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This study explores the potential of smart piezoelectric materials as a means of clean
electricity generation through the conversion of mechanical stresses into electrical
potential. A speed bump module outfitted with these materials serves as the experimental
model. The materials are modeled and simulated using COMSOL software, and the output
is assessed under a range of load states and other parameters. The findings provide a
comparative analysis of various piezoelectric materials and their performance
characteristics. The overarching aim is to harvest energy from typically inefficient sources
such as footsteps, sound, pressure, and vehicular traffic. The practical implementation of
these findings could lead to the reuse of power from the main grid for applications like
street lighting and signboards, thereby reducing overall energy consumption and
environmental impact. A secondary objective of this research is to evaluate the feasibility
of implementing renewable energy systems based on smart materials in Libya. This study
thereby contributes to the broader discourse on sustainable energy solutions and

demonstrates the untapped potential of smart materials in energy harvesting.

1. INTRODUCTION

In recent decades, the capacity of smart piezoelectric
materials to generate electricity has garnered significant
attention. Their unique characteristic of producing an electric
charge upon the application of mechanical stress or strain
presents a promising avenue for the development of innovative
energy harvesting systems. Such systems endeavor to convert
mechanical vibrations, movements or pressures into usable
electrical energy. To comprehend the electricity generation
from these materials, a multi-faceted approach is necessitated.
Firstly, the properties of the smart piezoelectric material in
question must be understood. This includes the piezoelectric
coefficient, a crucial determinant of the material's ability to
generate an electric charge when strained. Other mechanical
and electrical properties of relevance also warrant
consideration. Subsequent to this, the analysis of the
mechanical stress or strain experienced by the piezoelectric
material in its intended application is required. This may entail
an examination of the vibration patterns, forces, or pressures
to which the material would be subjected. Finite element
analysis (FEA) or other mechanical modeling techniques may
be employed for simulating and understanding these

1655

mechanical factors. The third step involves the development
of an electrical circuit model representative of the energy
harvesting system. This model typically encompasses the
piezoelectric material, conditioning circuits, and an energy
storage component, such as a capacitor or battery. The
impedance characteristics of the piezoelectric material and the
conversion efficiency of the conditioning circuits need to be
incorporated into the electrical model. Performance analysis
constitutes the fourth step in this process. With the mechanical
and electrical models in place, the power output,
voltage/current characteristics, and efficiency of the system
can be evaluated. This analysis might involve simulations or
experiments to validate the model and to comprehend the
system's behavior under varying operating conditions. Finally,
based on the insights gleaned from the performance analysis,
the model can be further refined to optimize the design of the
energy harvesting system. This may involve exploring
alternate configurations, materials, or operating parameters
with the objective of maximizing the system's efficiency and
power output. It must be emphasized that the modeling process
can vary depending on the specific application and
requirements. For instance, modeling electricity generation
from piezoelectric materials in a wearable device would
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involve different considerations compared to a large-scale
infrastructure application. In conclusion, modeling electricity
generation using smart piezoelectric materials necessitates a
comprehensive understanding of the material's properties, an
analysis of mechanical stress or strain, the development of
electrical circuit models, performance analysis, and the
optimization of system design. This iterative process aids in
the creation of efficient and effective energy harvesting
systems that leverage smart piezoelectric materials.

The phenomenon of piezoelectricity, defined as the ability
of certain materials to generate an electric charge in response
to applied mechanical stress, has been the subject of extensive
research due to its promising applications in electricity
generation [1, 2]. The term "piezoelectricity" is derived from
the Greek verb "piezein," meaning "to press firmly or
squeeze," aptly describing the process whereby mechanical
stress leads to electrical charge [1, 2]. This phenomenon was
first observed in 1880 by French physicists Jacques and Pierre
Curie, who identified the piezoelectric effect in crystals of
sugar, quartz, and Rochelle salt [1, 2]. They demonstrated this
relationship by measuring the charge produced across
electrodes placed on these materials when subjected to
mechanical deformation. The inverse effect, whereby
electrical charge leads to mechanical deformation, was
initially derived mathematically by Lippmann in 1881 and
later experimentally confirmed by the Curie brothers [1-3].
Since these initial discoveries, significant advancements have
been made in the field of piezoelectric materials and
electronics. Notably, Frederick Lack developed a temperature-
resistant crystal that facilitated the use of aviation radio,
enabling  widespread  coordinated  attacks [4-8].
Simultaneously, in Japan, Issac Koga produced a temperature-
stable crystal, marking another significant milestone in the
field [4-8]. The first electronic devices to leverage the
piezoelectric effect included electronic oscillators, filters,
buzzers, and audio transducers, leading to significant
advancements in sonar [4-8]. Further discoveries revealed that
polymeric materials, such as Poly Vinylidene Fluoride
(PVDF), also exhibit piezoelectric characteristics [8-10].
Barium-Titanate (BaTiOs), an early synthetic piezoelectric
material, demonstrated superior piezoelectric and thermal
properties compared to quartz crystals [8-10]. Despite these
advancements, the development of cost-effective, reliable, and
environmentally robust actuators remains an active area of
research [8-10].

In recent years, piezoelectric smart materials have gained
substantial attention due to their capability to convert
mechanical energy into electrical energy. This unique property
has drawn interest in diverse fields, including energy
harvesting and structural health monitoring, in which the
potential to generate electricity is being explored [10].
Modeling electricity generation using these smart materials
involves leveraging the piezoelectric effect, where an applied
mechanical force induces an electric charge on the material's
surface. This charge can subsequently be stored or utilized to
power electrical devices. The modeling process necessitates
the determination of the material's physical properties, such as
its piezoelectric constant, modulus of elasticity, and dielectric
constant [10]. The applied mechanical force can be modeled
using various methods, including finite element analysis or
analytical models. The magnitude of electricity generated by
the piezoelectric material is contingent on several factors,
including but not limited to the magnitude and frequency of
the applied force, the size and shape of the material, and the
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load resistance. As such, the optimization of these parameters
is critical for enhancing the efficiency of electricity generation
[10].

A number of studies have shed light on the process of
exploiting compressive materials for electricity generation.
For instance, Chen et al. [11] demonstrated that piezoelectric
smart materials can generate energy from human motion, and
that the performance can be enhanced with specific materials
and technologies [11].

Zou et al. [12] discovered that the use of piezoelectric smart
materials in harnessing electricity from vibrations can be
efficient, and that the design and performance optimization
can augment efficiency and reliability.

Moreover, Maino et al. [13] found that non-resonant
mechanical amplification technology can increase power
generation efficiency and improve performance in
piezoelectric smart material generation. Liu et al. [14]
illustrated that piezoelectric smart materials can be employed
in various forms and designs for electricity generation, such as
the use of composite materials containing cellulose and
polyvinylidene fluoride.

Lastly, Izadgoshasb [15] underscored the potential use of
piezoelectric smart materials in electricity generation for self-
powered wireless sensing systems.

2. PROBLEM STATEMENT

In response to the escalating demand for energy, the
escalating costs, and the depletion of natural resources, the
exploration of alternative energy production sources has
become imperative. These alternatives must align with
environmental considerations, economic viability, and broad
application potential. One such promising application is
energy harvesting, specifically through the utilization of
piezoelectric materials [16].

Harvesting the energy of vibrations or motion from moving
entities presents a significant area of interest. Such entities
include, but are not limited to, pedestrians, vibrating
machinery, and vehicular traffic. As these sources of energy
are currently untapped and ubiquitous, efficient and cost-
effective harnessing of this energy would constitute a
substantial stride towards more sustainable and eco-friendly
energy production. In light of this, the current project designs
a system that generates and harvests energy using a speed
bump as a model. This system leverages Piezoelectric Smart
materials, experimenting with diverse materials, load states,
and formats, thereby testing the feasibility of this application.
The aim is to exploit the wasted mechanical energy for various
applications, one compelling example being lighting [11-17].

3. METHODOLOGY
3.1 Estimating external force

In the American Classification of Trucks according to
"GVWR" [18] and assuming that, the road is designated for
the transit the Light and Medium duty trucks (Figure 1), to
calculate the Arithmetic Mean of the mass:

. Mean of
6000+10000+14000+16000+19500+26000

mass:
= 15250 Pounds.

6
External force: 67789.379=70 Kilo Newton
approximately. This is affecting a speed bump, specifically on




the Moving substrate, above springs.
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Figure 1. Classification of trucks by (GVW)
3.2 Smart module designing

One of the models were designed is model A. Where the
descending segment by effect of external force, causes Impact
Load on Edge of the piezo beam (yellow parts), causing an
Edge load or Boundary load. In this model, the dimensions of
Piezoelectric segment are (Width 0.5_Depth 0.15 Height 0.15
m). In addition, this segment is subject to 4 Different Load
States. The dimensions of piezoelectric segment are
determined by means of mathematical equations shown by
Tabatabaian [19].

The system shown in Figure 2 is for improving energy
harvesting and conversion. This design works to withstand
different speeds, platforms to accommodate more presence of
springs to maintain vibration.

Figure 2. Speed bump model A

T ¥

Figure 3. States of loads
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Statel: Segment is fixed from bottom; load is uniform on
surface boundary.

State2: Segment is fixed from one edge; load is uniform on
surface boundary.

State3: Segment is fixed from two edges; load is uniform
on surface boundary.

State4: Segment is fixed from one edge; load is localized
on the other edge.

The basis for selecting the four types of loads is based on
the above literature review for the practical experiments
(Figure 3). In addition, there are other ways to load the force
referred to in the recommendations section.

3.3 Drawing and simulation using COMSOLS5.5

A general-purpose simulation program for modeling
designs, devices, and processes in all branches of engineering,
industry, and scholarly inquiry is called COMSOL
Multiphysics®. In addition, that includes all the procedures,
including specifying the geometries, material characteristics,
and physics that explain certain phenomena, as well as solving
and post processing models to get reliable and correct findings.
Additionally, create digital twins and simulation programs
from models for usage by other design teams, production
divisions, test labs, and more. In order to simulate
electromagnetics, structural mechanics, acoustics, fluid flow,
heat transfer, and chemical engineering, the platform product
can be utilized independently or augmented with capability
from any combination of add-on modules [20, 21].

Modelling and simulation piezoelectric segment steps using
"COMSOL 5.5" starts with select model wizard to creating a
new model. Then select 3D space dimensions and select
physics "piezoelectricity”. After that, select Stationary under
Preset Studies and finish. From model builder, select
Geometry, select Block, or the required geometry, writing the
dimensions, then Build. In a Component node, the Materials
node maintains the material attributes for all physics and
domains. The content can be chosen and added (PZT-5H). To
see the available properties, look at the Material Settings
window's Material Contents section. The physics in the
simulation employ the properties with green checkmarks.
Define the global parameters, such as the applied load or
geometries' dimensions. Set the boundary conditions after the
geometry and materials have been determined. Select the
Intended boundary, one or more, under the Boundaries Fixed,
by Physics tab, Boundaries Fixed Constraint. Right-click Solid
Mechanics (solid) in the Model Builder and choose Boundary
Load, Edge Load, or another choice. The Model Builder
sequence is expanded by a Boundary Load (or other) node.
Next, decide on the load type, write the value, right-click
Electrostatics(es), and then choose Electric Potential. After
that, choose the intended boundary. The resolution of the
discretized model's finite element mesh is controlled by the
mesh parameters. The model is broken up into tiny,
geometrically straightforward elements using the finite
element method.

4. RESULTS

4.1 Results of load states

Description of the Study Case: Geometry (W 0.5 D 0.15 H
0.15 m), Material (PZT-4D), External Load (-1000 N k),



Electric Potential (0 V), Normal Mesh. Piezo Material Lead
Zirconate Titanate (PZT-4D) the material characteristics: high
dielectric constant; high coupling; high charge sensitivity;
high density with a fine grain structure; a high Curie point; and
a clean, noise-free frequency response, see Figures 4-7.
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Figure 4. Electric potential and total displacement in state 1
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Figure 5. Electric potential and total displacement in state 2
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Figure 6. Electric potential and total displacement in state 3

4.2 Results of piezoelectric materials

Ceramic vs. polymeric Piezoelectric material. Description

of the Study Case, see Figures 8-11:
. Geometry (W 0.5_D0.15_HO0.15m)
. External Load (-1000 N k)
. Electric Potential (0 V)
. Load Type (State 4)

. Finer Mes.
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Figure 7. Electric potential and total displacement in state 4
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Figure 8. Electric potential result of PZT-2
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Figure 9. Stress result of PZT-2
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Figure 10. Electric potential result of PVDF
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Figure 11. Stress result of PVDF
5. DISCUSSION

Load states: Based on the results, State 4 has the best result,

see Figure 12.

Stated4: was the best because the load was localized, not
distributed, and fixing from one-sided gives more flexibility,
for produce more E. potential, Max. V [519 V].

State2: Was good result, one-sided fixation conferred good
E. potential, because it is flexible, Max. V. [320 V].

State3: In this case, a curvature occurred, not a deflection.
Acceptable but not satisfactory result, Max V. [92 V].

Statel: Bad result, less flexibility, less stress, less voltage.
It is the lowest of the four cases, with the same substance and
other conditions. Max. V. [53.8 V].

Electric Potential [V]

519
320
92
53.8 i

state 2 state 3 state 4

600
500
400
300
200
100

o
state 1

Figure 12. Compare electric potential between load states

Piezoelectric Materials: Best Maximum Electric Potential,
see Figure 13, was from LiNbO3 (54.8), PZT-2(52.6), PZT-
7A(52.6), BaTiOs (48.3), PVDF(42.2). In general (PZT)
Better in properties, more reliability, more usability and
application compatibility. Another thing has been noticed: The
difference between (BaTiQs3) regular material and (BaTiO3)
Poled material, as (BaTiOs-Poled) is better than (BaTiO3)
when all boundaries had a default electric potential (0 V) while
the opposite was when it upper boundary (4) only had a default
electric potential (0 V).

We must choose one of load states, by comparing their
results in same case. Based on the results, State 4 has the best
result, because it has the highest stress, highest voltage, and
highest displacement.

Explanation of the difference between states 4 and 2:

. Distributed loading is more area, thus less stress per

unit area.

. The localized load has less area, thus higher stress per

unit area.
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Figure 13. Compare of electric potential

6. CONCLUSIONS AND RECOMMENDATIONS

In this study, COMSOL software was used to drawing,
modelling, and simulation of piezoelectric materials. These
materials involve in speed bump module, as the energy
harvester, to harvest the wasted mechanical energy, and reduce
the work on the main network, by providing secondary sources
of lighting for instance. 14 materials were exterminated, the
maximum value of electric potential (+54.8 KV) for one
piezoelectric segment (Subject to increase). Also concluded
from this study that:

1. PZT, LiNbOs, BaTiOs, and PVDF are the best materials.

2. Beam deflection is better than bending it.

3. Better fixing of the segment on one side than from the
bottom.
Localized force is better than uniform force.
The less restrictive the material, the more produced.
The more flexibility the material, the more produced.
Load state, segment shape, area under stress and
dimensions greatly affect the results.

NNk

Future research plan is as follows:

+ Attention to all mechanical calculations and choosing
realistic spring designs.

* Ensure the choices of materials involved in designing the
speed bump model (moving parts).

* Ensure that the speed bump dimensions comply with local
and standard specifications.

* Design of electrical circuits required to collect and store this
energy.

+ Create a study similar to this, to collect energy at airports or
footpaths.

+ Expanding the field of research in piezoelectric materials
and thermoelectric materials.

* Study of piezoelectric composite materials (ceramic -
polymeric).

+ Attempt to search for piezoelectric polymeric-composites
from which to make a tire of vehicles.

+ Application of such a study to piezoelectric nano-materials.
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