iriried applied
e sciences

Article

Conversion of Mechanical Energy to Electrical Energy Using
Piezoelectric Materials for Bicycle Lane Lighting Systems

Chaiyan Jettanasen, Panapong Songsukthawan and Atthapol Ngaopitakkul *

check for
updates

Citation: Jettanasen, C.;
Songsukthawan, P.; Ngaopitakkul, A.
Conversion of Mechanical Energy to
Electrical Energy Using Piezoelectric
Materials for Bicycle Lane Lighting
Systems. Appl. Sci. 2022, 12,7237.
https://doi.org/10.3390/
app12147237

Academic Editors: Amjad
Anvari-Moghaddam and Andreas

Sumper

Received: 4 May 2022
Accepted: 16 July 2022
Published: 18 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand;
chaiyan je@kmitl.ac.th (C.J.); plugov82@gmail.com (P.S.)
* Correspondence: atthapol.ng@kmitl.ac.th

Abstract: This study examined the electromechanical characteristics of piezoelectric materials, which
constitute a compact renewable energy source; these materials can convert mechanical energy (such
as pressure or a cumulative impact) in the form of mechanical stress to electricity. This study further
explored systems that require moderate energy and utilize piezoelectric materials to create an energy-
generating floor. The electrical characteristics of these piezoelectric materials were studied, including
the feasibility of installing them as a power source for road lighting, particularly cycling lanes.
Furthermore, the effects of riders” weights and cycling speeds were investigated. The results indicate
that the electric power generated is adequate for the installation of these materials and can thus help
improve visibility in the event of insufficient lighting.

Keywords: piezoelectric; energy conversion; bicycle lane; lighting system

1. Introduction

Current world energy scenarios suggest that the electrical energy demand will in-
crease substantially in the future. Apart from comfort, the quality of life, and promising
technologies, electric power is another significant factor with regard to modern living,
especially in this era of technological advancement. To this end, alternative energies are
beneficial because they generate sufficient electricity for meeting energy needs; they are
also clean, i.e., they do not lead to environmental pollution. According to the Statistical
Review of World Energy 2021, reported by BP PLC, primary energy consumption rose by
1.3% last year, less than half its rate in 2018 (2.8%). Oil continues to hold the largest share of
the energy mix (33.1%). Coal was the second-largest energy source in 2020, accounting for
27.2% of the total primary energy consumption, representing a slight increase from 27.1%
in the previous year. The Annual Energy Outlook 2022 report provided by the U.S. Energy
Information Administration (EIA) revealed that the proportion of energy consumption in
the transportation sector is the third highest. Thus, energy consumption has continued
to increase over time [1,2]. Therefore, it can be concluded that energy demand is likely
to increase further in the future. Consequently, energy conservation plans and the im-
plementation of renewable energy technologies should be the emphasis of research and
development worldwide. Although alternative energy production can generate electricity
without causing pollution, it suffers from certain limitations. Energy harvesting entails
the accumulation of natural energy from human activities and machine operations and
the transformation of this energy into a usable form that is flexible and convenient for
installation [3].

Considering the numerous reports on this topic, it is evident that researchers are
keen on investigating and developing alternative energy technologies. For instance, a
dynamic model substitution of non-renewable energy with an alternative energy source
determined that the productivity gap between oil and renewable energy represented its
substitutability and encouraged a change in energy shares, enhanced economic growth,
and reduced carbon emissions [4-6]. The comprehensive policy framework and assessment
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for discovering sustainable development compared their advantages and disadvantages
to determine the most appropriate role for each fuel, analyzing their performance and
economic feasibility [7-9]. Thus far, several studies have discussed the role of energy har-
vesting technologies, e.g., solar energy, wind energy, vibrational energy, and thermoelectric
generators in supporting energy generation; the optimization of the energy sources and
their efficiency across reliability were determined [10-18]. The performance and economic
evaluation of a renewable energy system achieved a profitability index, IRR, and DPP
under the feed-in tariff scheme proposed [19]. The monitoring systems for prolonging the
lifetime of wireless sensors by using energy from energy harvesting are also being studied.
Owing to its ease of installation, pricing, and capabilities, energy harvesting technology
has been tested for numerous everyday applications. In view of this, energy harvesting
technology was further researched in this study.

Transportation accounts for 30% of all energy consumption, and numerous studies
have focused on the growth rate of energy consumption in the transportation sector and
explored the potential of reducing energy consumption [20-23]. Mathematical models have
been created to estimate the energy demand of the transportation sector [24,25]. Therefore,
ensuring the production of clean energy and the implementation of energy-saving measures
is crucial for the transportation sector. The use of alternative energy sources, including
new technologies for energy conservation and the adoption of vehicle-sharing policies,
is being considered worldwide [26-28]. Energy harvesting on a vehicle by transforming
low-frequency vibrations from the rotating motion into electrical power were also pre-
sented. Identifying regions with high saving potential allows for targeted marketing and
transition-supporting incentives for reducing greenhouse gas emissions [29-31]. According
to current news reports, micro-mobility is being used to reduce energy consumption in
the transportation sector, and smart cities are also transforming energy consumption. For
instance, bicycle lanes or pavement in smart cities can be used to generate electric power
with energy harvesting systems; this power can then be employed for electrical equipment
and lighting systems in the area, resulting in energy savings and improved road visibility.
This is consistent with the ideas discussed in this study.

In this study, piezoelectric energy harvesting was used to convert mechanical energy
into electrical energy. The energy produced from vibrations, which occur in almost every
activity, can be used to generate green energy. Recently, many researchers have studied the
use of piezoelectric energy harvesting technologies [32-39]. A hybrid energy harvesting sys-
tem under a various excitation was also reported [40-51]. The materials focused on energy
harvesting, and the piezoelectric materials considered in the modeling and optimization of
the load in order to generate maximum power were reviewed [52,53]. Thus, the application
of piezoelectric materials for energy conversion is gaining popularity among researchers
worldwide owing to the impressive characteristics of these materials. In particular, this
study focused on energy harvesting with piezoelectric materials to convert mechanical
energy into electrical energy. Several studies were conducted to explore the feasibility of
constructing piezoelectric-powered pavements and evaluate the limitations of such equip-
ment when practically installed [54-63]. Several studies thus far have demonstrated that
piezoelectric materials are impressive and possess the potential to create energy-generating
floors that can convert decayed energy from ambient to electrical energy.

Accordingly, in this study, an energy harvesting system using piezoelectric materials
was employed for a bicycle lane; this system harnessed the energy accumulated in a battery
during the day to illuminate the lane during periods of insufficient lighting to ensure
safe driving. The subsequent section describes the design of the piezoelectric module
and energy harvesting circuit, including the implementation of the system, to evaluate
the factors determining the amount of energy that can be harvested. An overview of this
working system is presented in Figure 1.
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Figure 1. Conceptual framework of proposed system.

We hypothesized that a piezoelectric energy harvesting system could convert the
naturally occurring energy of cycling to electricity in a form that sufficiently facilitated the
cycling area. That is, the vibrations generated would be converted to electrical power with a
piezoelectric energy harvesting system. The pedestrians would be aware of and observe the
cyclists in the illuminated bike lane area. We hypothesized that once the actual installation
was carried out and the energy generated could be used, the experimental set would modify
the spring mounting structure to develop higher harvestable power. Subsequently, the
bicycle usage factors, such as driving speed and cyclist weight, were reviewed to determine
the effect on the energy harvested from the experimental set. The conversion of free energy
into electrical energy that can be employed for low-power electrical appliances and its
adaptability for use in systems with higher energy consumption will be addressed in a
future study.

Laboratory and field studies were performed to evaluate the actual power output of
piezoelectric energy harvesting. Table 1 summarizes the laboratory field study scenarios
and method used for piezoelectric energy harvesting from pavement in previous research.
Thus, the novelty and contributions of this study are summarized as follows:

e This study investigated the energy harvested from a piezoelectric energy harvest-
ing system applied to the external environment and real-life activity, not only as a
laboratory experiment.

e  The proposed control algorithm offered an effective utilization and storage of energy
for the bicycle lane or the area where visibility was inadequate.

e  The proposed system can be further developed and implemented to support the
concept of clean energy and inclusion in a smart city.
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Table 1. Laboratory and field studies of piezoelectric energy harvesting.

Test Scenarios and Configurations Method Reference

Comparative analysis of
various disclosed

Introduced piezoelectric ener . . . .
P 24 piezoelectric harvesting device

harvesting from traffic-induced . [55]
. . technology and material
pavement vibrations . . . .
configurations was examined using
different cover plates.
Evaluated their application
Prepared stacked piezoelectric energy performance in terms of electrode
harvesting units for pavements and structure (resistivity and cost) and [56]
evaluated their performance technical characteristics (output power
and durability)
Modeled and optimized an underfloor Opt'lmlged the d evice to suit a range of
. . typical inputs, including walking,
piezoelectric stacked energy harvester N . . [57]
i 2 jogging, and multiple other pedestrian
utilizing a force amplification frame o
load conditions
Maximized the benefits from Used various piezoelectric technology
piezoelectric energy harvesting floor in  types and spreading to correlate 58]

buildings’ interior spaces, despite their ~ between needed power and
being low pedestrian-traffic spaces pedestrian density

Evaluated energy output and
mechanical failure of piezoelectric
energy harvester for

roadway applications

Experimental testing and numerical
modeling (finite element simulation) [59]
of energy harvester

Designed and assessed stacked
piezoelectric energy harvesting
power-generation devices

for pavements

Mechanical testing and simulation
(MTS) determined durability and [60]
power generation performance.

The following sections present the design of an energy-generating pavement using
piezoelectric materials for converting mechanical energy into electricity. Furthermore, a
spring settlement for improving piezoelectric oscillations was adopted to study the impact
of an energy-generating floor on the harvested electric energy. The electrical schematics
and practical circuits for this energy harvesting system as well as the electrical signals
that were detected through the experiments are presented herein. Experiments comparing
riders of different weights and cycling at different speeds are presented at the end of this
paper. Lastly, the feasibility of applying piezoelectric materials in bicycle lanes is discussed.

2. Design of the Energy Harvester

This section focuses on the development of an energy-generating floor that converted
mechanical forces into electrical energy using piezoelectric devices installed along a bicycle
lane. This energy was divided into two components. First, the energy harvested during the
day was used directly with low-power-consumption devices in the installation area (such
as waiting lights, signals, and sensors); excess energy was stored in a battery to support the
load at night. Second, a part of the energy harvested at night was utilized directly, along
with that stored in the battery, to power the lighting system installed on the bicycle lane.
This was expected to help cyclists navigate the lane, making road users safer.

2.1. Simulation

Based on a simulation, this section describes the process of energy harvesting from
piezoelectric devices to obtain the maximum power from piezoelectric modules. This simu-
lation, which was performed using LTspice, included an integrated piezoelectric energy
harvesting circuit board (LTC-3588-1). The parameters used to simulate the piezoelectric
energy harvesting circuit were an input voltage of 24 V, a frequency of 41 Hz, an internal
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resistance of 119 k(), an output voltage of 3.3 V, and an output current of 30 mA. In addition,
the time step using for simulation software was 2 x 10~ s. The electrical energy obtained
via the excitation of the piezoelectric device, which was connected to a rectifier, was trans-
mitted for conversion into a direct current (DC). It was passed through a capacitor to reduce
output voltage ripples and subsequently through a synchronous buck converter circuit to
realize a desirable, stable voltage level. Finally, the energy received by the battery charging
circuit was stored in a lithium-ion battery to support the load demands. A schematic of
the energy harvesting circuit using a piezoelectric device, as obtained from LTspice, is
presented in Figure 2.

Figure 2. Schematic of energy harvesting circuit using piezoelectric device, obtained via LTspice.

The simulation results indicate that an alternating current (AC) voltage was generated
when the piezoelectric device was excited by mechanical forces such as vibrations or
pressures. The characteristics of the waves varied according to the mechanical force. The
resulting voltage was relatively constant, approximately 10-15 V. When the piezoelectric
device was continuously subjected to mechanical energy, the input current remained stable
at approximately 70-115 pA, while the output side produced a rectified and stabilized
voltage of approximately 3.3 V from the synchronous buck converter signal. The output
current was characterized as a pulse signal according to the mechanical force obtained
under a maximum current of approximately 30 mA, as shown in Figure 3.

T
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Figure 3. Cont.
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Figure 3. Voltage and current characteristics according to mechanical force: (a) input voltage of
oscillating piezoelectric module; (b) input current of oscillating piezoelectric module; (c) output
voltage of oscillating piezoelectric module; (d) output current of oscillating piezoelectric module.

2.2. Energy Harvesting from Piezoelectric Material

The proposed energy harvesting system operates under the principle that, when a
force is applied to piezoelectric devices, mechanical stresses are accumulated. Under these
conditions, when an electric current is passed through the polarity arrangement, an electric
potential is generated at both terminals. Subsequently, the generated energy is passed
through a rectifier circuit to transform the AC produced to a DC, which is then used for
powering the operation of the battery and the connected electronics. For this system, an
appropriate capacitor connection was essential to reduce ripple voltages at the output.
The output was then transmitted to the Darlington circuit, which increased the current, in
correlation with the boost converter and regulator, to maintain the expected output voltage
serving the terminal devices.

The overall system operation is depicted in Figure 4. Furthermore, the designed
schematics for the functioning of the energy harvesting circuit during daytime and nighttime
as well as the entire system combining these two circuits are presented in Figure 5.

ENERGY HARVESTING SYSTEM

ENERGY GENERATOR ENERGY HARVESTING MODULE ENERGY CONSUMPTION

DETECTOR OUTPUT

ENERGY STORAGE
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Figure 4. Overall working of piezoelectric energy harvesting system.

Initially, we assumed that using springs increased the harvested energy; when the first
oscillating impulse moved further away, the spring would exert the reaction force back
to the piezoelectric plate as if it were continuously excited. When the overall stiffness of
the spring decreased, it would affect the natural frequencies of the system—the material
would result in more extended oscillation periods, contributing to a more significant
amount of harvested energy. Based on preliminary experiments, we determined that this
assumption was accurate. Therefore, a miniature floor model was created; in this model, the
excitation force from each piezoelectric device was phase-matched through the piezoelectric
modules and an aluminum plate to deliver a constructive interference electric signal. The
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preliminary test kit using springs for vibration energy enhancement is depicted in Figure 6.
The installation location of the aluminum plate was also adjusted accordingly. Thus, a
pressure applied at the tip of the piezoelectric modules could produce vibrations with the
highest amplitudes; however, this position should not be subjected to excessive force since
it could result in material damage. A trial installation area of 2.7 m? was determined, and
the installation of a total of 15 electricity-generating floors (dimensions: 0.3 x 0.3 m) was
simulated, as shown in Figure 7.

Battery
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Full bridge rectifier

&

Darlington Piezoelectric

e ‘I o] *
Piezoelectric xFull bridge rectifier o —g‘ I =
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Figure 5. Proposed system for piezoelectric energy harvesting: (a) schematic of system for daytime
operation; (b) schematic of system for nighttime operation; (c) schematic of entire system.

Excitation aluminum plate
at the tip of piezoelectric

| Piezoelectric module installation scheme ‘

Figure 6. Preliminary test kit using springs for the enhancement of the vibration energy.
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Figure 7. Trial installation area for preliminary test kit.

An observation of the areas with high traffic revealed that the ground generated energy
every 1 s on average. Ten sets of mechanical forces were obtained simultaneously. Charging
the lithium-ion battery required 3.5 s when eight piezoelectric plates were connected in
parallel, serving as the energy source. The charging time for ten sets of ground power
generators was 0.00683594 s, as shown in Table 2. Furthermore, a 2 mA lithium-ion battery
could be charged within 0.01 s; this corresponds to a charging rate of 200 mA /s. Therefore,
an 800 mAh lithium-ion battery could be fully charged within 4 h.

Table 2. Charging time needed for a preliminary test kit to generate energy when subjected to

mechanical force.

Number of Mechanically Applied
Preliminary Test Kit (Sets)

1 3.50
1.75
0.88
0.44
0.22
0.11
0.05
0.03
0.02
0.01

Charging Time(s)

O | X (| |G || WD

—_
o

2.3. Power-Generation Bicycle Lane Using Piezoelectric Material Conceptual

Bicycle-pedestrian surfaces can be composed of a diverse selection of materials. Re-
garding piezoelectric materials, PZT-type materials, which feature a high energy conversion
capability but are still ceramic, are used. Such materials are brittle and can be damaged
easily [52,53]. Therefore, selecting the appropriate materials for energy transfer is essential.
Ethylene propylene diene monomer (EPDM) [64], which has a smooth surface, resists high
impacts and temperatures and is also flexible, durable, and non-polluting. Hence, it was
selected as the synthetic rubber flooring material. The designed dimensions per sheet were
50 cm x 50 cm x 25 mm. The piezoelectric device was sandwiched between two rubber
sheets with a gap drilled to install the vibration enhancement spring, as shown in Figure 8.
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The significant parameters that affect the conversion of mechanical energy into electricity
are listed in Table 3.

Figure 8. The material used and the piezoelectric installation area: (a) piezoelectric module installa-
tion; (b) surface material for bike lane.

Table 3. List of piezoelectric material properties.

Property Value Unit
Overall dimensigns (length x width x thickness) of 71.0 x 254 % 0.76 mm
piezoelectric modules
Density 7.8 g/cm3
Dielectric constant (1 KHz) 3800 -
Piezoelectric voltage coefficient gs3 19.0 V-m/N x 1073
Piezoelectric voltage coefficient g3; —-9.5 V-m/N x 1073
Piezoelectric charge(displacement) coefficient d33 650 m/V x 10712
Piezoelectric charge(displacement) coefficient d3; —320 m/V x 10712
Capacitance 190 nF

Owing to their electrical characteristics, piezoelectric devices harvest electricity at
high voltages and low currents. The voltage and current obtained from one piezoelectric
sheet were approximately 10-15 V and 70-110 pA, respectively. However, using an efficient
energy harvesting circuit can yield additional power. In the experiment, eight piezoelectric
modules were connected in parallel along the intended bike path to maximize the energy
produced within an area of 0.25 m?; the system generated a power of approximately 1 W.
When force was exerted on one piezoelectric sheet through the synthetic rubber sheet, over
ten iterations, the average voltage received per load was 15.8 V, and the average current was
7.2 uA. Subsequently, a direct force was employed in the experiment, with springs placed
under the piezoelectric modules such that the maximum displacement of the piezoelectric
tip did not exceed the yield strength of the material; this helped prevent any damage and
extend the period of continuous vibrations. The dimensions and mechanical characteristics
of the spring influenced its natural frequency. When the spring was subjected to an excited
frequency close to its natural frequency, the spring resonated; this resulted in vigorous and
continuous oscillations of the piezoelectric tip, thereby producing the highest energy output.
The piezoelectric sheet was overlaid with an EPDM synthetic rubber sheet to protect the
piezoelectric modules from damage resulting from direct contact with the external forces.
The actual piezoelectric energy harvesting circuit and the voltage signal captured from the
oscilloscope are presented in Figures 9 and 10, respectively.
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Figure 9. Piezoelectric energy harvesting circuit.
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Figure 10. Voltage signal under excitation by mechanical force, as captured from an oscilloscope:
(a) rectified voltage signal; (b) voltage signal boosted by boost converter.

The voltages were measured across ten trials, each conducted with and without the
spring installed on the power-generating floor; the average of the values thus obtained was
calculated, as shown in Table 4. The experimental results indicated that, on installing the
spring, the average voltage was higher than that without the spring. Due to the mounting
of the spring, the piezoelectric material oscillated with higher amplitudes and frequencies.

A rectifier and a 1 pF capacitor were connected to the piezoelectric modules to convert
the AC to DC at night. Moreover, the ripple voltage at the output was reduced, and
the current was increased by transmitting it through the Darlington circuit for supplying
the illuminating system. For the daytime battery charging circuit, a 12 V nickel-metal
hydride (NiMH) battery was used to connect the boost converter and the Darlington
circuit in order to maintain the expected voltage level. Furthermore, to confirm that
the battery was chargeable, the 3-pin IC model MC7805 was used to provide a constant
output voltage to the load. The combination of these circuits from both designs utilized
electronic switches to separate day and night periods. During actual use, the Darlington
circuit was powered using solar energy. The energy obtained from the piezoelectric device
through the energy harvesting circuit increased to 72 mA and 3.1 V. Therefore, when a
bicycle passed over the power generator, it excited four piezoelectric devices, increasing the
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power (3.1 x 0.072 = 0.8928 W) by a factor of 4. When passing through the step-up circuit,
which was used to increase the voltage to 12 V, a current of 13 mA was obtained. Over a
distance of 1 m, a total of 32 piezoelectric plates were installed. Thus, the electric power
(12 x 0.0186 = 7.1424 W) increased by a factor of 32.

Table 4. Voltage measurements with and without the spring installed on the power-generating floor.

Trial Number WaeNotInstalled () Wos Instlled (Vp
1 5.12 15.30
2 4.87 16.71
3 4.87 15.66
4 5.57 13.67
5 6.14 15.98
6 5.14 15.14
7 4.98 14.65
8 5.88 14.47
9 5.00 16.11

10 4.31 17.01

3. Experiment and Result

For the installation of the power-generating bike lane, parallel piezoelectric devices
were placed along a straight line in the middle of the synthetic rubber floor. The design
pavement was a section of 50 cm x 50 cm with the 0.5 W LED lamp installed on the edge of
each side of the pavement, as shown in Figure 11a. Under the cover of each section, eight
piezoelectric plates were installed as shown in Figure 11b. Thus, a total of 24 piezoelectric
plates and six LED lamps (total power consumption of 3 W) were installed every 1.5 m
along the track. Under this configuration, when a bicycle entered a certain area, that area
and the ones ahead were illuminated; as the bicycle moved forward, the subsequent areas
were illuminated, whereas the lamps located in the previous area were turned off. This
helped indicate the bike’s position on the lane and also helped improve visibility under
insufficient lighting conditions.

Figure 11. Cont.
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Figure 11. An overview of the power-generating bike lane demonstration section. (a) The overview
of the 1.5 m pavement section. (b) An actual installation of piezoelectric plates. (c) Brightness of the
lamps installed according to zoning.

The amount of energy generated was measured for riders of different weights and
driving speeds, as shown in Tables 5 and 6, respectively. The experimental results showed
that, when the piezoelectric devices were subjected to a pressure owing to the increase in
weight, the electric power also increased; this was because the increased weight led to an
increase in the force applied on the spring, causing the piezoelectric device to oscillate to a
greater extent. In contrast, higher speeds resulted in lower load intensities, thereby reducing
the amount of energy that could be harvested. The trial was a simulated experiment in an
area where the main lighting was inaccessible, thus limiting the driving speed obtained
by surveying its use in that area. The rider weight was the average weight based on the
surveys of the actual users in the study area, divided into three periods. It was found that
the operating weight and speed range were able to harvest energy from cycling for use in
insufficiently illuminated areas for natural navigation lights. As shown in the experimental
results, each weight and velocity condition obtained different electrical power. Moreover,
the brightness of the lamps installed was deemed satisfactory according to the zoning
regulations, as demonstrated in Figure 11c.
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Table 5. Electrical quantities of the power-generating floor under different rider weights.

Weight (kg) Voltage (V) Current (A) Power (W)

55 2.87 0.328 0.9414

75 3.17 0.363 1.1507

90 3.33 0.403 1.3420

Table 6. Electrical quantities of the power-generating floor under different driving speeds.
Speed (km/h) Voltage (V) Current (A) Power (W)

5 3.20 0.352 1.1264

10 3.12 0.309 1.0976

20 3.20 0.343 0.9641

4. Conclusions

In this study, an energy harvesting system using piezoelectric materials was designed
to serve as an energy source for bicycle paths; the operation of this system was divided
based on day and night periods. EPDM was selected as the material for the rubber flooring,
and springs were installed under the piezoelectric devices to boost the harvested energy.
Furthermore, the appropriate selection and installation of the springs enabled the piezo-
electric plates to vibrate actively and continuously, while also protecting the device from
damage due to excessive bending.

When measuring the electrical quantities of the piezoelectric materials assembled on
the energy-generating floor, the average voltage was determined to be 15.8 V. When a
bicycle moved across the designed system, it applied a load on four piezoelectric plates,
thus affording a power of 0.8928 W. In the daytime, energy was generated and stored in the
battery. Over a distance of 1 m, 32 piezoelectric plates were installed, which generated a
total power of 7.1424 W/m?. A 12 V NiMH size was selected because it featured a voltage
range suitable for a variety of applications.

To summarize, the energy harvested from this energy source depends on many factors,
such as the continuation of the received mechanical force as well as the efficiency of the
energy harvesting circuit and piezoelectric materials. Essentially, this study proposed
recycling the waste energy from daily life activities and transforming it into electrical
energy, to the greatest extent possible. In the future, this approach could be used for an
alternative energy source.
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