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Abstract 
 
 
 

 
 

This research aims to seek the current status of piezoelectric energy harvesting technology 

in running vehicles and its lif e cycle assessment.  The goal is to assess the piezoelectric value to 

be considered as a future reliable energy source for vehicles which rely on results from prototype 

demonstrations. Piezoelectric materials can transfer mechanical energy into electrical energy. This 

kind of energy can be stored and used for other devices. In this case, piezoelectric materials have 

the potential to provide reliable and cost effective replacement of energy sources. Thus, it can ulti- 

mately have potential to replace the battery and reduce user costs. This project evaluates the future 

potential of piezoelectric energy harvesting technology in cars and their environmental impacts. 

The use of piezoelectric materials in pneumatic tires enables capturing waste energy of cars because 

of deformations in the tire and weight of the vehicle as well.  In the experimental phase a set-up 

was designed to simulate movement and pressure inside the contact patch of a given car. Outside 

of the model tire, piezoelectric elements were used to harness energy.  Experimental results were 

compared to a research found in the literature. Comparison showed that this method harvests more 

energy. Based on the experimental results, this method produced 2.31 w for 56 piezo elements com- 

parable to 2.3 w for 160 piezo elements found in the literature. 

Environmental impacts of these kinds of resources of renewable energy were considered through a 

lif e cycle assessment study. The results of the research showed that further evaluation of technol- 

ogy is required to measure the durability and lifetime of piezoelectric materials. Anyway, to have 

cleaner and more sustainable forms of energy, it is required to keep costs lower and insure a health- 

ier environment for the next generation. 
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Chapter  1 
 
 
 
 

Introduction 
 
 
 
 
 

1.1  Environment and waste energy 
 
 

Concerns for depletion of fossil fuels and their adverse effects on the surrounding environment 

are increasing. Therefore, alternative nonconventional energy sources are gaining popularity in 

the society. Solar cells, wind turbines, hydroelectric power generation, biogas and biodiesel plants 

have been implemented successfully. Nowadays, new technologies have been found to provide 

sustain- able energy to harness waste energies with self-power energy harvester to supply power 

needs of vehicles.  This type of need is better to offer clean, more sustainable forms of electrical 

power to decrease the costs, to preserve reliable and fruitful connection with society members and 

to guarantee a healthier environment for next generation [76]. As a new technology, piezoelectric 

materials and their effect can have a major role in solving the mentioned problems. Vibration 

harvested from human and vehicle motion, machines, and any surface under vibration is one of 

the easiest ways to harvest energy by piezoelectric materials.  They convert mechanical energy 

into electrical energy. One of the natural piezoelectric materials already in use is quartz. There 

are some artificial piezoelectric materials li ke BaTiO3 , lead zirconium titanate etc [53].  On the 

other hand, since the invention of the vehicle, passengerôs car fuel consumption has risen 

consistently. According to Canadian greenhouse gas (GHG) emissions by economic sector, in 

2015, the transportation sector was the second largest source of GHG emission which have local, 

regional or global effect on environmental receptors (people, materials, agriculture, ecosystems, 

climate, etc.) [76](Figure 1.1). 
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Approximately more than a hundred millio n car tires currently are in-use in Canada. This encour- 

 
 

 

 
 

Figure 1.1: Transportation sector greenhouse gas emissions, Canada, 1990 to 2015[26] 
 
 

 
ages manufacturers and policy makers to think about more environmentally friendly and efficient 

cars to compete with similar ones. Therefore, it is important to consider every part of vehicle to de- 

termine which part could be improved. In the year 2020, the government of Canada is committed to 

reduce GHG emission to 130 megatons (Mt) lower than to those in 2005 [26]. The government regu- 

lation, restrictions regarding pollution control, as well as customers trends to eco-friendly products, 

have driven manufacturers to develop sustainable products. Identification of environmental impact 

would be the first step to generate greener products. 

Decreasing GHG emission and harvesting waste energy are two important reasons that cause think- 

ing about vehicle tires and their impact on the environment. Vehicle tires experience periodical 
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normal and shear loads under dynamic conditions. This load can be used as a source of mechanical 

stress for piezoelectric harvesters. The use of piezoelectric devices installed in pneumatic tires wil l 

enable the capture of kinetic energy from vehicle weight. This energy can be used to power other 

parts of the vehicle to save the fuel consumption such as low power electronics. This kind of energy 

shows potential as a power supply compared to batteries with a short lifespan. 

 
 
 

 
1.2    L ife cycle assessment 

 
 

In the early 90ôs, the Life Cycle Assessment (LCA) was developed to investigate probable en- 

vironmental effects of the different products. According to Stavropoulosa [75], the goal of LCA is 

that the environmental performance of products and services wil l be compared to choose the least 

burdensome one over the lifetime. LCA makes it possible to assess the environmental impacts of 

a process or service, taking into account the extraction and processing of raw materials, manufac- 

turing processes, transport and distribution, use, reuse, recycling and management of end-of-lif e 

waste [33]. LCA results can thus complement the basic data needed to know and improve a system, 

while avoiding that local environmental improvements are the result of an export of pollution to 

other systems or to other types of impacts (i.e. burden shifting). 

According to the lif e cycle assessment (LCA) standard ISO 14040, LCA is defined as òa systematic 

set of procedure for compiling and examining the inputs and outputs of materials and energy and 

the associated environmental impacts directly attributable to the functioning of a product or service 

system throughout its lif e cycle.ò [33]. LCA is a technique for assessing all environmental aspects 

associated with a product from òcradle-to-graveò, or from a productôs manufacturing stage through 

its life, and into its disposal route [37]. The standards ISO 14040, 14041, 14042, 14043, 14044 are 

crucial tool for environmental assessment and are used to compare the current tire technology and 

new one with adhering to mentioned standards. These standards outline a basic four step process to 

complete a lif e cycle analysis consisting of a goal and scope, inventory analysis, impact assessment, 

and interpretation [33]. 
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Definition of the four  phase of LCA 
 

 
An LCA study involves four different phases [33]. Each step is dependent on the previous steps. 

In the following subsections each phase of an LCA study is explained. 

 

 
Goal and scope definition 

 

 
The problem, and the objectives and scope of the study are defined. The function, functional 

unit and system boundaries are determined in this phase. Also, the main and alternative scenarios 

are described in detail. This phase decides which extraction and emissions are based. 

 

 
Inventory analysis 

 

 
The resource used required for the function, polluting emissions to air, water, and soil , the 

extraction of raw materials are quantified. 

 

 
Impact assessment 

 

 
This phase evaluates environmental impacts due to emissions defined in the inventory step. 

 

 
 

Interpretation 
 

 
In this section, the obtained results are interpreted and the uncertainties are evaluated. Sensitiv- 

ity analysis and uncertainty studies can evaluate the effect of system boundaries and improvement 

options can be identified. The purpose of the interpretation phase is to identify the lif e cycle stages 

at which intervention can substantially reduce the environmental impacts of the system or product, 

as well as analyze the uncertainties involved [37].  Figure 1.2 presents these four phases and the 

relation between them. 

 
 

1.3  Significance of the current research 
 
 

The population across the world is growing and needs energy resources to remain. This demand 

guides the researchers to generate alternative clean, efficient and sustainable energy resources to 

provide the current needs while considering the future generation needs.  This brings sustainable 
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Figure 1.2: Components of a product lif e cycle assessment (LCA) [33]. 
 
 

 
energy concepts, which is getting more important nowadays.  In addition, it can help 

reduce the cost, environmental impacts and health risks associated with carbon emission. 

According to the U.S Energy Department [79], only about 13-14 percent of the energy from 

the fuel put in a conventional vehicle is used to move it down the road, depending on the 

drive cycle. The rest of the energy is gone to the engine, idling, drive train, power to the 

wheels, and parasitic losses. The approximate amount of losses is shown in Figure 1.3.  A 

vehicle must expend energy to move air out of the way as it goes down the road, less energy 

at lower speeds and progressively more as speed increases. Overcoming the vehicleôs 

inertia that is directly related to the weight, and braking losses six percent of the energy in 

average. Aerodynamic drag averagely absorbs more than two percent of the mechanical 

energy [79]. Almost four percent of the energy is lost by the rolling resistance in the tires. 

Rolling resistance is a measure of the force necessary to move the tire forward and is 

directly proportional to the weight of the load supported by the tire while rolling. The main 
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source of energy dissipation in tires is the visco-elasticity of the materials of which tires are 

made .Visco-elastic materials lose energy in the form of heat whenever they are deformed. 

Deformation-induced energy dissipation is the cause of about 90 % of rolling resistance [82]. A 

number of tire operating conditions affect rolling resistance. The most important are load, inflation 

pressure and temperature. Rolling resistance is an important tire-road force product and is basically 

due to the energy dissipated by tires. The constant deformation of the tire is the main source for 

loss of energy. In other words, rolling resistance is the energy that is lost when the tire is rolling 

and the main reason for loss of energy is the constant deformation of the tire. In this research, the 

main goal is harvesting a part of this lost energy using piezoelectric materials and assessing the 

environmental effects of the employed harvesting system. 

The Government of Canada announced, there are 33, 168, 805 motor vehicles registered in Quebec, 

Ontario, and Manitoba provinces in 2015 [26]. In terms of the above losses in energy of cars [79] 

and registered cars in Canada; there is a lot of wasted energy in Canada and in the world, which has 

the potential to be converted to useful and clean energy. Moreover, the tires account for 

approximately 21% of a carôs fuel consumption- or approximately 5.2% per tire to be taken into 

consideration here as the environmental impact [73]. Table 1.1 shows and explains the category 

assignments in terms of vehicle acceleration resistance and contribution of tires to fuel 

consumption. 
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Figure 1.3: Energy losses in cars [79] 
 
 
 

Table 1.1: Allocation and evaluation of road resistance [73]. 
 

 

 

Total share of 

vehicle 

consumption (%) 

Reference to the 

tire 

Share of fuel 

consumption 

attributable to the 

4 tires 

Contribution of 

one tire to fuel 

consumption 

Rolling resistance 16 Vehicle weight 16 4 

Aerodynamic 

resistance 
36 

Wheel and wheel 

house account for 

approx. 25 % of 

vehicles 

Aerodynamic 

resistance; about 

50% of that 

amount is 

assignable to the 

tires 

45 1.1 

Propulsion 

resistance(internal 

friction) 

32 
No reference to 

the tie 
  

Acceleration 

resistance (loss 

due to braking) 

16 

Tire weight and 

moment of 

inertia 

0.4 0.1 

Total resistance 100  20.9 5.2 
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Any product that generates any amount of energy from ambient energies could influence the 

environmental impacts and decrease rolling resistance energy loses effect.  The running cars pro- 

duce energy when they are running by piezoelectric materials. It is aimed in this study to look for 

information to use in making a decision to promote a new product.  Here, a new product is pro- 

posed, namely an intelligent tire which can harvest energies of underneath of the tire by means of 

tire specific characteristic (e.g. weight). A full lif e cycle assessment is done to determine the future 

advantages of this product. The piezo-tire (the name is an integration of òtireò and òpiezoelectric 

elementsò) is a common pneumatic tire combination with a set of piezoelectric elements bonded to 

a wheel outer surface as shown in Figure 1.4. 

 
 

Figure 1.4: Piezoelectric elements bonded to a tire 
 
 

 
The piezo-tire aims at performance levels beyond those possible with conventional pneumatic tire 

technology because of its piezoelectricity characteristic which adds the possibility of harvesting 

ambient energy through revolving tire.  This feature has not changed the rolling resistance which 

mentioned above, but it can help to capture environmental mechanical stress and convert it to elec- 

tricity.  The environmental impact of this new design is unclear.  LCA wil l help in evaluating the 

environmental impacts throughout a tireôs lifespan from raw material extraction to tire disposal 
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(cradle-to-grave). The current project considers the environmental impacts of piezo-tire assembly 

and compares it to current tires. The lif e cycle assessment of all stages of a tire from extraction of 

raw materials until end of lif e of tire shows that 92.6% of the environmental impact of a tire comes 

from the period of use [52]. 

The whole service lif e of tire is constantly interacting with its local environment (i.e. pavement). 

To reduce the negative environmental impact, the detailed knowledge of this interaction is required. 

The analysis of this report aims to compare the newly developed piezo-tire with current pneumatic 

tires. 

To perform the LCA of this report, SimaPro software version 8.3 is used to facilitate this analysis. 

This software allows the user to model the environmental inventory by inputs such as resources and 

outputs namely emissions. 

 
 
 

 

1.4    Research objectives 
 
 

The main objective of the research is to investigate harvesting waste energy related to running 

vehicles because of the weight of the device and deformation of pneumatic tires.  Therefore, we 

examine whether piezoelectric materials could generate energy when there are installed in outside 

of the tire. The project objective includes: 

· To evaluate of the amount of energy harvested in pneumatic tires when piezoelectric 

materials places outside of the tire. 
 

· Evaluation of the impact over the lif e cycle of this proposed product and comparing it with 

base line tire. 

 
To reach the above mentioned goals, this work is followed: 

 

· Designing and fabricating an experimental set-up to simulate the tire rotation; 

 

· Installing piezoelectric elements outside of the tire; 

 

· Development of a data acquisition system to store data related to voltage generated by piezo- 

electric elements. A code for micro-controller we developed to connect to a computer using 
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wireless. A MATLAB code is developed to gather wireless data in real time data and store it 

for post processing usage. 

 
 

1.5  Outline of thesis 
 
 

Chapter 2 provides an introduction to piezoelectricity and their characteristics; constants and 

different types of modes of vibration. A review of fundamental equations of piezoelectric effects 

and their concepts are presented. Different circuits utilized in piezoelectric energy harvesting come 

in Chapter 3. Chapter 4 is concerned with a literature review of harnessing energy from different 

application of piezoelectric materials because of kinetic energy.  Also, a procedure as a guideline 

to derive a model for a piezoelectric tire under mechanical stress is discussed. A literature review 

about lif e cycle assessment is presented in this chapter as well. The energy harvesting concept and 

influences of using this self-power harvester from socio-economic point of view are considered in 

Chapter 5. Chapter 6 is concerned with development of the proposal for the running cars application. 

In this chapter, it is showed how the piezoelectric elements derived waste energy under running tires. 

In Chapter 7, the results of fabricated prototype are presented and discussed. The experiment results 

are compared with previously done work. Also the results of the LCA study are presented. Finally, 

Chapter 8 is dedicated to conclusion and recommendation for future work. 
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Chapter  2 
 
 
 
 

Piezoelectric energy harvesting 
 

 
 
 
 

Jaques and Pierre Curie found the piezoelectricity concept in 1880. They discovered there are 

some materials in nature, which have piezoelectric property, for instance quartz, tourmaline, and 

sodium potassium tartrate [53]. To exhibit the piezoelectric effect, each crystal has to be unsymmet- 

rical. A stress (tensile or compressive) applied to such a crystal wil l alter the separation between the 

positive and negative charge sites in each elementary cell leading to a net polarization at the crystal 

surface [53]. Piezoelectric materials can produce charges when they are subject to external mechan- 

ical loads. The magnitude and direction of the electrical current determined by the magnitude and 

direction of the mechanical stress/ strain applied to materials. 

Piezoelectric materials have two effects: direct and inverse effects. If pressure produces a charge in 

piezoelectric materials this effect is called the direct effect (generator or sensor) which means these 

elements convert mechanical energy to electrical energy.  However, if electrical voltage causes a 

change in the length of materials it is called inverse piezoelectric effects(actuator). These materials 

convert electrical energy into mechanical energy. 

The most commonly produced piezoelectric ceramics include barium titanate (BaTiO3 ), lead ti- 

tanate (PbTiO3) and lead zirconate titanate (Pb(ZrTi)O3,  PZT).The asymmetric location of Ti or 

Zr in the unit cell generates an electric dipole moment.  During poling, an electrical field is ap- 

plied, which causes the movement of Ti or Zr, and the change of dipole moment direction (see 

Figure 2.1) [78]. Piezoelectric materials are similar to a spring. Vibration can be produced through 

springing on the piezoelectric materials because of mechanical stress li ke loads from a vehicle, 
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Figure 2.1: Direct and adverse effect of piezoelectric [59] 
 
 

 
human foot, railway track, and dance floor.  By applying stress, piezoelectric crystals polarized. 

The amount of polarization is a function of stress, which is applied (Figure 2.2). òWhen a spring 

 
 

Figure 2.2: Energy generation through vibration [38] 
 
 

 
contracts and expands continually many times, it creates a mechanical stress on the piezoelectric 

crystal places below the springs. This creates electromagnetic induction resulting in electric volt- 

age. In the figure below, carbon nano-tube shape molecules of pure carbon which can be formed 

into tiny springs.  These materials are capable of storing a large amount of energy, which more 

durable, reliableò (Figure 2.3) [38]. Figure 2.4 [11] shows the principle of working with a piece of 

piezoelectric material. One important group of piezoelectric materials is the piezoelectric ceramics 

of which PZT is an example.  In this figure, positive and negative charges center shift, which re- 

sults in an external electrical field. Firstly, piezoelectric materials produce AC voltage and then are 

converted to DC by a rectifier [77]. 

 

 



13   

 

 

  

 

Figure 2.3: Spring in action [38]. 
 

 
 

 
 

Figure 2.4:  Schematic showing the response of a piece of piezoelectric ceramics to an external 

mechanical simulation [11]. 
 
 
 

2.1  Stabili ty 
 
 

òThe properties of piezoelectric materials are a function of time and temperature. The poling 

ages approximately logarithmically so that the rate of change in permittivity, coupling factor, fre- 

quency constant, decreases rapidly in the course of time. Therefore, stability dependence of time is 

more interest. Powerful ambient influences are li kely to change the original aging pattern. This 

applies particularly to the permittivity, the mechanical Q factor and dielectric loss factor.ò [53]. 
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2.2    Depolar ization 
 
 

òAs already mentioned, after its poling treatment a PZT ceramic wil l be permanently polarized, 

and care must therefore be taken in all subsequent handling to ensure that the ceramic is not depo- 

larized, since this wil l result in partial or even total loss of its piezoelectric properties. The ceramic 

may be depolarized electrically, mechanically or thermallyò [53]. 

 
 

2.3    Basic behavior  of piezoelectric elements 
 
 

Figure 2.5 illustrates the behavior of a cylinder of piezoelectric materials. In the no-load state, 

cylinder has no charge. Applied strain or stress in compressive or tensile mode results dipole state 

in the material and causes a voltage to appear between electrodes. As compressive load resumes, 

the original form of cylinder and the voltage have the same polarity of poling voltage. 

If the cylinder is stretched, the poling voltage and polarity wil l have an opposite direction. This is 

called a generator action and it means the conversion of mechanical energy to electrical energy. In 

this state piezoelectric material is a generator. So, generators convert force and strain to voltage and 

charge. Microphones, gramophones, and cigarettes are examples of generator action. 

If the voltage polarity and the poling voltage is the opposite side, the cylinder wil l be shortened 

and vice versa.  This is called the actuator.  In addition, piezoelectric elements with this property 

are called piezo motors or actuators. Therefore, actuators convert electrical energy to mechanical 

energy. Actuators have not considered in thesis research. Figure 2.5 demonstrates all of the above 

description. 
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Figure 2.5: The piezoelectric effect in a cylindrical body of piezoelectric ceramic [33] 
 

 
There are two kinds of generators: one layer generators (longitudinal and transverse generators), two 

layer generators (extension and bending generators), and multilayer generators (Stack genera- 

tors). In this research, only one layer generators are discussed. 

 
 
 

 
2.4  Longitudinal generators 

 
 

òWhen a mechanical stress is applied to a single sheet of piezoelectric in the longitudinal direc- 

tion (parallel to polarization), a voltage is generated which tries to return the piece to its original 

thicknessò [60] (Figure 2.6). 
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Figure 2.6: Longitudinal (d33) generator [60]. 
 

 
 
 
 

2.5  Transverse generators 
 
 

òWhen a stress is applied to a sheet in a transverse direction (perpendicular to polarization), a 

voltage is generated which tries to return the piece to its original length and width. A piezo sheet 

bonded to a structural member who is stretched or flexed wil l induce electrical generationò [60] 

(Figure 2.7). 

 
 

Figure 2.7: Transverse (d31) Generator [60]. 
 

 
 
 

Piezoelectric materials are anisotropic and their physical constants relate to the direction of 

applied stress or strain and directions perpendicular to a applied force. Consequently, each constant 

has two components. The direction of positive direction is along the z-axes of rectangular system 

of X, Y, and Z-axes. Subscripts 1, 2, 3 represent the global axes direction and shear related to these 

axes represented with 4, 5, 6. Most frequently used constants for piezoelectric materials constants 
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are summarized in Figure 2.8 and 2.9. In all definitions, the first subscription refers to the direction 
 

of strain and the second one is the direction of stress: 
 
  

 
 

 2.8: Direction of applied stress [11]. 
 

 
 
 
 

2.6  Piezoelectric constants 
 
 

Properties of piezoelectric materials are generally characterized by kp, k33 , d33 , d31 , g33 as 

piezoelectric constants [11]. 

 

 

2.6.1 Piezoelectr ic charge constant d 
 

 
The piezoelectric charge constant is defined as the electric polarization generated in materials 

per unit mechanical stress applied.  Alternatively, it is the mechanical strain experienced by the 

material per unit electric field applied to it [53]. The factor d is an important indicator of material 

suitability for strain-dependent(actuator) application. 
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Figure 2.9: Basic Symbols and Terminology in Piezoelectricity [23]. 
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2.6.2 Piezoelectr ic voltage constant g 
 

 
The piezoelectric voltage constant is defined as the electric field generated in a material per unit 

mechanical stress applied to it. Alternatively, it is the mechanical strain experienced by the material 

per unit electric displacement applied to it [53]. The factor g is an important indicator for assessing 

suitability for sensing application. The g factors called open circuit coefficients, and it is parameter 

to evaluate the ability of piezoelectric material to generate large amount of voltage. 

 

 

2.6.3 Permitt ivity E 
 

 
The permittivity is represented by Ů and is defined as: 

 
 
 

‭
ὉὰὩὧὸὶὭὧὥὰ ὨὭίὴὰὥὧὩάὩὲὸ

ὟὲὭήόὩ ὩὰὩὧὸὶὭὧὥὰ ὪὭὩὰὨ
 

 

(1) 

 
 

2.6.4 Elastic compliance S 
 

 
The elastic compliance S of materials is defined as: strain produced per unit of stress. 

 

 
2.6.5 Youngôs modulus 

 

 
The Youngôs Modulus constant is an indicator of the stiffness (elasticity) of ceramic materials. 

 

 
2.6.6 Electromechanical coupling factor  

 

 
This factor is an indicator of the effectiveness which piezoelectric material converts mechanical 

energy into electrical energy and vice versa. This constant represented by K. This constant is conti- 

nent measurement of the overall strength of electromechanically effects. K is always less then unity 

because the conversion electrical to mechanical energy or vice versa is incomplete. Equations 2 and 

3 represent direct effect and converse effect of coupling factor, respectively [11]. 
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(2) 

 
 

ὅέὲὺὩὶίὩ ὩὪὪὩὧὸ
ὉὲὩὶὫώ έόὸὴόὸ Ὥὲ άὩὧὬὥὲὭὧὥὰ Ὢέὶά

Ὕέὸὥὰ ὩὰὩὧὸὶὭὧὥὰ ὩὲὩὶὫώ Ὥὲὴόὸ
 

 

(3) 

 
 

2.6.7 Dielectr ic dissipation factor  
 

 
The tangent of the dielectric loss angle is shown with ŭ or tan(ŭ). In parallel circuits are defined 

by the ratio of effective conductance to effective susceptance and are measured by an impedance 

bridge. Figures 2.10 and 2.11 present the different modes of vibration of piezoelectric materials and 

their charge and voltage amount production under stress. 
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Figure 2.10: Different modes of vibration [11]. 
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Figure 2.11: Generator transducer relations [60]. 
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Chapter  3 
 
 
 
 

Conditioning circuity 
 

 
 
 
 

Piezoelectric devices are subject to resistive loads in electrical domain for evaluation of the per- 

formance of alternative current (AC) power generation. This alternating voltage should be converted 

to a direct voltage to use electricity. This can be gained with a rectified voltage, and a smoothing 

capacitor to form an AC-DC convertor.  This energy could be stored in capacitors or charge the 

batteries. A power manager uses a DC-DC voltage output regulation to maximize power in energy 

storage, and match impedance. Power managers cope with challenges of transferring energy har- 

vesting from the source to the final device or storage element li ke a battery.  Figure 3.1 shows a 

typical schematic diagram of a power manager. 

In the case of alternate sources, a rectifier is required.  In the case of direct sources, impedance 

 
 

 
Figure 3.1: Typical schematic diagram of power manager [14]. 
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matching can be achieved using a maximum power point tracker (MPPT) [14]. The charge and dis- 

charge phases control with logic circuitry. Piezo electric materials are AC sources; so, their output 

needs to rectify and adjust for output devices. The simplest rectifier can be a diode bridge rectifier 

(see Figure 3.2). These components are necessary for practical application of energy harvesters [11]. 

Another possible circuital interface is the parallel-SSHI (synchronized switch harvesting on induc- 

 
 

Figure 3.2: Diode bridge rectifier [14]. 
 
 

 
tor) [27].This approach allows enhancement of the coupling coefficient of the electromechanical 

system using piezo materials [64], it allows gaining up to 10 times of harvested energy [29]. The 

technique is derived from a semi-passive technique developed for mechanical structures, called 

SSD (synchronized switch damping) [10, 71]. Such confirmation adds an inductor-switch branch in 

parallel to the source (see Figure 3.3). When the device displacement is a maximum amount, the 

 
 

Figure 3.3: Parallel SSHI interface [14]. 
 
 

 
switch is turned ON, the condition of the internal capacitance and the inductor constitute an oscil- 

lator, where the characteristic electrical period must be much smaller than the mechanical vibration 

period. The circuit allows inverting quasi-instantaneously the voltage of the piezoelectric element 
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and thus to put in phase the vibration velocity and generate voltage [28]. 
 

A possible implementation of the parallel-SSHI interface consists of two switches, one for the pos- 

itive half-wave and another one for the negative. The switches implement through two MOS tran- 

sistors driven by the output of a comparator that reads the derivative of the piezoelectric voltage, in 

order to catch the peak and let the inductor to discharge the parasitic capacitance [27]. 

This technique allows increasing the voltage output or to obtain the same output of a standard in- 

terface device while reducing the volume of piezoelectric element. Based on the same concept, a 

series-SSHI rectifier consists of an inductor-switch branch added in series to the piezoelectric ele- 

ment, followed by a diode bridge rectifier (Figure 3.4). Based on the same concept, a series-SSHI 

rectifier consists of an inductor-switch branch adds in series to the piezoelectric element, followed 

by a diode bridge rectifier (Figure 3.5).  The switch control is the same as described above for 

parallel-SSHI [44]. 

 
 

Figure 3.4: Synchronous charge extraction interface [44]. 
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Figure 3.5: Series SSHI configuration [44]. 
 

 
 
 

The four techniques have the same maximum harvested power, but at different values of the 

electromechanical coupling factor. Practically, the synchronous charge extraction technique reaches 

the maximum of lower electromechanical coupling factor, enabling reduction in required amount of 

piezoelectric materials, since k2 is roughly proportional to the amount material.  Moreover, syn- 

chronous charge extraction is indifferent to impedance matching. Commercial solutions are avail- 

able because of the research progress achieved in the last years [14]. 

Linear technology (Milpitas,CA,USA) has developed a series of conditioning devices for energy 

harvesting. Those circuits are targeted for piezoelectric-based harvesters (Appendices C and D). 
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Chapter  4 
 
 
 
 

Energy Harvesting 
 
 
 
 
 

4.1    L iterature review 
 
 

This literature review aims at reflecting the previous scholars done to harvest the waste energy of 

ambient. First, herein, advantages of the energy harvesting are discussed according to the previous 

researches.  Following that, the capability of the piezoelectric materials in harvesting this kind of 

energy is explained. After that, the automobile industry pioneered as a candidate, results of recently 

done work, and methodology related to energy harvesting in the car industry are described.  And 

finally, some of the examples which are performed or contemplated to harvest energy are explained. 

The definition of waste energy could include two aspects: i) waste to produce energy or energy from 

waste and, ii ) energy that can be used but is wasted instead [11]. 

The energy harvesting is the process of capturing and conversion of small amounts of readily avail- 

able energy in the environment into usable electrical energy [40].  Such as solar panels, which 

convert energy in sunlight to electricity, the other harvesters also, take the environmental energy, 

mostly vibration and heat which is wasted and convert it to the useful forms of energy such as elec- 

trical and mechanical. 

Stromdahl [76] reveals that from an environmental point of view, the energy issue is central and 

ever-present, and there are several ways to increase the environmental benefits by focusing on dif- 

ferent stages of the chain.  One way is to invest in cleaner forms of energy.  Another is to switch 

to more energy-efficient appliances. A third is to choose technologies that minimize the losses in 
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the distribution and transformation - and there are big gains to make. Over a quarter of the energy 

produced is lost on the way to the user. 

The harvesting waste energy has the potential to replace batteries with other small and low power 

electronic devices. This provides several advantages. Free maintenance is one of them. It is also 

environmentally friendly and the disposal batteries are avoided. Batteries usually contain chemicals 

and toxic heavy metals that are harmful to the environment and hazardous to human health. It has 

potential applications to monitor remote or underwater locations. Different types of waste energy 

should be captured using different technologies and materials.  For example, with the increasing 

computer components speed, they produce a huge amount of heat, which is wasted in the environ- 

ment. This heat can be used as a source of energy or some other devices. This also cuts the cost of 

computers and energy consumption. 

There is a lot of energy waste in daily use; so, as long as, the waste energy is recoverable, it is 

useful and brings many environmental and economic benefits. According to Newtonôs third rule, 

energy converts from one form to another without destroying it. Always there are losses along the 

chain. For example, chemical energy is converted into motion. There are two metrics to determine 

the amount of energy harvesting of piezoelectric materials: power and energy. Power is the unit of 

energy per second and designated in watt (W). Power is an indication of how quickly energy can be 

delivered [31]. A high power air conditioner can cool the room quicker than a weak power heater 

which is used to heat a room.  The other metric is energy.  This is defined in different units li ke 

Joules, kWh; but, for electricity is most common to use watt-hour which it means how many watts 

are produced in an hour. Power and energy are stated as power density and energy density. These 

are the amount of energy which can be made in area or volume. A typical solar panel might measure 

60 cm × 90 cm, or 0.54 square meter (0.54 m2). Its power density would then be 200 watts in six 
 

square feet, or 200/0.54 = 370 W/m2 ) [31]. 
 

Piezoelectric energy harvesting is one of the most reliable power sources.  There is much debate 

about whether a piezoelectric harvester can be classified as a renewable energy or not. Renewable 

energy tends to be inexhaustible in the context of energy. Regardless of these concepts, harnessing 

waste energy can increase the efficiency of system. 

Figure 4.1 demonstrate the schematic diagram of power density versus voltage for different energy 



29  

 

harvesting [17]. Among all energy harvesting techniques, piezoelectric devices are the most promis- 

ing technologies because of their simple structures which make their application easy. Additionally, 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1: Power Density versus Voltage for various Energy Harvesting Technologies [57]. 

they  are not simply affected by external and internal electromagnetic waves [81].  As indicated 
 

before, piezoelectric materials can convert waste energy into electricity and reduce the fuel needs 

of vehicle and improve fuel economy by at least 5 percent [57].  This process has rapidly gained 

momentum due to energy efficiency and environmental benefits. Piezoelectric energy is no longer 

viewed as a being unreliable source of energy with low power output and there has been consider- 

able development in utilization. These materials were introduced in detail before. 

A large number of passing vehicles through the roads have a large source of waste energy, which 

can potentially generate electrical energy. Among all industry, car industry due to having the biggest 

consumer among all energy dependent technologies is more interested. There is no significant re- 

search related to amount of waste energy in cars subjected to vibrations and deformations li ke tire. 

Kim et al. [39] investigated the capability of piezoelectric transducer to scavenge electric power 

from automobile engine vibration. In recent years, some research has been done related to tire en- 

ergy harvesting. Their fundamental problem is that they do not consider viscoelastic deformation 

of rubber.  Moreover, there are no analytical studies for the amount of energy which can be har- 

vested from tire. Researcherôs findings demonstrate that there are three forces and one torque acting 
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on an automobile tire.  The shown forces in Figure 4.2 are the results of different characteristics 

of a car. The vertical force is due to the sprung mass of the vehicle, aligning torque is caused by 

the steering torque on the tire, longitudinal force is originated by the traction/acceleration or brak- 

ing/deceleration, and the lateral force is the reaction of the forces to turn vehicle [5].  

Among these forces, the share of the vertical component in deformation of tire is dominant (tread 

 
 

Figure 4.2: Forces and Torque at the Center of the Tire-Road Surface Contact Patch [5]. 

 

 

 region73%)[15]. Although, piezoelectric materials has low power and efficiency, but, it can be 
 

improved by modification of materials, changing stress direction, and changing of the electro pat- 

terns [3].  The important thing for future of energy harvesting thing by piezoelectric materials, is 

that these kinds of sources increase the transmission of wireless sensor and decrease the battery 

replacement and disposal costs.  The contemporary ambient vibration energy occurs in a low fre- 

quency range of 1-100 Hz for machine induced motion [41]. Different factors and state of the art 

solution which influence the output of piezoelectric harvesters such as geometrics, type of materi- 

als, and techniques to match the resonance frequency of piezoelectric materials, and electric circuits 

are indicated in Li and Strezov [47]. Also, resonant frequency influence the power output perfor- 

mance waves [81]. New methods to improve energy harvesting from low frequencies is developed 

by Ashraf at al. [6]. 
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So far, much research has been done to harvest waste energy of cars to propose one alternative 

low cost and reliable system to power small parts of cars namely tire pressure monitoring system 

(TPMS). Using piezoelectric energy harvester in cars can replace batteries in TPMS module which 

is mandatory in United States and European cars. As an example, Manla et al. [49] used centripetal 

force to generate an impact on the piezoelectric transducer.  This new designed system produced 

4 mW of electrical power at 800 rpm. On the other study, the problems and challenges of energy 

harvesting considered for TPMS in terms of design point of view. Previously scholars demonstrated 

that the wheel of a car is an energy rich environment [69]. Wei and Jing [81] presented the state-of- 

the-art investigation related to vibration based energy technology, i.e., theory, modeling, approaches 

in piezoelectric materials. Although, their findings showed that piezoelectric energy harvesters have 

some disadvantages such as low coupling factors and depolarization in unloading, these materials 

are hardly affected by electromagnetic waves in comparison to current energy harvesters.  In ad- 

dition, the advantage of piezoelectric energy harvesting is to decrease the fuel consumption and 

off-balance problems of the tire [50]. Therefore, these kinds of energy supplies eliminate the need 

for the battery replacement. The battery-less self-power systems could be a future technology and 

it is required to do more research for achieving the sufficient efficiency. To use better of these kinds 

of energy, the design problem and significant challenge should be solved. 

In the research done by Makki and Pop-Ili ew [48] showed that how piezoelectric materials could 

generate power by assembling these elements within the vehicleôs wheel. The previous studies just 

have used one or two piezoelectric elements to harvest small amounts of energy which could be 

used in small devices. On the other hand, the type of piezoelectric which they used was different. In 

this study, piezo benders in circular shape with 44 mm diameter and 23 mm in thickness are used. 

This PZT is mostly used in a buzzer.  Development of this idea can decrease the dependency of 

current hybrid cars to utilize conventional fuels to charges batteries. In this research, 40 rows of 4 

piezo elements bonded on a ribbon and then installed inside of tire. Figure 4.3 shows the installment 

of the elements inside of the tire. To test and measure power generation, a dynamometer was used 

to simulate the speed and weight of car on the tire. All elements were connected in parallel in a row 

to a rectifier bridge and then all of them were connected in parallel to each other. When the test is 

run, the elements which producing power acts as a voltage/current source and the rest of rows act as 
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open circuit. 
 
 

 
 

(a) Piezo elements bonded to inner side of tire (b) Two rows of piezoelectric materials 

 
Figure 4.3: Piezo elements installed inside tires [48]. 

 

 
 

Approximately 2.3 watts of power was generated by this experiment by around 160 PZT boned to 

the inside of a tire of 185/65R14 at 100 km/h at load of 1000Ý [48]. As indicated in this work, 

increasing the piezo elements could affect the amount of power. For two series of elements which 

bonded to present series, the amount of power increase to twice of previous one. Power output is 

strongly depends on surface area, round per minute (RPM) and piezo bender deformation.  This 

relationship is direct, and increases the amount of output as one of these items increase. 

In the subsections to come a couple of other piezoelectric technologies and applications are ex- 

plained. 

 

 
 
 

4.1.1 Virus-Based energy harvester  (Bacteriophage) 
 

 
Bacteriophage devices are an innovative technology to generate energy from every day mechan- 

ical vibration.  This material invented by the Lawrence Berkeley National Laboratory (LBNL) to 

provide a sustainable energy source from environmental kinetic energy and convert it into electri- 

cal energy via piezoelectric properties of a biological material that is a harmless virus [43]. This 

new invention can cope with the future energy challenge of battery-driven devices. It can provide 

a sustainable, cost effective, nontoxic, and biocompatible energy source [42]. Figure 4.4 illustrates 



33  

 

one experiment of a bacteriophage energy harvester. When a virus film is pressed with a finger, it 

generates enough electrical energy to operate the LED device, showing the number ò1ò [43]. 

The manufacturing cost for the Bacteriophage Power Generator is estimated to be between $0.02 
 

 
 

Figure 4.4: Bacteriophage energy harvester [43]. 
 
 

 
(materials cost) and $.78 (materials and labor) for a device measuring 1 cm x 1 cm, depending on 

its application [43]. 

 

 
 
 

4.1.2 Energy harvester  mounted on a shoe 
 

 
A Moonie harvester is embedded inside the shoe (see Figure 4.5) to estimate the amount of har- 

vested energy because of heel presses. The òMoonie,ò [45] is a metal ceramic composite transducer 

that has been developed by sandwiching a poled lead zirconate titanate (PZT) ceramic (PZT-5H) be- 

tween two specially designed metal end caps. The energy output of one step was recorded as 81 µJ 

which translates to 162 µW for two shoes when walking 2 steps per second. The power density at 1 

step per second frequency was measured as 56   [45]. 

 

 
4.1.3 Energy harvesting in transport terminals, airpor ts, and streets 

 

 
Currently, there is more need to use renewable energy at airports, terminals, high traffic streets, 

and sidewalks because of passenger foot traffic. Clean, more sustainable forms of energy can be 

generated with capturing waste energies in these places to insure a healthier environment for future 

generation.  To reach this goal, piezoelectric energy harvester is a good candidate to be installed 

in airports and terminals to capture kinetic energy from foot traffic. This energy can offset some 



34  

 

 
 

Figure 4.5: Shoe measurement system [45]. 
 
 

 
amount of grid power. This type of energy is clean and renewable. 

 

One example of harnessing piezoelectric energy at a terminal and airport was conducted at The East 

Japan Railway Company (JR East) at 2008 (see Figure 4.6).  They embedded 600 per square of 

piezoelectric elements with 35 milli meters in diameter and disc-shaped components at ticket gates. 

While the loudspeaker creates sound by converting electric signals to vibrations, the floor adopts 

the reverse mechanism that produces electricity by harnessing the vibrational power generated from 

passengersô steps [35]. The maximum electricity production reached to 10000 watt-seconds per day 

which is enough to light a 100 W light bulb for 100 seconds [35]. 

 
 

 
 

 
 

(a) Walking generates energy. (b) Tokyo Station. 

 
Figure 4.6: Power generating floor at Tokyo station [35]. 
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4.1.4   Proposal adopting piezoelectr ic energy harvesting in educational buildings 
 

 
An experiment performed by Rastegar et al. [65] in the building sector as the demand for en- 

ergy needs for enhancement of building services and comfort levels is growing with the population. 

So, integrating alternative energy resources is of paramount importance to minimize the growing 

energy requirement. In this research, to improve power generation efficiency, two stage energy har- 

vesters were designed for very low frequency vibration environment in 0.2-0.5 Hz range as shown 

in Figure 4.7. This is called the Plucked method. This design contains two parts: first a mechanical 

 
 

Figure 4.7: Schematic of an enhanced piezoelectric energy generator based on the two stage energy 

harvesting approach [65] 
 

 
energy transfer unit which is linked with a vibration platform and next is the secondary vibration 

units which is composed of piezoelectric elements and vibrating beams. Due to the initial impact 

effects on the platform, the mass attached on the mechanical energy transfer units starts to vibrate 

at low frequency. This low energy vibration then is transferred and excites the piezoelectric beams 

as it passes over the secondary vibrating unit. So, the energy yields are strongly related to the time 

that piezoelectric elements are activated. 

òIf the piezoelectric elements are activated once per single footstep, the power generation (W) then 

can be calculated as a function of the number of pedestrians and the number of tiles that are stepped 

on by a single pedestrian along the pathway. The function is defined as follows: 

 

W = M ú n ú E ú R  (4) 
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where M  is the number of pedestrians; n represents the number of tiles that are activated is the 

electricity generated from single step; R is the enhancement rate when the plucked method is used 

to improve the harvesting efficiencyò [47]. N in the above equation is a function of the size of the 

tile and their deployment method.  Hence, the variations of n have to be considered by applying 

Equation 5 and Figure 4.8. 

n = 
L1  

(5) 
LT 

 
 

 
 

Figure 4.8: Two types of piezoelectric tile deployment [65]. 
 
 
 

According to these research results, 1.1 MWh/year can be harvested annually from pedestrian 

crossing energy. This model shows that the piezoelectric energy harvesters can save AUS $540 in 

the annual running costs and reduce 10 percent of greenhouse gas emissions by replacing the elec- 

tricity from the power grid [47]. 

 

 
 
 

4.1.5 Power generation from pedestr ian footstep 
 

 
A company [58] has completed over 100 projects around the world, across various sectors in- 

cluding train stations, shopping centers, airports and public spaces. Figure 4.9 shows some projects 

which were performed by this company. 
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(a)  Omer  Train  Station,   Northern 
 

France . 

(b) Federation Square, Melbourne. (c) The Crystal, London. 

 
Figure 4.9: Footstep energy generating sample projects [ 58]. 

 

 
 

This new technology captures energy from footsteps fooling on it and a combination of electro- 

magnetic induction and flywheel energy storage technologies with capability of producing 7 watts 

of electricity from one person walking across a short space [58]. 

 

 
 
 

4.1.6 Dance floors 
 

 
A similar project was performed in London by the Club4climate project which produces elec- 

tricity with dancers jumping up and down which charges some batteries. This club produces 60% 

of the energy needed by the clubberôs movement [20]. 

 

 

4.1.7 Piezo-harvesters embedded in rail -ways 
 

 
The first try of installing piezoelectric IPEG pads on the rail track was done by Innowatchtech 

Inc [18].  an Israeli company.  The experiment was conducted on the railway with ten-car train 

weight. Achieved results demonstrate that around 120 kWh could be produced which is enough to 

power light and signs, and other surpluses that can be routed to the grid (see Figure 4.11). 
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Figure 4.10: How a piezoelectric flooring system generates electricity through kinetic energy [20]. 
  

 

 
 

(a) Installi ng piezo IPEG pads. (b) Piezo IPEG padsô function. 

 
Figure 4.11: InnoWatch IPEG pads [18]. 
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4.1.8 Piezo-smart roads 
 

 
Transportation on highways and roads play a significant role in economy and society devel- 

opment.  Currently, the speed of energy consumption is more than the speed of regenerating it. 

Therefore, to have more sustainable and reliable types of energy, it is required to think about some 

new technology to supply power. Almost all people need to use roads and highways very often such 

as taking buses or riding in cars. According to research, the transportation sector consumes almost 

one-third of the nationôs energy [30]. Innowatch Inc. was the first company which worked on the 

 
 

Figure 4.12: Smart-Road [30]. 
 
 

 
harnessing energy from the roads. According to Henderson [30], piezoelectric crystals embedded 

in the asphalt can generate up to 400 kilowatts of energy from a 1 kilometer stretch of generators 

along the dual carriageway (assuming 600 vehicles go through the road segment in an hour), enough 

energy to power 600-800 homes. The energy generating road offers a self-sustaining environment 

for the future. 

 
 

4.2    LCA literature review  
 
 

In tire industry, tire manufacturers are challenged to develop sustainable (economically and 

environmentally) products to participate in competitive markets with other manufacturers.  Much 

research has been done to minimize the environmental impacts of this industry by citing ISO stan- 

dards. Tire manufacturers are urged to improve steadily the performance of tires. On the other hand, 

they try to develop a product with minimum environmental impact. These two parts are mutually 

unique. LCA help to manufacturers to record all sustainable development aspects of tire during the 

lif e cycle of the tire.  This approach provides consideration of all contributions of raw materials, 
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energy use, distribution, use, treatment and re-use of the product. According to Backer and Gloeg- 

gler [8] the major environmental impact throughout a carôs lif e cycle consists of the tire use phase 

with carbon dioxide emissions linked to the fuel consumption of the car, attributed to rolling resis- 

tance. This conclusion was also confirmed by SilkeKromer [73]. The North America manufacturers 

are slow to adopt LCA for their products, and therefore there are a few documents related to tire 

environmental impact assessment in comparison to Europe. There are differences in European and 

American lif e cycle assessments. One is related to material composition of tires. However, Euro- 

pean average use is 40000 km for the tire lif e and the American average is 40000 miles. The other 

difference is between fuel use over the lif e cycle of the tire. The disposal route in the end of lif e of 

European is different with American. According to Reschner [67] a much larger percentage of tires 

are landfilled in Europe instead of incineration. 

Raw materials used in the tire industry are documented in Simapro software, but, since energy re- 

quirements and emission change in different countries, other sources would be used as a source 

of inventory data.  Herein, data published by Cobert [16] was used for baseline sources and data 

published by Ibn-Mohammed et al. [32] was used for piezoelectric material resources. 

The other issue related to the tire LCA is end of life.  Work has been done to increase the used 

tires instead of waste, and the landfilling method increases the environmental concerns among the 

public [9]. Therefore, new innovations in rubber shredding and incineration reduce the excessive 

scrap tires [55]. Morris [54] concluded that incineration consumes less energy than landfilling; even 

this method can recover energy from the waste material. For example, 1 kg of tire rubber contains 

36 MJ of energy which is 4 times more than the same amount of coal [66].  Although open tire 

firing produces a large amount of carbon monoxides, particulates, sulfur oxides, nitrogen oxides, 

and volatile organic compounds. Open tire firing is not allowed. Standard and disposal methods of 

tires are always updated to provide the sustainability of the tire industry. 
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Chapter  5 
 
 
 
 

Socio-economic impact of piezoelectric 

materials in cars 

 

 
 

Climate change is one of the crucial problems, which the world is facing currently.  With in- 

creasing usage of fossil fuels, levels of CO2 and other levels of greenhouse gases are increasing 

with dangerous consequences including increasing global temperature. These current challenges of 

climate and energy require sustainability. Contemporary reliance on fossil fuels and emissions of 

CO2 to the atmosphere are not sustainable activities. CO2 emissions growth demonstrates that this 

amount is beyond the atmospheric absorption capability. 

All energy technologies have different amounts of environmental footprint. However, energy from 

renewable resources has less effect on climate change and environment pollution, because it has no 

combustion during the process. Therefore, generating energy from readily available resources is an 

advantage for decreasing climate change effects. New sources of renewable energy are becoming 

new topics for research. The major concern here is efficiency of storage systems because some of 

the renewable resources generate power only intermittently. 

A sustainable system requires altering energy systems with low greenhouse emission systems. There 

are vast energy resources to meet our needs; however, the goal is lowering the cost and increasing 

reliability and the quality of sustainable systems, simultaneously to facilitate this transition. This is 

a huge challenge, but it can be undertaken with improvement in energy efficacy with deployment of 
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a variety of technologies. 
 

Among the numerous opportunities, in this research the piezoelectric effect has been studied. As 

discussed before, piezoelectricity is the interaction between crystalline materials, such as crystals 

and ceramics.  The electrical charges are the result of an applied force or pressure through this 

interaction.  This is the piezoelectric effect.  In this research, we propose to place piezoelectric 

transducers on the outside surface of pneumatic tires that would use mechanical stresses from tire 

pressure and deformation and generate usable electric energy. This harvested energy can be trans- 

ferred to an external battery for storage.  This kind of technology is used in small scale now, but 

with further developments, this could be applied at larger scale and bring a lot of promise. Every 

day, hundreds of thousands of cars run through the city. The amount energy derived from the mass 

amount of cars is sufficient to provide power for several applications. This can decrease the amount 

of energy needed and in turn reduce the impact of carbon emissions. 

With rapid improvement in piezoelectric technology, it would make sense that mass production of 

piezoelectric generators would be cost effectively. Installing piezoelectric in pneumatic tires, gives 

the opportunity to collect as much as energy as possible. This kind of renewable energy can provide 

electricity to car users and people of the city without harming the environment. This electricity can 

be used in vehicles or sent to an external transformer to wide spread use. The produced electricity 

can reduce the electrical cost and at the same time provide advantages to the environment. 

Piezoelectric technology, currently, is meant to power small appliances such as tire pressure sensors, 

portable chargers for cell phones and laptops. However further development can open the ways to 

improve piezoelectric transducers for more efficient generators. Piezoelectric technology has great 

potential to provide the amount of energy, used on a daily basis. Implementing transducers, does 

not affect out regular habits. Car tires revolve in regular basis, so why not use this simple and self- 

powered technology for benefit and keep the earth healthy to have a brighter future. 
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Chapter  6 
 
 
 
 

Methodology 
 
 
 
 
 

6.1  Materials and methods 
 
 

To generate electricity from running cars, the most suitable place must be chosen to put the 

piezoelectric materials. In the research performed by Makki and Pop-Ili ew [48], piezoelectric mate- 

rials were installed inside of the tire. The pressure inside of the tire is slightly less than the pressure 

outside of the tire surface. To claim this statement, imagine pressure represented with Pi and contact 

patch area with A, then force on the ground is Fi  = Pi  × A.  On the other hand, tires have some 
 

elasticity. Deformation of the tire because of weight creates an elastic force according to Hookeôs 

law [24]. This force is Fe for tire. Therefore, the total force on the ground is: 

 

Ὂ Ὂ ὖ ὃ (6) 

 
And the pressure of the ground is: 

 
 

ὖ
Ὂ

ὃ
ὖ 

(7) 

 

 
So, outside of the tire is a more appropriate candidate to install piezoelectric materials than the 

inside. 
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6.2    Methodology 
 
 

The criteria to transit the carôs weight to the ground are defined by the contact patch which 

de- pends on the weight of the vehicle, and tire air pressure. When this weight is zero, the contact 

patch is a line. Increasing the load causes tire and side wall deformation and increases the area of 

the con- tact patch. With tire rotation, all different parts of the tire undergoes deformation at a 

frequency that is a function of the tire RPM. In this research, it is tried to simulate one standard 

car characteristic as a model and then scale it down to a prototype scale. Piezoelectric benders 

experience periodic deformation with tire revolution and generate a periodically charging and 

discharging. 

As discussed before, piezoelectric materials produce charges when it is subjected to deformation 
 

 
 

Figure 6.1: Real and scaled down model specification. 
 
 

 
at the contact area with the ground. This amount depends on the revolution per minute of tire or, in 

other words, the frequency. In this research, the goal is converting waste energy in cars to electricity 

which could be used at different parts of the vehicles. To achieve this, an actual car was simulated 

and scaled down in the laboratory. 

The Horizon CT7.2 treadmil l was used for this test. By considering that the maximum velocity of 

this treadmil l is 10 mph, tire specifications and other conditions have been scaled down to simulate 
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a model with a running car. Figure 6.1 presents the procedure of scaling and dimensional relation 

between an actual and prototype model. The Chevrolet Malibu was selected as the reference car and 

its specification was scaled down by a factor of 1/3.56 according to laboratory facilities. A spread 

sheet (Figure 6.1) was developed for this proposes to provide required speed and force. To achieve 

close results to the reality, it was decided to keep frequency and pressure constant underneath of 

the tire. The frequency of the piezo benders depends on RPM that is a function of velocity of vehi- 

cle. Here, because of limitation in the employed treadmillôs speed, 10 mph equivalent to 55 km/h 

velocity of the reference model can be tested. Makki and Pop-Ili ew [48] confirmed that the higher 

velocity is, the more the bender deforms, thus increasing the power output. 

A steel frame with dimensions illustrated in Figure 6.2 was designed and constructed to transfer the 

load to the tire.  The steel frame was made from a box profile with 50. The oval holes provided 

in the frame as shown in Figure 6.2c, gives the opportunity to balance the frame and apply load. 

It was impossible to rotate the pneumatic tire according to laboratory facilities so the relative 

motion law in physics was used. To simulate a vehicleôs speed, it was supposed that the car was 

constant and the road is moving. The treadmil l conveyer and its carpet play the road role in this 

experiment. Steel plates of three kg each, were used to apply the weight of the scaled down model 

to the frame. This weight transfers to the pneumatic tire using steel frame hanger and presses the 

wheel assembly to frame against the treadmil l floor creating a tire contact patch. The pressure in 

the contact patch can be adjusted to simulate different contact patches size. Figure 6.3 presents 

the side view of the testing set up. 

 

 
 
 

6.2.1   Piezoelectr ic element selection 
 

 
Some materials li ke quartz, biological materials li ke bone, DNA, and various proteins have 

piezoelectric properties. At first, it was designed to use a virus as the piezo material. This choice 

is in the nature and could not damage the environment which is one of the goals of this research 

(sustainable development). Then, because of health and safety issues, it was changed to PZT. The 

PZT is described in previous chapters. 

In this research four main criteria were considered to choose the piezoelectric materials. 
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Figure 6.2: Dimensions of the steel frame: a) front view; b) side view; and c) top view. 
 

 
 

· The piezoelectric material could deform without damage with tire revolution. 
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Figure 6.3: A 3D view of the test set up (a, b). 

 

 
 
 
 
 

(a) 

(b) 
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· Piezoelectric output is a function of voltage constant g33 , charge constant d33 , and piezoelec- 

tric dimensions. 

 

· Cost. 

 

· Environment friendly, lead-free piezoelectric elements. 
 

 
Sufficient bendability of the element is of the most important aspects to match the cyclic deforma- 

tion of the tire, which is 540 millio n cycle for a tire lif e of 100,000 km [48]. 

The other substitution for piezoelectric elements is polyvinylidene fluoride (PVDF) elements which 

have higher flexibilit y but, their cost is high and piezoelectric charges are low. Therefore, it is not a 

good candidate for this purpose. 

 

Circular piezoelectric elements with a depth of 0.23 mm including a brass plate were chosen which 

help them to increase their bendability. These elements have been used before for power generation 

in the shoe sole during walking motion [45].  Piezoelectric elements produced by CUI INC NO. 

CEB-44D06 model were employed in the tests. The mechanical characteristics of the used piezo- 

electric elements are explained in Appendix C. 

 

 
 
 

6.2.2   Adhesive selection 
 

 
At first a Parmatex weatherstrip adhesive was selected to bond piezoelectric elements to the tire. 

This was a better choice because of flexibilit y, excellent adhesion to rubber and metal. However, to 

simplify changing the piezoelectric, 5 cm strip bonders were used. These strips facilitated the work 

to change the piezo element for each speed. 

 

 
 
 

6.2.3   Piezoelectr ic arr angement 
 

 
Figures 6.4 and 6.5 show the layout of piezoelectric elements in five pairs and connects with 

the control circuit. The tire was 23 cm in diameter; therefore just 10 piezoelectric elements are used 

for this experiment. On the other hand, piezoelectric elements require a breakout two by two, and 

wooden pad dimension would not allow using more than five which is used in this experiment. 
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The produced power amount is a function of piezoelectric materials which are connected in par- 

allel to each other. Later, in discussion section, it wil l be shown why these elements were in parallel 

not in series. All piezoelectric pairs were connected in parallel to each other and all of them, then, 

were connected to the breakout board.  The function of the breakout board is described latterly. 

Piezo elements are attached to the tire symmetrically. Therefore, charge and discharge time for all 

of them is equal. 

Tire surface was sanded with sandpaper to remove all roughness, then, one rubber tube was bonded 

to the tire with the Parmatex weatherstrip adhesive.  Creating a rubber based patch allowed easy 

assembly for attaching and removing the piezoelectric without contributing towards power genera- 

tion. 
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Figure 6.4: Location of piezo elements and circuit arrangement. 
 

 
 

 
 

Figure 6.5: Photo of the mounted piezo elements and control circuit. 
 
 

 
The piezo elements are capable of bending more in a concave manner i.e.  with the ceramic on 

the inside of curvature rather than on the outside (convex) [48]. Figure 6.6 shows the concave and 

convex deformation of PZT elements.  As said before, to bond the piezoelectric elements to the 
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Figure 6.6: Different deformations of piezo elements. 
 
 

 
rubber, an adhesive bond was used to increase bendability of piezoelectric materials and 

feasibility of assembly of them and prevent PZT layer damage. This technique ensures optimal 

concave defor- mation while significantly reducing convex deformation. Figure 6.5 shows how 

the piezo elements are adhered to the tire. 

 
 

6.3    Control and Data acquisition 
 
 

A data acquisition system was used to measure harvested voltage.  The DAQ system in 

this experiment consisted of a micro controller or MCU , one power supply, and one breadboard 

to install voltage division circuit.  The MCU is a Mini Arduino companyôs micro controller 

with an open source electronics platform which can read the input and change it to output. 

The MCU requires a power supply to work and generate output. Although it is possible to use 

general electricity to feed the micro-controller in order to establish wireless connection; but, 

if ,for any reason, the current disconnected, Arduino sending data would be interrupted to 

laptop or PC. Therefore, it was decided to use an external power supply to ensure an integral 

current. A circuit mounted on the wooden pad which is described before, include one board, 

five breakout board, one mini Arduino, and one power supply. The breakout board and Ardunio 

specifications are shown in Appendix C and D. Figure 6.7 shows a schematic plan of the test 

fabricated circuit and its connection with the data acquisition system. 


