stations or shopping malls.
Sukanya et al. (2024) also highlight the application
of piezoelectric materials incorporated into wooden
frames or floors to produce electricity, which can
power pedestrian signals, among other applications,
demonstrating their utility in the administration of
smart cities. These systems create a clean, emission-
free energy source that is sustainable since it makes
use of maintainable human traffic, a goal in line with
the sustainability standards of the world community.

2.4 Research Gaps

Piezoelectric energy harvesting is a promising
technology, its mainstream implementation suffers
from a set of problems. According to Bhatele et al.
(2022), one of the main problems is efficiency, as the
power level of piezoelectric systems is constrained by
the mismatch between the vibration source (in this
case, footsteps) and the resonant frequency of the
sensor. It is still not possible to maintain a regular
frequency coupling, resulting in low energy
conversion efficiency. Another issue raised by Shinde
et al. (2024) is the durability of materials, as
piezoelectric sensors are vulnerable to environmental
changes, such as temperature and moisture, which
can reduce their performance and even shorten their
lifespan in outdoor use.

Its low power output limits scalability, making
significant power possible only in large arrays of
sensors, as noted by Asif et al. (2024). This constraint
complicates the realization of greater energy
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requirements with limited infrastructure. There is
also an impediment to cost-effectiveness. Although
piezoelectric systems do not use any fuel, building
premises of such systems using material such as Lead
Zirconium  Titanate (PZT) and challenging
installation work in harsh conditions may prove
costly, as argued by AJENE and OMAGA (2025).
Moreover, a scalable design that can be as efficient in
various applications is not available, and this has
made it very expensive to integrate the systems into
existing infrastructure in most cities. These
shortcomings indicate the necessity of new materials
and design to increase durability, optimize resonant
frequency matching, and lower the cost, making
piezoelectric energy harvesting a feasible, scalable
solution to urban energy demand.

2.5 Relevance to Pakistan

The energy crisis in Pakistan, characterized by large-
scale power outages and high electricity costs,
underscores the need for energy harvesting methods,
such as piezoelectric energy harvesters. The excessive
use of fossil fuel-based thermal energy generation
plants leads to high costs and contributes to
environmental degradation. According to Suleiman
and Abdulhamid (2021), searching for a sustainable
alternative in the city of high foot traffic, like
Karachi, Lahore, and Islamabad, where energy
demand is acute, piezoelectric systems are a viable
alternative, as no fuel and emissions are needed.
Piezoelectric energy harvesting has high potential in
Pakistan, particularly in its densely populated urban
areas. However, according to Anand and Singh
(2021), in addition to university buildings,
piezoelectric tiles can also be installed in other areas
of the city where the population is concentrated,
such as railway stations and bus terminals. If such
tiles are placed in areas of high movement, a pump
can be powered to operate low-energy devices, such
as lighting streets or charging mobile devices at
charging points. Prakash et al. (2021) also mention
that similar systems can be integrated into speed
breakers and crosswalks to harvest energy from
pedestrians and vehicles, utilizing the development
of infrastructure to address the local-scale demand
for energy production. According to Mahapatra et al.
(2023), piezoelectric systems are suitable in areas with
heavy foot traffic due to their reduced dependence

on the national grid. Nevertheless, the complications
that have to be overcome are the lifetime of the
materials in the complicated climate of Pakistan,
including severe hot weather, the monsoon and the
necessity of designing cost-effective projects to make
them feasible to be applied in cities.

3. Methodology

3.1 Project Design Overview

The footstep power generation system is an
instrument designed to extract electrical energy
converted through mechanical pressure generated by
a pedestrian's footsteps. A piezoelectric transducer
serves as the primary mechanism for energy
conversion. The system focuses on placing Lead
Zirconium Titanate (PZT) transducers beneath
surfaces in high-traffic areas, including crosswalks,
stairs, and thoroughfares, to harness kinetic energy.
This energy can be stored or used in low-powered
applications (e.g., in LEDs or charging small devices),
offering a longterm environmental solution to
micro-energy demands in cities.

PZT was used due to its high efficiency and is readily
available in Pakistan. 27 mm transducers were
chosen to strike an optimal balance of cost,
performance, and applicability to the project's scale.
It has been designed with a wooden frame to contain
the transducers, supported by springs and glue to
enhance durability and transfer of force. This
arrangement enables the system to accommodate
different weights of both pedestrians and light
vehicles, implying that it is feasible for use in urban
environments such as universities and bus stations.
The system is based on the basic and inexhaustible
supply of a high amount of mechanical input at the
urban centers of Pakistan that will guarantee a stable
energy output without emissions, which will also be
in line with the strategy of sustainable and local
energy generation.

3.2 Simulation Approach

To assess the theoretical behavior of the piezoelectric
structure, computer simulations were performed
using the COMSOL Multiphysics package, which
simulates the stress distribution and voltage
generation of Lead Zirconium Titanate (PZT)
transducers under mechanical loads. The simulation
imposed a boundary condition of -10 N over the z-
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axis to represent the weight of a step. Such boundary
conditions consisted of one electrode being made
"floating" and the other as a “ground” point to
determine the location of the created voltage. The
Solid Mechanics module was applied and studied
with a “Stationary study” type to achieve steady-state
responses to ensure proper analysis of the system
behavior.

According to the simulation results, a floating
potential of -58 V can be achieved across the PZT
transducer, demonstrating considerable voltage
generation under relatively low mechanical stress. To

confirm these results, the piezoelectric equation, P =
dX, was used where polarization P represents the
charge per unit area, $ d $ the piezoelectric
coefficient and the applied stress X. The electrostatic
model of a capacitor ($ Q = CV $) and replaced
simulation values were used to come up with a close
approximation of the voltage given in COMSOL ( -
58V) implying effectiveness of the model used. It is
critical to use such simulations to optimize the
resonant frequency and topology of the piezoelectric
system to enable effective energy conversion to actual
applications.

In order 1o fnd the valtag: messuremenl, sebecl Probe Plotm e Resulis. Here we can sasily see that the

floating patential is -7.58 W

Figure 3% Simulation Resulis

T werify our simulation, we will use our previously derived equation e solve the vahinpe and compare it with
the value from our COMSOL simulaton. Using the fonmula, we subsiiule our valees wed in the ssmuokation;
substituting the values o the equation we get:

(2.89x 10-"*){10)(1.00 x 10-%)

~ [1300)(8.85 x 10~ E)(3.14x 107%)

¥F=800¥

3.3 Hardware Implementation

The hardware implementation of the footstep power
generation system was done using carefully selected
components and materials, ensuring both simplicity
and costeffectiveness. The device was equipped with
40 PZT transducers, divided into two sets of 16 and
24 pieces each, that were wired in parallel to provide
the same level of voltage discharge but an increased
amount of current. According to Zulfigar and Aamir
(2018), parallel bonds can be used in the low-power
dynamic since the stability of voltages is paramount.
According to Electronics Tutorials (www.electronics-
tutorials.ws), a 1A bridge rectifier was added to each

transducer to convert the alternating current (AC)
signal produced by the piezo sensors to the direct
current (DC). A unidirectional switch (a 1N4007
diode) was used to limit the reverse current, thus
avoiding excessive losses that would occur during
transfer of energy to storage components.

It used a capacitor of 1000uF/25V to store the
generated  energy, as  Electronics  Tutorials
(www.electronics-tutorials.ws)  explains, such a
capacitor was used because it has the strength to
accept the charge that static voltage generates. An
LED was used as the load to prove visually that
power was being generated. Wooden frames
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enclosing the transducers were used to facilitate the
absorption and distribution of mechanical grit.
Springs of very high flexibility were used to absorb
and distribute this mechanical grit, and glue (0.7-
inch diameter per piezo) was used to hold the
components together and soften system stress. The
wooden frames were designed to support pedestrian
traffic, and the springs were used to maintain a
constant pressure on the piezo elements. The
assembly was followed by mounting the transducers
using the wooden frame and wiring them together to
the rectifier circuit, and testing the system in terms
of the durability of the system and the consistency of
the output of the system.

3.4 Experimental Setup

The experimental apparatus was constructed to
represent real-world situations in crowded places,
utilizing wooden board arrangements that mimic
pedestrian routes, such as crosswalks or university
passageways. The process was carried out by
subjecting moderate footstep pressure to a wooden
board that contained Lead Zirconium Titanate (PZT)
transducers so as to record the voltage and the
current. The setup allows for additional
straightforward testing of the actual performance of
the piezoelectric system by duplicating situations that
maintain regular foot traffic.

The experiments recorded a voltage of 20V at two
piezo sensors at moderate pressure. This voltage was
maintained by connecting 16 sensors in parallel,
which tripled the current, which rose to 2.5 mA. The
power output of the formula obtained as $P = V
\times I[$ was 2.3 mW (20V + 2.3 mA) for the 16-
sensor array. This production, although small, is
suitable for low-power applications, such as LED
lighting or charging a small device. The durability of
the system was tested against repeated falls of the
foot, and in this, the spring and the glue have been
added in order to reduce the stress on the
transducers, thus guaranteeing a long life. A digital
multimeter (DMM) and oscilloscope were used to
measure voltage, current, and the characteristics of
the waveforms during accurate and reliable
measurement of performance data.

4. Results and Discussion

4.1 Simulation Results

The simulation part of the footstep power generation
mechanism applied the COMSOL Multiphysics
software in the evaluation of the mechanical stress
on the Lead Zirconium Titanate (PZT) transducers of
the performance. According to Farnsworth and
Tiwari (2014), COMSOL is a useful application
when modeling the electromechanical behavior of
the piezoelectric materials where one is able to gain
information about the distribution of stress and the
voltage response. This simulation considered a
boundary load of -10N (z-axis) to represent the force
of the footstep and the voltage under this footstep
was measured using a ground (one electrode) and a
floated (other electrode). The findings suggests that
the floating potential was -58V across the PZT
transducer which shows that there is a large
generation of voltage with small mechanical input.
To ascertain these results, calculations based on the
piezoelectric equation are used, as polarization, P,
the piezoelectric coefficient, d, and applied stress, X,
can be calculated using the equation $P = dX$.
Measurement Specialties (2006) explains that this
equation is used to measure the amount of charge
generated by a unit area under mechanical stress.
Combining the electrostatic equation of a capacitor,
$Q = CV$, and replacing the charge $Q$ with the
differential of the force applied, $Q = dF$, the
voltage $V$ was obtained as $V = \frac{dF{C}$. By
replacing the simulation parameters (with a force of
10N and standard PZT properties), the results in the
simulation value of the voltage were readily
compared to the value of -58V as obtained through
COMSOL, further attesting to the knowledge of the

simulation.

4.2 Experimental Results

The prototype hardware consisted of a 16-PZT
transducer, parallel-connected, to evaluate its
performance in realworld conditions. The
experimentation consisted of applying moderate
pressure to the foot steps on a wooden board
containing transducers that predicted pedestrian
pathways. This type of installation offers effectiveness
in determining piezo-based systems in heavy-traffic
areas. The test equipment of constant voltage of 20V
concerning each transducer was found constant in
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the parallel connection, and the current increased by
2.5 mA to 1 mA per sensor engaged.

The power was computed as $P = V \times IS,
yielding 2.3 mW (20 V, 2.3 mA) in the 16-sensor
system. Although this output is small, it is sufficient
to support low-power applications, such as LED
lights or charging small electronic devices. This is
visually verified by the system's ability to drive an
LED load, demonstrating real functionality. The
measurements were done with the help of a digital
multimeter (DMM) and an oscilloscope, but to be
accurate, the voltage and current readings were
considered (Texas Instruments, 2009). The success of
the experiment also creates an indication as to the
possibility of the system aiding in micro-based energy
harvesting especially in urban areas with foot traffic
consistency.

4.3 Analysis

The efficacy of the prototype can be contrasted with
that of other footstep power generation systems used
to offer contextualization. The rack-pinion-based
system produced 1.27W much more than the 2.3
mW obtained here. Nevertheless, the rack-pinion
mechanisms depend on intricate mechanical
accessories that are also more expensive to maintain,
less applicable in massive urban applications. The
simplicity of the piezoelectric system, in which no
moving part is necessary except springs, on the
contrary has merits in durability and ease of
installation. This disadvantage to the piezo system is
balanced by the fact that they do not pollute and
they require little maintenance in the pursuit of the
main aim of the project of sustainable energy
derivation by the method of harvesting.

The main drawbacks are efficiency restrictions,
caused by a low level of current output (1-2.5 mA)
that requires high traffic densities in order to
produce significant power. The current generation
has been a problem with piezoelectric systems
because the intrinsic behavior of PZT is to prefer
voltage to current. To some degree, this was
mitigated through the parallel connection of 16
transducers which made the current greater but
stabilized the voltage. This was further helped in
meeting the issue of springs and glue (0.7-inch
diameter per piezo) that helped in equal distribution
of mechanical stress so as to reduce the wear and tear

caused on the transducers. Such design decisions
enhanced the robustness of the system but were
unable to produce a sufficient solution to the low
power density of piezoelectric harvesting.

4.4 Challenges

There are major challenges related to the sensitivity
of PZT transducers to environmental conditions.
According to Texas Instruments (2009), temperature
changes and moisture may cause problems to the
piezo sensor and lower the voltage output and
material life expectancy. These factors are especially
applicable in the various climates of Pakistan where
temperatures rise to above 40 °C and monsoon
seasons, which create high humidity. The use of
piezo system design that will only work when it is not
too hot and dry, which narrows its usage to outdoor
applications such as crosswalks or speed breakers.
These problems did not affect the experimental set-
up, which ran in the controlled indoor conditions,
yet protective enclosures or weatherproof materials
would be essential in real-life implementation.

The other issue is the requirement of strong
materials that could support heavy weights like
vehicles or people in large numbers. According to
Soin and Shah in the Handbook of Technical
Textiles. (Second Edition), piezo sensors are
susceptible to mechanical fatigue from repeated high-
impact forces. The stress was reduced using springs
and glue in a prototype to arrive at the Factor of
Safety (FOS) of 1, but extensive use of a similar
system as a truck system would require higher
strength materials making it more expensive. High
material performance or hybrid, such as advanced
composites, might add to the durability but their
supply and cost are constraining in Pakistan. Also,
small power levels necessitate massive arrays of
transducers, which are not convenient to install and
maintain within the urban infrastructure.

Chapter 5: Applications and Advantages

The increased interest in green, sustainable, and
efficient energy sources has led to the introduction of
technologies that can address this need. One is the
piezoelectric energy harvesting system, which has
been adopted as one of the feasible tools in meeting
the energy needs of our planet. The systems utilize
mechanical stress or vibrations such as those of
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human motion or automobile pressure and
transform them into electrical energy that can be
used. This chapter summarizes the extensive list of
uses of such systems and their advantageous
properties that render them attractive to the modern
infrastructure and in high-traffic and remote regions
in particular.

5.1 Applications

The applications of piezoelectric energy harvesting
systems have dynamic uses that resonate with current
energy demands, especially within urban regions and
locations where electricity is unavailable. Some of the
most promising, practical applications include the
following.

5.1.1 Charging Small Devices in Public Spaces
Among the most advanced uses of piezoelectric
systems is the capability to charge or generate power
to charge or run computer electronics like cell
phones, tablets, and even portable lights.
Piezoelectric tiles can be included in the flooring of
such pedestrian-intensive areas like shopping malls,
train stations, airports, or simple park areas so the
energy transported in footstep pressure can be
transformed into electricity. This electricity can be
channeled to public charging points thus offering
commuters and travelers a convenient and
environmentally friendly way of charging their
devices without necessarily depending on the
traditional grid power.
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5.1.2 Powering Streetlights and Pedestrian Lights

The role in public lighting is another major
application. The street lights and the human
walkways lights consume low-level power at a steady
rate over the night. Piezoelectric systems may be
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embedded under roads or walkways in places of high
footfall like busy intersections, sidewalks, and urban
parks to collect electricity through footfall or vehicle
traffic. This energy can be stored in batteries during
the day and used to energize lights at night, thus

https://sesjournal.com

| Haroon & Ahmed, 2025 |

Page 1152


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 3, Issue 6, 2025

lessening reliance on fossil-fuel-based electricity, and

trimming municipal energy costs.
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Figure 5-4: Schomato Diagram

5.1.3 Rural and Remote Area Applications

In rural areas where power supply through the grid
is either ineffective or absent entirely, eco-power
systems with piezoelectric energy sources hold great
promise. Piezo materials on the road or paths can
also be such a setup in this environment to obtain
power from the walking pedestrians or livestock.
This generated energy is able to run simple electrical
devices, water pumps, or even lighting systems. It ‘is
especially a valuable remedy to developing countries
or places that are geographically isolated and face a
problematic energy infrastructure.

5.1.4 Emergency Power Supply in Critical
Locations

The piezoelectric systems can equally be used as an
emergency source of power in delicate places like
metro stations, bus stations, and army camps. The
locations are usually congested by some form of foot
or vehicular traffic and these are the best locations
for energy harvesting. Also, in a grid failure, the
accumulated energy created by these systems can be
utilized to continue critical lighting, communication,
or safety systems so that all the operations are not
interrupted, and the people and the staff get
additional safety.

5.1.5 Integration into Crosswalks, Speed Breakers,
and Sports Grounds

Piezoelectric systems can also be incorporated in
ideal infrastructures existing in modern cities like
pedestrian crosswalks, speed breaks, and sports
fields. As another example, at speed breakers with
piezoelectric sensors, the pressure could be measured
when vehicles slow down, and then it could be used
as electricity. In the same way, in fields or gyms
where athletes or other people are involved in high-
intensity activity, the movement and shaking that
ensue can be used to substitute the nearby buildings
like locker rooms, electronic scoreboards, or the
lighting. These integrations not only introduce
energy conservation but also emphasise on practical
feasibility of realtime, motion-based energy
production.

5.2 Advantages

There are numerous advantages to using piezoelectric
energy harvesting as a backup or an alternative
solution to the common sources of energy. These
advantages cut across environmental, economic, and
practical aspects. One of the major strengths of
piezoelectric technology could be the clean green
energy that it generates. It creates no greenhouse
gases or other pollutants during the course of
operation, so it is eco-friendly. The energy source is
not only renewable but also very limitless as long as
the use point is prone to human traffic or the use of
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vehicles because it operates purely on mechanical
pressure or movement. Piezoelectric systems do not
need any introduction of a fuel, unlike conventional
power plants that need fuel to be burned. This also
avoids the expenses incurred on fuel purchases,
transport and storage. Together with being able to
produce longterm savings, the system implemented
after being installed utilizes mechanical energy that is
readily accessible in the environmental areas.

The simple mechanical structure of piezoelectric
systems is associated with minimal maintenance
requirements. The number of moving parts is
minimal and this minimizes the chances of
mechanical failure. Also, a lot of piezoelectric tiles
and modules are designed as modules and can be
relocated or expanded easily according to the
changing energy demands or infrastructure changes.
Dense traffic-approach cities, whether vehicles or
pedestrians, augmented with piezoelectric energy
harvesters can bypass the environmental concerns
associated with wind and solar power. Since the
system is self-sustaining, producing energy anytime
there is motion, it is very efficient in cities that are
interested in enhancing energy security and cutting
their carbon footprint. The possibilities to store
produced energy in rechargeable batteries or
supercapacitors are among the key characteristics of
piezoelectric systems. This energy when just stored
can be used later and your power supply will be well
maintained even when movement or pressure is not
a full-time supply.

This ability renders the system stable enough to
supply devices that need constant power, various
streetlights or emergency signs. Piezoelectric
technologies could be expanded or reduced
depending on the demand and the surface area
available. They can be incorporated into an already
laid infrastructure without undergoing extensive
overhauls and reconstructions leaving the urban
scenery aesthetically intact. Additionally, they can be
easily included in the buildings of the present-day
architecture, both to serve their functional purposes
and for decorative functions. Lastly, the
incorporation of piezoelectric energy harvesting
systems within the public infrastructure is a visionary
endeavor that can bring forth the idea of a
sustainable energy supply. They are versatile and
efficient because of their extensive application in

charging phones in mobile devices, lighting in the
street, and in case of emergencies, they can be used
as a backup source of electricity. Together with a
wide range of environmental and functional benefits,
piezoelectric systems are braced to become one of the
most important factors in the development of smart
cities and sustainable urban planning

6.2 Future Recommendations

Although the first results are encouraging, various
improvements and developments can be made to
increase the efficiency, durability, and applicability of
the system. Advanced piezoelectric materials with
greater charge generation capability can be used in
future versions of this system to great advantage.
Certain other substances such as doped PZT or
composite polymers can give even higher voltages
under comparable pressure conditions. Moreover,
the implemented structures may be layered or
multilayered, and the energy they can gather could
be increased, creating a more resistant application
system.

Resonant frequency is one of the most important
factors to consider regarding the amount of
piezoelectric energy produced. The system may be
able to convert more energy when the frequency of
the sensor is matched to the average frequency of
human walk or vehicle travel. Prediction of this
alignment, through advanced simulations, as well as,
experimental setups can be used to best optimise this
alignment and maximise energy yield. The existing
prototype acts as a proof of concept that can be used
in small-scale deployments. But when expanded to
address larger footpaths, metro stations or junction
points in a city, the overall energy produced can be
large. The scaling up would also enable paralleling of
several modules, higher current generation whilst the
voltage levels remain constant.

Environmental conditions such as moisture and
temperature are the major weaknesses of existing
piezoelectric materials. To counter these, the design
in the future ought to have weatherproof casings or
protective laminates that cover the sensors to absorb
rain, humidity, dust, and temperature. It will
guarantee a longer life as well as stability in the
performance of the system, whether it is outdoor or
indoor. The other renewable sources that can be
integrated with piezoelectric energy harvesting are
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solar panels or small wind turbines, to supply a more
stable power output. Although piezo systems are
workable in the periods of increased traffic, in the
daytime when there is less traffic, solar power can be
used to generate extra power. The integration of
these systems as well as a collective battery store can
cause the energy solution even more flexible and

durable.

6.3 Broader Implications

The possible consequences of achieving harvesting of
footstep energies are much wider than either
illumination of LED lamps or mobile phone
charging. The technology can be a crucial part of
urban sustainability endeavors in case it is
implemented at the larger scale. The piezoelectric
generation of power helps in fulfilling the
international agenda on sustainable development. It
accelerates the freeing of reliance on fossil fuels,
decreases emission and supports decentralized energy
creation. As urbanization builds up, feasibility of
such technologies in the common areas can create a
vast impact by minimizing the urban impact on the
green planet.

The combination of such self-powered systems fits
perfectly with the vision of a smart city. Foot energy
harvesting in tiles in the sidewalks, malls, and
airports and train stations would not only help in
energy generation but also provide data to track
people in terms of foot traffic, temperature, and
stress. Such data can be applied in strengthening
urban planning, public safety and infrastructure
design. Footstep power generation systems could
have the biggest effect in the developing world where
energy shortages are a problem considering that it is
cost-efficient and not complicated to build. It makes
a locally based and distributed source of power
which is able to be tailored to the needs to the
community.  Furthermore, an  increase in
environmental awareness and worldwide transition
to greener sources of energy are factors that are likely
to bring such solutions in a widespread international
application.

The project is also a great learning exercise. It
provides valuable energy harvesting, electronics,
physics, and sustainable processes. It promotes
creativity in students and researchers that will open
avenues to a greater improvement in terms of design,

material science, and environmental engineering.
Lastly, it is worth noting that the footstep power
generation system is still developing, but it provides
an exciting insight into the future of sustainable
energy. It can play an important part in creating a
more  sustainable and  dependable  energy
environment both locally and globally, when
improved in a targeted manner and implemented
reasonably.
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