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Abstract

This researh aims to sed the curren statis of piezoelectit enegy hatvestirg technoloy
in running vehicles and its lif e cycle assesment The god is to asses the piezoelect@ value to
be considerd as a future reliable enegy soure for vehicles which rely on resuls from prototype
demonstrations Piezoelectrc materiak can transfeé mechanichenegy into electrica enegy. This
kind of enegy can be storel and usel for othe devices In this case piezoelectt materiak have
the potentid to provide reliable and cod effective replacenent of enegy sources Thus it can ulti-
mately have potentia to replae the battely and redue use costs This projed evaluates the future
potentid of piezoelectit enegy hawvestirg technolog in cais ard their environmentd impacts
The use of piezoelectit materiak in pneumatic tires enable capturirg wase enagy of cars becaus
of deformatiors in the tire and weight of the vehicle as well. In the experimentd phag a setup
was designé to simulate movement and pressue inside the contad patct of a given ca. Outside
of the modd tire, piezoelectri elements were usal to harnes enegy. Experimentd resuls were
compareal to aresearb found in the literature Comparison showed that this methad hawvess more
enggy. Basal on the experimentd results this methad produce 2.31 w for 56 piezo elements com-
parabéto 2.3w for 160 piezo elements found in the literature
Environmentd impacs of thes kinds of resourcs of renewable enegy were considerd through a
lif e cycle asseswert study. The resuls of the researb showed tha further evaluatian of technot
ogy is required to measue the durability and lifetime of piezoelectit materials Anyway, to have
cleane and more sustainate forms of eneagy, it isrequiral to kegp coss lower and insure a health

ier environmert for the next generation

Keywords: Piezoelectricenegy hawvesting wase enegy, cd, tires Life cycle asseswert
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Chapter 1

| ntroduction

1.1 Environment and wage energy

Concerrs for depletion of fossi fuels ard their advers effects on the surroundig environmert
are increasing Therefore alternaive norconventional enggy source are gaining populariy in
the sociey. Solar cells, wind turbines hydroelectre power generationbiogas ard biodiesé plants
have bean implemented successfull. Nowadays new technologis have been found to provide
sustain able enegy to harnes wase enggies with self-power enegy hawveste to supply power
need of vehicles This type of ned is bette to offer clean more sustainal® forms of electrica
power to decreas the costs to preseve reliable ard fruitful connectim with sociey members ard
to guarante a healthie environment for next generatio [76]. As a new technolog, piezoelectic
materiab and their effec cen have a major role in solving the mentional problems. Vibration
hawvesta from human and vehicle motion, machines ard any suiface unde vibration is one of
the easies ways to hawved enegy by piezoelectit materials They convert mechanich eneagy
into electricd enaggy. One of the naturd piezoelectrc materiak alread in use is quartz There
are same artificial piezoelectit materiak like BaTiOs, lead zirconium titanae efc [53]. On the
othe hand sinee the invention of the vehicle passengé car fuel consumption has risen
consistentl. Accordirg to Canadia greenhous gas (GHG) emissiors by econanic secta, in
2015 the transportatia secta@ was the secowl larges soure of GHG emission which have local,
regiond or globd effect on environmentd receptos (people materials agriculture ecosystes,

climate etc) [76](Figure 1.1).



Approximately more than ahundrel millio n car tires currently are in-use in Canada This encou-
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Figure 1.1: Transportatia sect@ greenhous gas emissions Canadal199 to 201526]

ages manuactures and policy makers to think abou more environmentally friendly ard efficient
cars to compete with similar ones Thereforgit isimportart to conside every patt of vehicle to de-
termine which part could be improved In the yea 202Q the governrmert of Canadis committed to
redue@ GHG emission to 130 megators (Mt) lower than to thosein 2006 [26]. The goverrmert regu-
lation, restrictiors regardirg pollution control, as well as custaners trends to ecofriendly products
have driven manuactures to develop sustainal® products Identification of environmentd impad
would be thefirst step to generag greene products

Decreasig GHG emissian and hawvestirg wase eneggy are two importart reasos tha cau think-
ing abou vehicle tires ard their impad on the environment Vehicle tires experien@ periodicad

2



nomal and shea loads unde dynamic conditions This load can be usal as a sour@ of mechanich
stres for piezoelectrc hawvesters The use of piezoelectrt devices installed in pneumatic tires wil
enabe the captue of kinetic enagy from vehicle weight This enggy can be usal to power othe
paris of the vehicle to save the fuel consumption sud as low power electronics Thiskind of enegy

shows potentid as a power supply compared to batteries with ashot lifespan

1.2 Life cycle assessment

In the early 906, the Life Cycle Assessiert (LCA) was developel to investigae probabé en
vironmentd effects of the differert products Accordirg to Stavropoulos [75], the god of LCA is
that the environmentd perfomane of producs and services will be compared to choo the leag
burdensone one over the lifetime. LCA makes it possibé to asses the environmentd impacs of
a proces or service taking into accoun the extraction and processig of raw materials manudac
turing processestranspor ard distribution, use reuse recycling and managenert of endof-life
wase[33]. LCA resuls can thus complemert the bast data neede to know and improve a systen,
while awiding that locd environmentd improvement are the resut of an export of pollution to
othe systans or to othe types of impacs (i.e. burden shifting).

Accordirg to the lif e cycle assessernt (LCA) standad | SO 1404Q LCA is defined as ¢a systeanatic
sd of procedue for compiling and examining the inputs and outpus of materiak and enegy and
the associaté environmentd impacs directly attributable to the functioning of a produa or servie
systen throughot its lif e cycle.6 [33]. LCA is atechniqwe for assessigall environmentd aspecs
associate with aprodud from o ¢ r doejilave or from a products manuacturirg stag throuch
its life, ard into its disposaroute [37]. The standard ISO 1404Q 14041 14042 14043 1404 are
crucid tod for environmentd assessert and are useal to compare the curren tire technoloy ard
new one with adherimg to mentionel standardsThes standard outline a bast four step procesto
complete alif e cycle analyss consistirg of agod and scopeinventoly analysisimpad assessent,

and interpretatio [33].



Definition of the four phasof LCA

An LCA study involves four differert phase[33]. Eac step isdependenon the previous steps

In the foll owing subsectiosead pha® of an LCA study is explained

Goal and sce definition

The problem, and the objecives ard scope of the study are defined The function functiond
unit and systen boundaris are detemined in this phase Also, the main and alternaive scenaris

are describé in detail This pha® decide which extraction and emissiors are based

I nventory analysis

The resoure usel requiral for the function, polluting emissiors to air, wate, ard soi , the

extraction of raw materiak are quantfied

Impact assessient

This pha® evaluates environmentd impacs due to emissiors definedin the inventoly step

I nter pretation

In this section the obtaineal result are interprete and the uncertaintis are evaluated Sensitv-
ity analyss and uncertainy studies can evaluat the effect of systen boundarie and improvement
optiors can be identified The purpo® of the interpretatio pha is to identify the lif e cycle stage
at which intervention can substantialf redue the environmentd impacs of the systen or product
as well as analyz the uncertaintis involved [37]. Figure 1.2 presens thes four phase and the

relation betveen them.

1.3 Significance of the current research

The populatian acros the world is growing and need enegy resourceto remain. Thisdemand
guides the researcherto genera¢ alternaive clean efficiert and sustainale enegy resourcs to

provide the current need while considerig the future generatio needs This brings sustainal#

4



4 Life cycle assessment framework N
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Figure 1.2: Componens of a produd lif e cycle assessert (LCA) [33].

enggy concepts which is getting more importart nowadays In addition it can help

redue@ the cost environmentd impact and healh risks associatéd with carba emission
Accordirg to the U.S Energy Department [79], only abou 13-14 percen of the enagy from

the fuel put in a conventiona vehicle is usal to move it down the road dependig on the

drive cycle. The reg of the eneagy is gore to the engine idling, drive train, power to the

wheels and parasitc losses The approxmate amourt of losses is shown in Fgure 1.3 A

vehicle must expend energy to move air out of the way as it goes down the road, less energy
at | ower speeds and progressively more as
inertia that is directly related to the weight, and braking losses six pefcdre energy in
average. Aerodynamic drag averagely absorbs more than two percent of the mechanical
energy 9. Almost four percent of the energy is lost by the rolling resistance in the tires.
Rolling resistance is a measure of the force necessamot@ the tire forward and is

directly proportional to the weight of the load supported by the tire while rolling. The main
5



source of energy dissipation in tires is the vistasticity of the materials of which tires are
made .Visceelastic materials losenergy in the fornof heat whenever they are deformed.

Deformationinduced energy dissipation is the cause of a®@u® of rolling resistance8p]. A

number of tire operating conditions affect rolling resistance. The most important are load, inflation
pressure and temperature. Rolling resistance is an importamnbsiceforce 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 isethergy 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
environmetal effects of the employed harvesting system.

The Govermmert of Canac announcegthere are 33, 168 805 motor vehiclesregisteral in Quebeg
Ontario, and Manitoka provinces in 2015 [26]. In terms of the above losses in enegy of cars [79]
and registeral caisin Canadathereisalot of wastel eneggy in Canachard in the world, which has
the potentid to be converted to usefd and clean enegy. Moreover, the tires accoun for
approxmately 21% of a caits fuel consumption- or approximately 5.2% per tire to be taken into
consideratiao here as the environmentd impad [73]. Table 1.1 shows and explains the category
assigment in terms of vehicle acceleratio resistane amd contribution of tires to fuel

consumption.



Energy Requirements for Combined City/Highway Driving

Engine Losses: 68% - 72 %
thermal, such as radiator,
exhaust heat, etc. (58% - 62%)
combustion (3%)

pumping (4%)

friction (3%)

Parasitic Losses: 4% - 6%
— ( e.g. water pump,
alternator, efc.)

\ Power to Wheels: 18% - 25%
Drivetrain Losses: 5% - 6% Dissipated as

wins resistance (9% -12%)

rolling resistance (5% - 7%)
Idle Losses: 3% braking (5% - 7%)
In this figure, they are accounted for as part of the engine and parasitic losses.

Figure 1.3: Energy lossesin cais[79]

Table 1.1: Allocation ard evaluatian of road resistane[73].

Share of fuel Contribution of

Total share of )
Reference tothe  consumption ,
one tire to fuel

vehicle

consumption (%) tire attrlbutqble to the consumption
4 tires
Rolling resistance 16 Vebhicle weight 16 4
Wheel and wheel
house account fo
approx. 25 % of
vehicles
Aer_odynamic 36 A_erodyngmic 45 11
resistance resistance; abou
50% of that
amount is
assignable to the
tires
Pro_pulsmn . No reference to
resistance(internal 32 ;
. the tie
friction)
Acceleration Tire weight and
resistance (loss 16 moment of 0.4 0.1
due to braking) inertia
Total resistance 100 20.9 5.2




Any produd tha generats any amourt of enggy from ambiert enggies could influen@ the
environmentd impacs ard decreas rolling resistane enegy loses effect The running cars pro-
duce enegy when they are running by piezoelectc materials It is aimed in this study to look for
information to use in making a decisia to promote a new product Here a new produd is pro-
posed namely an intelligert tire which can hawved enegies of undernedt of the tire by mears of
tire specfic characteristi (e.g. weight). A full life cycle assessert is dore to detemine the future
advantage of this product The piezotire (the nameis an integrationof 0 t dand® pi ez ocel ect r
eleme n ) isacommon pneumatic tire combination with a se of piezoelectrt elements bondel to

awhed oute surface as shownin Figure 1.4.

Figure 1.4: Piezoelectrtc elements bondel to atire

The piezotire aims at performane levels beyond those possibe with conventiond pneumatic tire
technoloy becaus of its piezoelectriciy characterist which adds the possibility of hawvestirg
ambient enggy throudh rewolving tire. This featue has nat change the rolling resistane which
mentioneal albove, but it can help to captue environmentd mechanichstres and convett it to elec
tricity. The environmentd impad of this new desig is unclea. LCA will help in evaluatirg the

environmentd impacs throughot a tireé lifespan from raw materid extraction to tire disposa



(cradleto-grave). The curren projed consides the environmentd impacs of piezotire assenbly
and comparesit to currert tires The lif e cycle asseamen of all stage of atire from extraction of
raw materiabk until end of lif e of tire shows tha 92.6% of the environmentd impad of a tire comes
from the periad of use [52].

The whole servie life of tire is constanty interactirg with its locd environmert (i.e. pavement)
To redue the negaive environmentd impact the detailed knowledge of thisinteractian is required
The analyss of this repot aims to compate the newly developel piezatire with currert pneumatic
tires

To perform the LCA of this report SimaPro software versia 8.3 is usel to facilitate this analysis
This software allows the use to modd the environmentd inventory by inputs sud as resource and

outpus namely emissions

1.4 Research objectives

The main objecive of the researh is to investigae hawestirg wase eneggy relatel to running
vehicles becaus of the weight of the device and deformation of pneumatic tires Therefore we
examine whethe piezoelectic materiak could generat enegy when ther are installed in outsice

of thetire. The projed objectveincludes

- To evaluate othe amount of enggy hawvesta in pneumatic tires when piezoelectié

materiab places outsice of thetire.
Evaluatian of the impad over the lif e cycle of this proposé produd and comparing it with
baslinetire.
To read the above mentionel goals this work isfoll owed
- Designirg and fabricatirg an experimentd setup to simulate the tire rotatior

Installing piezoelectic elements outsice of the tire;

Developmert of adatacquisition systen to store daia relatel to voltage generatd by piezo

electric elements A cocde for micro-controllea we developed to connet to a compute using
9



wireless A MATLAB cock is developal to gathe wireles datain red time dataand store it

for post processig usage

1.5 Outline of thesis

Chapte 2 provides an introductian to piezoelectriciy and their characteristicsconstarg and
differert types of modes of vibration A review of fundamentd equatiors of piezoelectr effects
and their conceps are presentedDifferert circuits utilized in piezoelectit enegy hawestirg come
in Chapte 3. Chapte 4 is concernd with a literature review of harnessig enagy from differert
application of piezoelectit materiak becaus of kinetic enagy. Also, a procedue as a guidelire
to deiive a modd for a piezoelectg tire unde mechanichstres is discussed A literature review
abod lif e cycle asseswert is presentd in this chapte as well. The enegy hawvestirg concep ard
influence of using this seltpower haweste from socioeconanic point of view are considerd in
Chapte 5. Chapte 6isconcernd with development of the proposafor the running cars application
Inthischapte, it is showed how the piezoelectti elements delived wase enagy unde running tires
In Chapte 7, theresuls of fabricat@ prototype are presentd and discussedThe experiment resuls
are compared with previously dore work. Also the resuls of the LCA study are presentedFinally,

Chapte 8 isdedicate to conclusiam and recanmendatian for future work.
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Chapter 2

Piezoelectric energy harvesting

Jaque and Pierre Curie found the piezoelectriciy concepin 188Q They discovered there are
same materiabk in nature which have piezoelectié propery, for instan@ quartz tourmaling, and
sodium potassim tartrae [53]. To exhibit the piezoelect effect, ead crystd hasto be unsynmet-
rical. A stres (tensike or compress$ve) applied to suc acrystd will alter the separatio betveen the
positive and negaive chage sitesin ead elementay cel leadirg to ane polarization at the crystd
surfae [53]. Piezoelectrt materiak can produe chages when they are subjed to externd mechan
ica loads The magnitude and direction of the electrica current detemined by the magnituck ard
direction of the mechanichstressstran applied to materials
Piezoelectrt materiak have two effects dired and inverse effects If pressue produce achagein
piezoelectit materiak this effect is called the dired effect (generato or sensoy which mearsthese
element convert mechanichenagy to electricd enagy. However, if electricad voltage causs a
chang in the length of materiakit is called inverse piezoelectit effects(actuator)Thes materiab
convert electricd enegy into mechanicheneagy.

The mog commonly producel piezoelectii ceramics include barium titanae (BaTiO3), lead ti-
tanae (PbTiO3) and lead zirconae titanae (Pb(ZrTi)Os, PZT).The asynmetric location of Ti or
Zr in the unit cell generate an electrc dipole moment During poling, an electrica field is ap-
plied, which causs the movement of Ti or Zr, ard the chang of dipole momert direction (see
Figure 2.1) [78]. Piezoelectrt materiak are similar to aspring Vibration can be producel throudh

springirg on the piezoelectic materiak becaus of mechanich stres like loads from a vehicle
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Figure 2.1: Direct and advers effect of piezoelectit [59]

human foot, railway track and dane floar. By applying stress piezoelectri crystab polarized

The amount of polarization is a function of stresswhich is applied (Figure 2.2). OWhen a sprirg

Force
‘ -

+ Charges

Voltage 4/‘ Pt \Q

- I —-
—

Figure 2.2: Energy generatio throud vibration [38]

contracs and expand continually many times it creates a mechanichstres on the piezoelectié
crystd places below the springs This create electranagnetc induction resultirg in electrc volt-
age In the figure below, carban nanctube shag molecules of pure carba which can be formed
into tiny springs Thes materiak are capabé of storing a large amourt of enegy, which more
durable reliabled (Figure 2.3) [38]. Figure 2.4 [11] shows the principle of working with apiece of
piezoelectit material One importart group of piezoelectri materiak is the piezoelectré ceranics
of which PZT is an example. In this figure posiive and negaive chages cente shift, which re-
sultsin an externd electrica field. Firstly, piezoelectit materiak produ@ AC voltage and then are

converted to DC by arectifier [77].
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Nonotubes under compression
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Figure 2.3: Springin action [38].
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Figure 2.4: Schematic showing the respone of a piece of piezoelectic ceranics to an externd
mechanichsimulation [11].

21 Stability

oThe properties of piezoelectit materiak are a function of time and temperature The poling
ages approximately logarithmically so tha the rate of chang in pemittivity, coupling facta, fre-
guercy constantdecreaserapidly in the cours of time. Therefore stability dependeneof timeis
more interest Powerfu ambiert influence are likely to chang the origind aging pattern This

applies particulary to the pemittivity, the mechanicaQ facta and dielectric loss facta.0[53].
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2.2 Depolarization

OAs alrea¢y mentioned after its poling treamert a PZT ceramic will be permanenty polarized
and care mug therefoe be taken in all subsequerhandlirg to ensue tha the ceramic is not depe
larized since this will resut in partid or even totd loss of its piezoelect properties The ceranic

may be depolarizé electricall, mechanicaly or themmallyo [53].

2.3 Basgc behavior of piezoeectric elements

Figure 2.5 illustrates the behavior of a cylinder of piezoelectrt materials In the no-load state
cylinder has no chage Applied strain or stres in compressve or tensike mode resuls dipole stae
in the materid and causs a voltage to appea between electrodes As compressve load resunes
the origind form of cylinder and the voltage have the same polarity of poling voltage
If the cylinder is stretchedthe poling voltage and polarity will have an opposie direction Thisis
called a generatoaction ard it mears the conversian of mechanicheneqgy to electrica enegy. In
this stak piezoelectic materid is agenerata So, generatos convert force and strain to voltage and
chage Microphonesgramophonesard cigaretta are examples of generatoaction
If the voltage polarity and the poling voltage is the opposie side the cylinder will be shortend
ard vice versa This s called the actuate. In addition piezoelectit elements with this propery
are called piezo motors or actuators Therefore actuatos convert electricd enagy to mechanich
enggy. Actuatos have not considerd in thess research Figure 2.5 demonstrats all of the above

description
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Figure2.5: Thepiezoelecti effect inacylindrical body of piezoelectig ceranic [33]

There aretwo kinds of generatorsone layer generatas (longitudind ard trans/erse generators two
layer generatos (extension and bendirg generators)and multilayer generatas (Stadk genera

tors). In thisresearchonly one layer generatos are discussed

2.4 Longitudinal generators

OWhen amechanichstresis applied to a single shee of piezoelectri in the longitudind direc
tion (paralld to polarization) a voltage is generatd which tries to retum the piece to its origind

thicknes® [60] (Figure 2.6).
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Figure 2.6: Longitudinad (d33 generato[60].

2.5 Transverse generators

OWhen astres is applied to a sheé¢ in a trans/erse direction (perpendiculato polarization) a
voltage is generatd which tries to retum the piece to its origind lengh and width. A piez shee

bondal to a structurd member who is stretché or flexed will induce electricd generation [60]

(Figure 2.7).
—T S v
: : 1
in o e
‘ = P 1
& gk
ALin —s. |4 Vour+S W
« . >

Figure 2.7: Tranverse (d31) Generato [60].

Piezoelectrt materiak are anisotropt and their physica constant relat to the direction of
appliad stres or strain and directiors perpendiculato a applied force. Consequentl, ead constamn
has two components The direction of posiive direction is along the z-axes of rectangula systen
of X, Y, ard Z-axes Subscrips 1, 2, 3 representhe globd axes direction and shea relatal to thes

axes representg with 4, 5, 6. Mog frequenty usel constans for piezoelectic materiak constarns
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are summarized in Figure 2.8 ard 2.9. In all definitions, the first subscriptiao refers to the direction

of stran and the seconl oneis the direction of stress

X.
/ 1 \
Induced polarization in Stress applied in
direction i or unit electrical direction j or induced
field applied in diraction i strain in direction j

2.8: Direction of applied stres[11].

2.6 Piezdectric constants

Properties of piezoelectit materiak are generaly characterize by kp, ks, daz, d31, g3z as

piezoelectit constans[11].

2.6.1 Piemeledricchargeconstant d

The piezoelectrt chage constanis defined as the electric polarization generatd in materiak
pe unit mechanicastres applied Alternatvely, it is the mechanich stran experience by the
materid per unit electrc field applied to it [53]. The facta d is an importart indicata of materid

suitability for strainrdependengctuator) application
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Symbols and Terminology

z Poling Axis

3

-n

All strains to the material are constant or
~ mechanical deformation is blocked in any direction

Electrodes are perpendicular to 3 axis
Relaﬂve dielectric constant

All stresses on material are constant or
~ noexternal forces

K1 Electredes are perpendicular to 1 axis
Relative dielectric constant

Stress or strain is equal in all directions

perpendicular to 3 axis. Used only for ceramic.
k Electrodes are perpendicular to 3 axis.

Electromechanical coupling factor

Electrcdes are perpendicular to 1 axis
k — Stress or strain is in shear form around 2 axis

Electromechanical coupling factor

Hydrostatic stress or strain applied equally in all

Electrodes are perpendicular to 3 axis

directions. Electrodes are perpendicular to 3 axis —— Applied stress or piezoelectrically induced strain

h {ceramics) 3 3 is in 3-direction.

| Short circuit charge / Elecirode are | Shrain _Short circuit charge / Electrode are
Applied stress Applied stress Appliad strass

Electrodes are perpendicular to 1 axis Electrodes are perpendicular to 3 axis
Applied stress or piezeelectrically induced strain Applied stress or piezoelectrically induced strain
is in shear form around 2 axis is in 1-direction

1 5 Field Strain 3 1 Field Strain

Applied stress  Appliad charge/Electrode area

Applied stress_ Applied charge/Electrode area

—— Compliance is measured with closed circuit
Siress or strain in shear form around 3 direction

S 3 6 Sirain or stress in 3-direction
. Strain
r Compliance = Stress

—— Compliance is measured with open circuit
Stress or strain is in 1 direction

S 1 1 Strain or stress is in 1-direction
. Strain
[ Compliance = Stress

Note: All stresses, other than the stresses involved in second subscript are consiant except in the case of s where all siresses other than the

siresses involved in one subscript is constant.

Figure 2.9: Bastc Symbolsard Terminology in Piezoelectriciy [23].
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2.6.2 Piemeledricvoltageconstant g

The piezoelect voltage constanis defined as the electrc field generatd in a materid per unit
mechanichstres applied to it. Alternatvely, it isthe mechanichstrain experience by the materid
per unit electrc displacenent applied to it [53]. The facta g is an importart indicata for assessig
suitability for sensig application The g factoss called open circuit codficients and it is paranete

to evaluat the ability of piezoelectic materid to generat large amourt of voltage

2.6.3 Permittivity E

The pemittivity isrepresentg by Uard is defined as

00 QOORWTNDO M QA Q& 0

TV QA & 0@ I 1)

2.6.4 ElasticcomplianceS

The elastt compliance S of materiabis definedas strain produca per unit of stress

2.6.5 Young@ modulus

The Younds Modulus constahis an indicata of the stiffness (elasticity) of ceranic materials

2.6.6 Eledromechanical coupling factor

Thisfacta isanindicata of the effectivenes which piezoelectit materid converts mechanich
enggy into electricd enagy ard vice versa This constahrepresentg by K. This constamis conti
nert measurenert of the overal strengh of electranechanicaly effects K is aways less then unity
becausthe conversia electrica to mechanichenegy or vice versaisincomplete Equatiors 2 and

3represendired effect and converse effect of coupling facta, respedtely [11].
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2.6.7 Diedledricdissipationfactor

The tangen of the dielectric loss angk is shown with 0 or tan(). In parallé circuits are defined
by the ratio of effective conductane to effective susceptareand are measurd by an impedane
bridge Figures2.10 ard 2.11 presemnthe differert modes of vibration of piezoelectrt materiak ard

their chage and voltage amount production unde stress
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Figure 2.11: Generatotransducerelatiors [60].
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Chapter 3

Conditioning circuity

Piezoelectre devices are subjed to resistve loads in electricd domain for evaluatian of the per-
formane of alternaive currert (AC) power generation This alternatirg voltage shoul be converted
to a dired voltage to use electricity. This can be gainal with a rectified voltage and a smoothing
capacito to form an AC-DC converta. This enggy could be storel in capacitos or chage the
batteries A power manage uses a DC-DC voltage outpu regulation to maximize power in eneggy
storage and matdh impedance Power manages cope with challengs of transferrirg enegy ha-
vestirg from the soure to the find device or storag elemert like a battey. Figure 3.1 shows a
typicd schematic diagran of a power manage

In the ca® of alternaé sourcesa rectffier is required In the cas of dired sourcesimpedane
Lettery

L e
“%" Wser system

___________

-
*
#

=
-

Ac/DC

pe/oc o~ I
Rectifier '

Converter

Voltage
regulator

Logic circuitry
(OV, UV,
output enable)

e ————————————
e e

Power Manager
4

_________________________________________________

Figure 3.1: Typicd schematic diagran of power manage[14].
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matchirg can be achieved using a maximum power point tradker (MPPT) [14]. The charge ard dis-
chage phass contrd with logic circuitry. Piezo electric materiak are AC sourcesso, their outpu
need to rectify and adjus for outpu devices The simpled rectifier can be a diode bridge rectifier
(se= Figure 3.2). Thes componens are necessarfor practica application of enagy hawvestes[11].

Anothe possibe circuitd interface is the paralletSSH (synchronizd switch hawvestirg on induc

Piezo @ G — g Ri

i

Figure 3.2: Diode bridge rectifier [14].

tor) [27].This approab allows enhanceent of the coupling codficiert of the electranechanich
system using piezo materiak [64], it allows gaining up to 10 times of harvesta enegy [29]. The
technigee is derived from a seami-passve technigee developeal for mechanich structures called
SD (synchronizd switch damping) [10, 71]. Such corfirmation adds an inducta-switch brand in

parallé to the sour@ (see Figure 3.3). When the device displacenert is a maximum amount, the

T ‘
S (1)
Piezo [~ CL R
Vibrator IE ; Vol
L
| »

Figure 3.3: Parallé SSH interface [14].

switch is turned ON, the condition of the internd capacitane and the inducta constitue an oscik
lator, where the characterist electrica periad mus be much smaller than the mechanichvibration

period The circuit allows inverting quastinstantaneuosly the voltage of the piezoelectr element
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and thusto put in pha the vibration velocity ard generag voltage [28].

A possibk implementatian of the paralletSSH interface consiss of two switches one for the pos
itive half-wave ard anothe one for the negatve. The switches implement throudh two MOS tran
sistois driven by the output of a comparate that reads the delivative of the piezoelectit voltage in
orde to catd the pe& ard let the inducta to dischage the parasitc capacitane [27].

This technige allows increasiig the voltage outpu or to obtan the same outpu of a standad in-
terface device while reducirg the volume of piezoelectit element Baseal on the same concept a
seriesSSH rectifier consiss of an inducta-switch brand addel in series to the piezoelectit ele-
ment, followed by a diode bridge rectifier (Figure 3.4). Basel on the same concept a seriesSSH
rectifier consiss of an inducta-switch brand adds in series to the piezoelectié element, foll owed
by a diode bridge rectifier (Figure 3.5). The switch contrd is the same as describe albove for
paralle}SSH [44].

L
C—— R Voc

Piezo ? V

Figure 3.4: Synchronos chage extraction interface [44].
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Figure 3.5: Series SSH corfiguration[44].

The four technique have the same maximum hawestel power, but at differert values of the
electranechanichcoupling facta. Practically, the synchronoa chage extraction technique reachs
the maximum of lower electranechanichcoupling facta, enablirg reductian in required amourt of
piezoelectic materials since k2 is roughly proportion to the amourt material Moreover, syn
chronots chage extraction is indifferert to impedane matching Commercid solutiors are avail-
able becaus of theresearb progres acheved in the lag yeass[14].

Linea technoloy (Milpitas,CA,USA) has developeal a series of conditionirg devices for enegy

harvesting Thos circuits are targetad for piezoelectriebasel hawvestes (Appendice C and D).
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Chapter 4

Energy Harvesting

4.1 Literature review

Thisliterature review aims at reflecting the previous scholas dore to hawed the wase enegy of
ambient First, herein advantags of the enegy hawestirg are discussd accordirg to the previous
researchesFollowing that, the capabiliyy of the piezoelectic materiak in hawestirg this kind of
enagy is explained After that the autamobile industly pioneeré as a candidateresuls of recenty
dore work, ard methodolog related to enegy hawvestirg in the car industly are described And
finally, some of the examples which are performed or contemplated to haived enegy are explained
The ddfinition of wase enggy could include two aspectsi) wask to produe enggy or eneggy from
waskand ii) enagy tha can be usal but iswastal insteal [11].

The enagy hawestirg is the proces of capturirg and conversian of small amounts of readily avail-
able enagy in the environmert into usabé electrica enegy [40]. Such as sola panels which
convert enggy in sunligh to electricity, the othe hawvestes alsq take the environmentd eneqgy,
mostly vibration and hea which is wastel and convert it to the usefd forms of enegy sud aselec
trical and mechanical

StromdaH [76] reveak tha from an environmentd point of view, the enegy issLe is centrd ard
ever-presentand there are severd ways to increa® the environmentd benéits by focusirg on dif-
ferert stage of the chain One way is to inved in cleane forms of enegy. Anothe is to switch

to more enggy-efficiert appliances A third is to choo® technologis tha minimize the losses in
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the distribution and transfomation - and there are big gains to make. Over a quarte of the enegy
producel islost on the way to the use.

The hawvestirg wase enegy has the potentia to replae batteries with othe small and low power
electronc devices This provides severd advantages Free maintenane is one of them. It is alo
environmentally friendly ard the disposabatteries are awided Batteries usually contain chemicals
and toxic heavy metak tha are hamful to the environment and hazardos to human health It has
potentid applicatiors to monitor remote or undewvate locations Differert types of wase enegy
shoutl be captur@ using differernt technologis and materials For example, with the increasimg
compute componens speedthey produe a huge amourt of heat which is wastel in the environ-
ment This hed can be usal as a soure of enaggy or same othe devices This alo cuts the cod of
computesand eneggy consumption.

There is a lot of eneggy wask in daily use so, as long as the wase eneqgy is recwverable it is
usefd and brings many environmentd and econanic bendits. Accordirg to Newton& third rule,
enagy converts from one form to anothe without destoying it. Always there are losses along the
chain For example, chamical enegy is converted into motion. There are two metrics to detemine
the amount of enegy hawestirg of piezoelectre materials power and enegy. Power is the unit of
enagy pe secoml and designatd in watt (W). Power is an indication of how quickly enegy can be
delivered [31]. A high power air conditione can cod the room quicker than a wegk power heate
which is useal to hea aroom. The othe metric is enagy. This is defined in differert units like
Joules kWh; but, for electricity is mos common to use watt-hou which it mears how many watts
are producel in an hou. Power ard enegy are statel as power densiy and enagy densiy. Thes
aretheamourt of eneagy which can be madein areaor volume. A typicd sola pané might measue
60cm x 90cm, or 0.54 squae mete (0.54 m?). Its power densiy would then be 200 wattsin six
squae feet, or 200/0.54 = 370 W/m?) [31].

Piezoelectrt enegy hawvesting is one of the mog reliable power sources There is much debaé
abou whethe a piezoelectii hawveste can be classfied as a renewable enggy or not. Renewable
enagy tends to be inexhaustibé in the conext of enegy. Regardles of thes conceptsharnessig
wask enegy can increag the efficiercy of systen.

Figure 4.1 demonstrae the schenatic diagran of power densiy versts voltage for differert eneagy
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harwestirg [17]. Among all enagy hawvestirg techniguespiezoelectig devices are the mog promis-

ing technologis becaus of their simple structure which make their application eay. Additionally,

Power Density (mW/cm?) versus Voltage (V)
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Figure 4.1: Power Density versis Voltage for various Energy Harvestirg Technologis [57].

they are nat simply affected by externd ard internd electranagnetc waves [81]. As indicated
before piezoelectit materiak can convert waske eneggy into electricity ard redue the fuel need
of vehicle ard improve fuel econany by at leag 5 percen [57]. This proces has rapidly gained
momentum due to enegy efficierncy and environmentd bendits. Piezoelectrt enggy is no longe
viewed as a being unreliabk soure of eneggy with low power outpu and there has been conside-
able development in utilization. Thes materiak wereintroducel in detal before

A large number of passimg vehicles through the roads have a large soure of wask eneggy, which
can potentially generag electricd enegy. Among all industry, car industry due to having the bigge$
consumer among all enegy dependentechnologis is more interested There is no significart re-
seart relatal to amourt of wase enagy in cars subjecté to vibrations and defomatiors like tire.
Kim et al. [39] investigate the capability of piezoelectit transduceto scavenge electric power
from autamobile engire vibration In recen years sane researh has been dore related to tire en
ergy hawvesting Their fundamentd problem is tha they do not conside viscoelastt deformation
of rubbe. Moreover, there are no analyticad studies for the amourt of enegy which can be har-

vestal fromtire. Researchés findings demonstrag that there are three forces and one torque acting
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on an autanobile tire. The shown forces in Figure 4.2 are the resuls of differert characteristis
of aca. The verticd force is due to the sprurg mass of the vehicle aligning torque is causé by
the steeriry torque on the tire, longitudind force is originatal by the traction/accelerativor brak

ing/deceleratiopard the laterd forceis the reactian of the forcesto tumn vehicle [5].

Among thes forces the shake of the verticd componert in deformation of tire is dominart (treed

Global Axis System

Lateral \.“ ‘
Force A3 = S '

~——
- - Longitudinal Force
Aligning Torque
Vertical Force

Figure 4.2: Forcesard Torque at the Cente of the Tire-Road Surface Contad Patd [5].

region73%)[15]. Although, piezoelectrt materiak has low power ard efficiercy, but, it can be

improved by modification of materials changiry stres direction ard changirg of the electio pat
terrs [3]. The importart thing for future of enagy hawestirg thing by piezoelectit materials is
that thes kinds of source increa® the trangnission of wireles senso and decreas the battey
replacenent and disposé costs The contanporary ambiert vibration enagy occus in a low fre-
quercy range of 1-100 Hz for machire induced motion [41]. Differert factos and stae of the art
solution which influen@the outpu of piezoelectre havestes sud as geanetrics type of matert
als, and technigus to match the resonane frequerty of piezoelectri materials ard electric circuits
are indicated in Li and Strezov [47]. Also, resonahfrequerty influene the power output perfar-
mance waves [81]. New methods to improve eneggy hawestirg from low frequencis is developal

by Ashrd at al. [6].
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So far, much researb has been dore to haives wase enagy of cars to propo® one alternaive
low cod ard reliable systan to power small parts of cars namely tire pressue monitoring systen
(TPMS). Using piezoelectie enegy hawveste in cars can replae batteriesin TPMS module which
is mandatoy in United States and Europea cars As an example, Manlaet al. [49] usal centripeta
force to generag an impad on the piezoelecti transduce This new designe systen producel
4mW of electricd power at 800 rpm. On the othe study, the problems and challengs of enegy
harvestirg considerd for TPMS in terms of design point of view. Previously scholas demonstratel
that the whed of acar is an enagy rich environment [69]. Wei and Jing [81] presentd the stateof-
the-art investigatio related to vibration base enegy technolog, i.e., theor, modeling approachs
in piezoelectit materials Although their findings showed that piezoelectié enagy hatvestes have
same disadrantags sud as low coupling factos and depolarizatio in unloading thee materiak
are hardly affected by electranagnetc waves in comparisa to current eneggy hawesters In ad
dition, the advanta@ of piezoelectic enagy harestirg is to decreas the fuel consumption ard
off-balane problems of the tire [50]. Therefore these kinds of enegy supplies eliminate the neal
for the battey replacenent The batteryless self-power systens could be a future technolog ard
itisrequirel to do more researh for achieving the suficiert efficiency. To use better of thes kinds
of enegy, the desigh problem ard signfificart challeng shoutl be solved

In the researb dore by Makki and Pop-lli ew [48] showed tha how piezoelectic materiak could
generag power by assenbling these elements within the vehiclgs wheel The previous studies just
have usal ore or two piezoelect element to haves small amount of enegy which could be
usal in small devices On the othe hand the type of piezoelectit which they used was different In
this study, piezo bendes in circular shage with 44 mm diamete and 23 mm in thicknes are used
This PZT is mostly usal in a buzza. Developmert of this ideacan decreas the dependecy of
currert hybrid cars to utilize conventiona fuels to chages batteries In this research40 rows of 4
piez element bondel on aribbon and then installed inside of tire. Figure 4.3 showsthe instalimert
of the elementinside of the tire. To ted and measue power generationa dynanomete was usel
to simulate the speel and weight of car on thetire. All elements were connectd in paralld in arow
to arectifier bridge and then all of them were connectd in paralld to ead otha. When the ted is

run, the elements which producirg power acts asavoltage/currehsoure and thereg of rowsad as

31



open circuit.

(a) Piezoelements boncedto inner side of tire (b) Two rows of piezoeledric materias

Figure 4.3: Piezo elementinstalled inside tires [48].

Approximately 2.3 watts of power was generatd by this experimert by arourd 160 PZT bonel to
the inside of a tire of 185/69R14 at 100 kmv/h at load of 1000Y [48]. As indicatel in this work,
increasimy the piezo elements could affect the amourt of power. For two series of elements which
bondel to presen series the amourt of power increa® to twice of previous one Power outpu is
strongly depend on surface area round per minute (RPM) ard piezo bende deformation This
relationshp is direct and increass the amourt of outpu as one of thes itemsincrease

In the subsectioa to come a coupk of othe piezoelectrt technologis and applicatiors are ex-

plained

4.1.1 Virus-Based ena gy harvester (Bacteriophage)

Bacteriophag devices are an innovative technology to generag enggy from every day mechan
ica vibration This materid invental by the Lawrene Berkeley Nationd Laboratoy (LBNL) to
provide a sustainal# enegy soure from environmentd kinetic enegy and convett it into electri
cd enagy via piezoelectr properties of a biologicd materid tha is a hamless virus [43]. This
new invention can cope with the future enegy challeng of batterydriven devices It can provide

asustainablecod effective, nontoxic and biocompatible enegy soure [42]. Figure 4.4 illustrates
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one experimen of a bacteriophageneagy hawveste. When avirus filmis pressd with afinge, it
generateenoud electrica enagy to operae the LED device, showing the number 0 &[43].

The manuacturirg cog for the Bacteriophag Power Generato is estimated to be betveen $0.02

Figure 4.4: Bacteriophagenagy hawveste [43].

(materiak cos) ard $.78 (materiak and labor) for a device measuriig 1 cm x 1 cm, dependig on

its application [43].

4.1.2 Energy harvester mounted on a shoe

A Moonie hawveste is embeddel inside the shae (see Figure 4.5) to estimate the amourt of har-
vesta enegy becaus of hed pressesThe OMoonie0[45] isametd ceramic composik transduce
tha has been developel by sandviching a poled lead zirconat titanae (PZT) ceramic (PZT-5H) be-
tween two specialyy designe metd end caps The enggy output of one step was recordel as 81 uJ

which translatsto 162 uW for two shoes when walking 2 stefs per second The power densiy at 1

step pe seconl frequerty was measurd as 56 — [45].

4.1.3 Energy harvestingin transport terminals, airports, and streds

Currently, there is more neal to use rerewable enegy at airports terminals high traffic streets
and sidewalks becaus of passengefoot traffic. Clean more sustainal# forms of enagy can be
generatd with capturirg wase enegies in thes places to insure a healthie environmert for future
generation To read this goal, piezoelectit enggy haweste is a goad candida¢ to be installed
in airpors and teminals to captue kinetic enegy from foot traffic. This enegy can offset some
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Figure 4.5: Shoe measurenert systen [45].

amourt of grid power. Thistype of enggy is clean ard rerewable

One example of harnessig piezoelect enagy at atermminal and airpoit was conductel at The Eag
Japa Railway Company (JR Eas) at 2008 (see Figure 4.6). They embeddel 600 per squae of
piezoelectit elements with 35 milli metesin diamete and disc:shap@ componens at ticket gates
While the loudsped&er creats sourd by converting electric signak to vibrations the floor adops
the reverse mechanis tha produce electricity by harnessig the vibrationd power generatd from
passengeésters[35]. The maximum electricity production reache to 1000 watt-second pe day

whichisenoud to light a100W light bulb for 100 second [35].

Em
Piezoelectric \ L

of
elements N = ‘k{’l’_'{_/& electricity
: : - i
[> Electrical > st u:
device et
(a) Walking generaesenergy. (b) Tokyo Station.

Figure 4.6: Power generatig floor at Tokyo statian [35].
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4.1.4 Proposal adopting piezoeledric ena gy harvesting in eduational buildings

An experimert performed by Rasegar et al. [65] in the building secta as the demard for en
ergy need for enhanceert of building service and comfort levelsis growing with the population
So, integrating alternatve enagy resource is of paranourt importan@ to minimize the growing
enggy requiranent In thisresearchto improve power generatio efficiency, two stag enagy ha-
vestes were designel for very low frequerty vibration environmert in 0.2-0.5 Hz range as shown

in Figure 4.7. Thisis called the Plucked method This desigh contairs two parts first amechanich

@ Vibrating Platform

Piezoelectric
Elements

Mechanical

Energy
Transfer Unit

Vibrating
Beams

e T

L lLLLS

Figure 4.7: Schamatic of an enhancd piezoelectc enggy generatobasel on the two stage enegy
harvestirg approat [65]

enagy transfe unit which is linked with avibration platform and next is the secondayr vibration
units which is composel of piezoelect element ard vibrating beans. Due to the initial impad
effects on the platform, the mass attache on the mechanicheneagy transfe units stars to vibrate
at low frequerty. Thislow enegy vibration then is transferre and excites the piezoelectic beans
asit passe over the seconday vibrating unit. So, the eneqgy yields are strongly related to the time
tha piezoelect element are acivated

o flthe piezoelectic element are acivated once per single footstep the power generatia (W) then
can be calculatel as afunction of the number of pedestriasand the number of tiles that are steppe

on by asingle pedestria alorng the pathway. The function is defined as foll ows:

W=MUGntEUR (4
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where M is the number of pedestriansn represers the number of tiles tha are acivatel is the
electricity generatd from single step R is the enhanceert rate when the plucked metha is used
to improve the hawvestirg efficiency0[47]. N in the albove equatia is a function of the size of the
tile and their depbymert method Hence the variatiors of n have to be considerd by applying

Equation 5 ard Figure 4.8.

_ L
n= L %)

_— | —

(b) Widthwise arrangement

Figure 4.8: Two types of piezoelectt tile depbymert [65].

Accordirg to thes researh results 1.1 MWh/yea can be hawvestel annualy from pedestria
crossirg enggy. This modd shows tha the piezoelectit enagy hawvestes can save AUS $540 in
the annu& running coss and redu@ 10 percen of greenhous gas emissiors by replacirg the elec

tricity from the power grid [47].

4.1.5 Power generation from pedestrian footstep

A company [58] has completed over 100 projecs arourd the world, acros various sectos in-
cluding train stations shoppimg centersairports ard public spacesFigure 4.9 shows same projecs

which were performed by this company.
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(@) Omer Train Station, Northern  (b) Federaion Square,Melboune. (c) The Crystal, London

France.

Figure 4.9: Footste enagy generatig sample projects] 58].

This new technolog capture enggy from footstes fooling on it and a combination of electre
magnetc induction ard flywhed enagy storag technologis with capabiliyy of producirg 7 watts

of electricity from one persm walking acros ashot spa@[58].

4.1.6 Dancefloors

A similar projed was performed in Londm by the Club4climate projed which produce elec
tricity with dances jumping up and down which chages same batteries This club producs 60%

of the enegy needd by the clubbers movemert [20].

4.1.7 Piez-harvestersembedddl in rail-ways

The first try of installing piezoelectic IPEG pads on the rail tradk was dore by Innowatchtet
Inc [18]. an Israel company. The experiment was conductel on the railway with ten-car train
weight Achieved resuls demonstrae tha arourd 120kWh could be producel which is enoudn to

power light and signs and othe surplusetha can be routed to the grid (see Figure 4.11).

37



Dance floor

How it works

i Nightclub is fitted with a "bouncing” Piezo 2 The blocks mads from crysials produce
floor made of springs and a series of  S€Me™ small electrical current when squashed,
power generating blocks. a process know as piezoelectricity.

As dancers move up and down, the Battery The batteries are constantly recharged
blocks are squeezed, current is fed by the movement of the fleor, and used
into nearby batteries. to power parts of the nightclub.

Figure 4.10: How apiezoelectit flooring systen generatselectricity throuch kinetic enegy [20].
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(a) Installi ng piezol PEG pads. (b) PiezolPEG pads function.

Figure4.11: InnoWatch IPEG pads[18].
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4.1.8 Piexm-smart roads

Transportatia on highways and road play a significart role in econany and societ devel-
opment Currently, the speel of enggy consumption is more than the spe@ of regeneratig it.
Therefore to have more sustainate and reliable types of enegy, it isrequired to think abou same
new technolog to supply power. Almog all peopk neel to use roads and highways very often sudh
as taking buses or riding in cars Accordirg to researchthe transportatio secta consumes almost

onethird of the natiorts enagy [30]. Innowatd Inc. was the first company which worked on the

Figure4.12: Smart-Road [30].

harnessig enagy from the roads Accordirg to Hendersa [30], piezoelect crystak embedde
in the asphat can generag up to 400 kil owatts of enegy from a 1 kilomete stretd of generatcs
along the dud carriagaway (assuning 600 vehicles go through the road segmert in an hour), enoudn
enagy to power 600-800 homes The enagy generatiig road offers a selft-sustainig environmert

for the future

4.2 LCA literature review

In tire industry, tire mandactures are challengeél to develop sustainal# (econanically ard
environmentally) producs to participae in competiive markets with othe manuacturers Much
researh has been dore to minimize the environmentd impacs of this industy by citing 1SO stan
dards Tire manuactures are urged to improve steadil the performance of tires On the othea hand
they try to develop a produd with minimum environmentd impact Thes two parts are mutually
unique LCA help to manuacturesto recod all sustainal@ development aspecs of tire during the

lif e cycle of the tire. This approab provides consideratia of all contributions of raw materials
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enagy use distribution, use treatmen and re-use of the product Accordirg to Badcer and Gloeg-
gler [8] the major environmentd impad throughot a cars lif e cycle consiss of the tire use pha®
with carbo dioxide emissiors linked to the fuel consumption of the car, attributed to rolling resis
tance Thisconclusiom was also corfirmed by SilkeKromer [73]. The North Americamanuactures

are slow to adop LCA for their products and therefoe there are a few documents relatad to tire
environmentd impad assessert in compariso to Europe There are difference in Europea ard
American lif e cycle assessients One s related to materid composition of tires However, Euro-
pear average use is 400 km for the tire lif e and the American averag is 4000 miles. The othe
differen@ is bewveen fuel use over the lif e cycle of thetire. The disposéroute in the erd of lif e of
Europea is differert with American Accordirg to Reschne[67] amuch larger percentag of tires
are landfilledin Europe insteal of incineration

Raw materiabk usal in the tire industy are documentad in Simapro software but, since enegy re-
quirement and emission change in differert countries othe source would be usel as a sour@
of inventoly data Herein dat publishel by Cobet [16] was used for baselire sourcs and data
publishal by Ibn-Mohanmed et al. [32] was used for piezoelectic materid resources

The othe isste relatal to the tire LCA is erd of life. Work has been dore to increag the usel
tires insteal of waste and the landfilling metha increass the environmentd conceris among the
public [9]. Therefore new innovatiors in rubbe shreddig and incineration redue the excessve
scra tires [55]. Morris[54] concludel that incineration consumes less enagy than landilling; even
this methad can recover enagy from the wase material For example, 1 kg of tire rubbe contairs

36 MJ of enaggy which is 4 times more than the same amourt of cod [66]. Although open tire
firing produce a large amourt of carba monoxides particulates sulfur oxides nitrogen oxides
and volatile organc compounds Open tire firing is nat allowed Standad and disposa methods of

tires are always updatel to provide the sustainabiliy of the tire industy.
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Chapter 5

Socio-eaonomic impact of piezoelectric

materialsin cars

Climate change is ore of the crucid problens, which the world is facing currently. With in-
creasiig usag of fossi fuels levels of CO, and othe levels of greenhous gasa are increasiy
with dangeros consequenaancluding increasig globd temperature The currert challengs of
climate and enagy require sustainabiliy. Contemporary reliance on fossi fuels and emissiors of
CO02 to the atmosphee are nat sustainat# actvities. CO, emissiors growth demonstrats that this
amourt is beyond the atmosphert absorptio capability.

All enegy technologis have differert amounts of environmentd footprint. However, enagy from
renewable resourcs has less effect on climate chang and environmert pollution, becaus it has no
combustion during the process Therefore generatig enegy from readily available resourcsis an
advantag for decreasig climate chang effects New source of rernewable enggy are becaning
new topics for research The major concen here is efficiercy of storag systens becaue same of
the rerewable resourcs generag power only intermittently.

A sustainald system requires altering enegy systenswith low greenhousemission systens. There
are vad enegy resource to mee our needs however, the god is lowering the cod ard increasirg
reliability and the quality of sustainal# systens, simultaneous} to facilitate this transition Thisis

ahuge challengebut it can be undert&en with improvemert in enegy efficacy with depbymert of
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avariely of technologies

Among the numerous opportunitiesin this researh the piezoelectit effect has been studied As
discussd before piezoelectriciy is the interaction between crystalline materials sud as crystab
ard ceramics. The electricd chages are the resut of an applied force or pressue throudh this
interaction This is the piezoelectr effect In this researchwe propo® to place piezoelecti
transduces on the outsick suiface of pneumatic tires tha would use mechanichstresss from tire
pressue and deformation and generat usabe electric enegy. This hawvestal enegy can be trans
ferred to an externd battey for storage This kind of technolog is used in small scak now, but
with further developments this could be appliad at larger scak and bring a lot of promise Every
day, hundred of thousand of cars run throuch the city. The amourt enagy delived from the mass
amourt of caisis sufficiert to provide power for severd applications This can decreas the amount
of enegy needd and in tumn redue the impad of carbam emissions

With rapid improvemert in piezoelectg technolog, it would make seng tha mass productian of
piezoelectit generatos would be cod effectively. Installing piezoelectrian pneumatic tires, gives
the opportunit to colled as much as enegy as possible Thiskind of renewable enegy can provide
electricity to car uses and peopk of the city without hamming the environment This electricity can
be usal in vehicles or ser to an externd transfomer to wide spreal use The producel electricity
can redue@ the electricd cod ard at the same time provide advantags to the environment
Piezoelectrt technolog, currenty, is meart to power small appliance suc astire pressue sensors
portabk chagers for cel phones ard laptops However further developmert can open the ways to
improve piezoelectig transduces for more efficient generatorsPiezoelectrt technoloy has gred
potentia to provide the amount of eneagy, usel on a daily basis Implementing transducersdoes
nat affedt out regular habits Car tires rewolve in regular basis so why not use this simple and self-

powered technolog for bendit and keep the eart healtty to have a brighte future.
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Chapter 6
M ethodology

6.1 Materials and methods

To generag electricity from running cars the mog suitabk place mug be chosa to put the
piezoelectit materials In the researh performed by Makki and Pop-lli ew [48], piezoelectit mate
rials were installed inside of the tire. The pressue inside of the tire is slightly less than the pressue
outsice of thetiresuiface To claim this statenent, imagire pressue representgwith P; and contad
patch area with A, then force on the grourd is Fj = P; xA. On the othe hand tires have same
elasticiy. Deformation of the tire becaus of weight create an elastt force accordimg to Hooke®

law [24]. Thisforceis Fe for tire. Thereforethe totd force on the grourd is:
O O 0 O (6)
And the pressue of the grourd is:
0 0

o (7)
0

So, outsice of the tire is a more appropria¢ candidag to instal piezoelectre materiak than the

inside
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6.2 Methodology

The criteria to transt the cai®s weight to the grourd are defined by the contad patd which
de- pends on the weigtt of the vehiclg and tire air pressure When this weiglt is zerqg the conta¢
patd is aline. Increasig the load causs tire and side wall deformation and increass the area of
the con tad patch With tire rotation all differert parts of the tire undegoes deformation at a
frequery tha is a function of the tire RPM. In this researchit is tried to simulate one standad
ca characteristi as a modd ard then scak it down to a prototype scale Piezoelectré bendes
experiene periodic deformation with tire rewolution and generag a periodicaly chaging ard
dischaging.

As discussd before piezoelecte materiak produ@ chages when it is subjecte to deformation

Chevrolet malibu
Ref. car =
Curb weight 1400 kg = 14000 N Target vV
205/70R15 g’ 55 km/h
F H T velocity
..................................... R il e DA 15.3 m/s
T m
Tire Effective width 140 imm measured
Contact patch length 145 imm measured
contact patch pressure 0.17 iMPa :
Fequency 6.0 iHz = ! 359 irpm - 8
= &
¢
3 o
v o
Model g_ S
: : w8
r 4.5 iin. =i 011 im s g
b 0.72 im g =
" effective width 35.00 ‘mm a2 )
tire ) Ei) o
eontact patch length 55.00 ‘mm o E E
contact patch pressure 0.17 ‘Mpa ‘E é-_c: 5
EE% 8
scaled speed| SRR NERIIN NV BT il A e

Figure 6.1: Red and scalal down modd speciication

at the contad¢ area with the ground This amourt depend on the rewolution per minute of tire or, in
othe words the frequerey. In thisresearchthe god is converting wase enegy in carsto electricity
which could be usal at differert parts of the vehicles To achieve this, an actuad car was simulated
ard scalel down in the laboratoy.

The Horizon CT7.2 treadnill was usel for this test By considering tha the maximum velocity of

thistreadnill is 10 mph, tire specficatiorsand othe conditiors have been scalel down to simulate
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amodd with a running car. Figure 6.1 presend the procedue of scalirg and dimensiondrelation
beween an actua and prototype model The Chevrolet Malibu was selecté as the referene car ard
its specfication was scalal down by a facta of 1/3.56 accordimg to laboratoy facilities A spred
shee (Figure 6.1) was developal for this propose to provide required speel ard force. To achieve
close resuls to the reality, it was decidal to keep frequerty and pressue constah undernedt of
thetire. The frequercy of the piezo bendes depend on RPM tha is afunction of velocity of vehi
cle. Here becaus of limitation in the employed treadnill & speed 10 mph equvalert to 55 km/h
velocity of the referene modd can be tested Makk and Pop-lli ew [48] corfirmed tha the highe
velocity is, the more the bende defomms, thus increasimy the power output

A steé frame with dimensiorsillustrated in Figure 6.2 was designe and constructd to transfe the
load to the tire. The steé¢ frame was made from a box profile with 50. The ova holes provided
in the frame as shown in Figure 6.2c, gives the opportuniy to balane the frame ard apply load
It was impossibé to rotae the pneumatic tire accordirg to laboratoy facilities so the relaive
motion law in physic was used To simulate a vehiclgs speed it was supposd tha the car was
constam and the road is moving. The treadnill conveyer ard its carpé play the road role in this
experiment Sted plates of three kg each were usal to apply the weight of the scalel down modd
to the frame. This weight transfes to the pneumatic tire using stee frame hange and presse the
whed assenbly to frame agains the treadnill floor creatirg a tire contad¢ patch The pressue in
the conta¢ patd can be adjuste to simulate differert contat patche size Figure 6.3 presensg

the side view of the testirg sd up.

6.2.1 Piemeledriceement seledion

Some materiak like quartz biologicd materiak like bone DNA, ard various proteirs have
piezoelectit properties At first, it was designeé to use a virus as the piezo material This choice
isin the natue and could nat damage the environment which is one of the goak of this researh
(sustainal® development). Then becaus of health ard safey issuesit was change to PZT. The
PZT isdescribd in previous chapters

In thisresearb four main criteria were considere to choo® the piezoelectic materials

45



0 ) il
50 —
410
650 {
375 L 150 L 375
50 50
— 50
2 O []
I w =50
¥
50
Oval holes !
.
n’ n’ 100
I
50
| 150
1000
390
650 L=l 150 =
L o
— 50
| ! | |
b) c)
F
-~ 500 ——= - 500 — =

Figure 6.2: Dimensiors of the stee frame: a) front view; b) side view; and c) top view.

- The piezoelectit materid could deform without damage with tire revolution.
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Figure 6.3: A 3D view of theted se up (a, b)
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- Piezoelectrt output is afunction of voltage constamgss, chage constamdsz, and piezoelee

tric dimensions

- Cost

- Environment friendly, leadfree piezoelectit elements

Sufficiert bendabiliyy of the elemert is of the mogs importan aspect to matd the cyclic deforma-
tion of thetire, which is 540 millio n cycle for atire lif e of 200000 km [48].

The othe substitution for piezoelectt elementis polyvinylidene fluoride (PVDF) element which
have highe flexibility but, their cod is high and piezoelectit chages are low. Thereforgitisnot a

goad candidag for this purpose

Circular piezoelectc elements with adept of 0.23 mm including a bras plate were chose& which
help them to increag their bendabiliy. The® element have been usel before for power generatio
in the shee sole during walking motion [45]. Piezoelectré elements produca by CUI INC NO.
CEB-44D06 modd were employed in the tests The mechanicacharacteristis of the usal piezo

electric elements are explained in Appendk C.

6.2.2 Adhesiveseledion

At first a Pamatex weatherstp adhegve was selectd to bord piezoelectig elementto thetire.
This was a betta choice becaus of flexibility, excellert adhesio to rubbe and metal However, to
simplify changirg the piezoelectric5 cm strip bondes were used The strips facilitated the work

to chang the piezo element for ead speed

6.2.3 Piezoeledricarr angement

Figures 6.4 ard 6.5 show the layou of piezoelectit elementsin five pairs and connecs with
the contrd circuit. The tire was 23 cm in diamete; therefoe just 10 piezoelectit elements are used
for this experiment On the othe hand piezoelectit elements require a bre&out two by two, ard

wooda pad dimension would not allow using more than fivewhichis used in this experiment
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The producel power amourt is a function of piezoelectrc materiak which are connecte in pa-
allel to eat othe. Late, in discussia sectionit will be shown why thes elements werein paralld
naot in series All piezoelectrt pairs were connectd in paralld to eat othe and all of them, then
were connectd to the bre&out board The function of the bre&out boad is describd latterly.
Piezo element are attaché to the tire symmetrically. Therefore chage and dischage time for all
of themisequal

Tire suface was sande with sandpapeto remove all roughnessthen one rubbe tube was bondel
to the tire with the Pamatex weatherstip adhegve. Creatirg a rubbe basel patd allowed eay
assenbly for attachimg and removing the piezoelecti@ without contributing towards power genera

tion.
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Figure 6.4: Locatian of piezd elenentsand circuit arrangenent

Figure 6.5: Photo of the mounted piezo elements ard contrd circuit.

The piez elements are capabé of bendirg more in a con@ve manne i.e. with the ceranic on
the inside of curvature rathe than on the outsice (convex) [48]. Figure 6.6 shows the conave ard

convex deformation of PZT elements As said before to bord the piezoelectri elements to the
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Figure 6.6: Differert deformations of piezo elements

rubbe, an adhesse bord was useal to increag bendabiliy of piezoelecte materiab ard
feasibility of assenbly of them ard prevert PZT layer damage This technigue ensure optimal
conave defar- mation while significantly reducirg convex deformation Figure 6.5 shows how

the piezo elements are adheré to thetire.

6.3 Control and Data acquisition

A daia acquisition systen was usal to measue hawvestal voltage The DAQ systen in
this experiment consistel of amicro controlle or MCU , one power suppl, and one breadboait
to instal voltage division circuit. The MCU is a Mini Arduino company@ micro controlle
with an open sour@ electronis platform which can real the input ard chang it to output
The MCU requires a power suppl to work and generag output Althoudh it is possibé to use
generaelectricily to feed the micro-controlle in orde to establi® wireles connection but,
if for any reason the curreri disconnectedArduino sendirg dat would be interruptel to
laptap or PC. Therefore it was decidel to use an externd power suppl to ensue an integrd
current A circuit mounted on the wooden pad which is describé before include one board
five bre&out board one mini Arduing, ard one power supply. The bre&out boad and Ardunio
specficatiorsare shown in Appendk C and D. Figure 6.7 shows a schenatic plan of the teg

fabricatel circuit and its connectim with the dat acquisition system.
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