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DESIGN, MODELLING AND CHARACTERISATION OF IMPACT
BASED AND NON-CONTACT PIEZOELECTRIC HARVESTERS FOR
ROTATING OBJECTS

by Ghaithaa Manla

This thesis highlights two different methods ofragting electrical energy from
rotational forces using impact based and non-cotiased piezoelectric harvesters. In
this work, the centripetal force is used as thenmaiting force that causes the
piezoelectric harvesters to produce output powar.otder to achieve this, the
harvesters are mounted in a horizontal positiorienthie rotational forces are applied.
The impact based piezoelectric harvester consfsastabe with one piezoelectric pre-
stressed beam mounted at each end of the tubell Adaaing that has the freedom of
movement between the two ends of the tube genemtesmpact force on the
piezoelectric structures due to the effect of tkatipetal force. The impact based
piezoelectric harvester is modelled and its behavis analysed and verified
experimentally. For the non-contact piezoelectrgevbster, the applied force on the
piezoelectric element is produced by a magnetitagon system without the need for
a direct physical contact. The impact of the magiet and shape is studied and the
results become a guideline that is used to desigh @ptimize the piezoelectric
harvester. The model of the non-contact piezoetebtrvester is derived and verified
experimentally in order to analyse its behavioudiffierent boundary conditions. A
comparison between the two harvesters is carriedTdus includes highlighting the

advantages and the limitations of each of them.
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Chapter 1

Introduction

1.1 Research objectives

The aim of this research is to investigate and ldgva harvester that has the
ability to power sensors that are mounted on nmugatibjects. Therefore, this research is
focused on understanding power generation mechangssociated with rotation and
the method by which this energy is extracted. Tdwu$ of this research is directed
towards powering sensors that are located in uhedde areas within rotating systems
such as the tyre pressure monitoring system lodatede the vehicle tyre. Moreover,
this research will focus on designing a harvedtet has the ability to generate the
required amount of power over a range of rotatipgesl and withstand the high
acceleration amplitude caused by centripetal fatédigh rotating speed. For such
applications, different types of resonant vibratioased micro harvesters including
piezoelectric, electromagnetic or electrostatiogthucer have been designed to convert
the available vibration within a rotating objecttanelectrical energy [1]. The
performance of these harvesters depends on thaeiney of the ambient vibration.
Using vibration based micro harvester inside theale tyre as an example of rotating
object, leads to the fact that the maximum gendratgput power is achieved when the
natural frequency of the harvester matches theatwrdor frequency produced at a
specific rotating speed. Therefore, if the resorieequency of the harvester does not
mach that of the ambient, the level of the outpvgr decreases dramatically.

In order to overcome this problem, two types ofzpadectric harvester are
designed, analysed, tested and their results caudpetth each other. The first
approach is based on using impact force to extedettrical power. The second



approach is based on a non-contact system. Narexstudies reported the use of the
previous two systems to extract electrical energynfcentripetal force in particular.
Therefore, the main objective of this work is twelep a harvester that uses centripetal
force to extract output power using impact basedgelectric harvester as well as non-
contact based piezoelectric harvester.

This present work employs a variety of experimeatad theoretical techniques
to analyse the effect of rotational forces produdsdthe rotating object on the
piezoelectric harvester. The method by which theédster is mounted on the rotating
object will be investigated and its effect on tmecaint of the generated power will be
analysed. As part of the experimental investigatian impact based piezoelectric
harvester will be designed, analysed numericaltytasted. The same approach will be
used with a non-contact piezoelectric harvester. bagh harvesters, the numerical
results from the developed models will be compaedhe experimental results by
which the model will be tested and verified. Botnresters will be optimized and their
output power will be compared with each other amel limitations of each harvester
will be addressed.

After understanding the behaviour of the developiedoelectric harvester under
rotational forces and analysing its performance, fincus of the research will be
directed towards implementing the method in a practapplication such as tyre
pressure monitoring sensors. In this case, tyrespre sensors are mounted directly
inside each tyre. In an effort to generate powemfia vehicle wheel, researchers have
focused on vibration, since this is one of the nsaiarces of energy in the tyre [2]. As
mentioned before, the aim of this research is fedusn extracting power from the

rotational forces, particularly the centripetalder

1.2 Document structure

This thesis describes the work that was carriedt@uhvestigate the ability of
generating output power from rotational forcesemgral and from the centripetal force
in particular. A commercial type of pre-stressedrhecalled Thunder™ is used in this
investigation. The report is divided into nine malrapters.

Chapter 2 introduces the background of the fieldsedew of the relevant
literature and a discussion of the previous workqgomed in this area. This chapter
addresses the issues of the different designseofetiergy harvesting generators. A
discussion about different methods that can be d@gecbnvert kinetic energy into
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electrical energy is presented. A discussion albieeitsuitability of the each method
with the surrounding environment is analysed antovi@d by analysis about
piezoelectric harvesters and the ability of usiotation as a source to generate an
output power. Applications by which the harvestan e used are introduced with a
focus on the possibility of using the harvesterdes vehicle tyre. This is followed by
a discussion about the advantages of using piezaelpre-stressed beam (Thunder™)
for this type of application.

Chapter 3 presents a theoretical analysis of thendé&r™ pre-stressed beam and
addresses the influence of beam curvature on treuatrof stress developed in the
piezoelectric structure. The dependency of theciira characteristics on the applied
compression forces is addressed and measured.

Chapter 4 presents a numerical analysis of the ¢tnpased piezoelectric
harvester. The principle by which this harvesteerafes is detailed. Numerical
methods are used in order to analyse the behawibtire impact based harvester in
general and the Thunder™ beam in particular undpact force. The simulated results
of the finite element analysis using the ANSYS wafe are used to analyse the
developed stress in the Thunder™ beam due to tfextedbf an impulse force.
Moreover, ANSYS is used to analyse the amount okegeed stress in the clamped
area due to the clamping method. An optimizationhef output power in geometries
perspectives is carried out in this chapter.

In Chapter 5 a testing wheel with the ability ofunting the developed harvester
in different method is designed. The different noelh of mounting are presented to
analyse the effect of the different types of ratadl forces on the harvester. The
method that is used to monitor the effect of th&@tronal forces in general and the
centripetal force in particular on the impact bapextoelectric harvester is detailed in
this chapter. The generated experimental resudtprasented, discussed and compared
with the theoretical results presented in Chapter 4

In Chapter 6, the principle of the non-contact p&ectric based harvester is
introduced. Simulation and optimization of the remmtact piezoelectric harvester is
presented.

An experimental method that is used to testify titeory is then introduced in
Chapter 7. This is followed by experimental chadzation of the non-contact
piezoelectric harvester. In this chapter, the drpemtal results are presented and

compared to the numerical ones.



The two prototypes of the piezoelectric based serethat have been designed

and tested are compared to each other and discusgedapter 8. The comparison

focused on the amount of the generated power amdirtiitation of each prototype.

This chapter presents a discussion about the plitysiof mounting the designed

harvesters inside the vehicle tyre to power the pyessure monitoring system.

Chapter 9 concludes both experimental and theatetienclusions along with

suggestions for future development in this area.

1.3 Statement of novelty

The outcome of this research presented these reszelt

Experimental and theoretical proof of the feasipibf using rotational
forces to generate output power from piezoeleqprie-stressed beam
(Thunder™).

Theoretical analysis of the Thunder™ beam and ksteent of a model
and an experimental method that presents the esfempplying force on
its stiffness and damping.

Design and build of a piezoelectric harvester taegate output power
from impact force due to the effect of the centiabéorce.

Modelling the behaviour of the piezoelectric hateesthat uses
Thunder™ beam under impact.

Experimental verification of the impact based hateemodel.

Design and build of a non-contact based pieza#tecdtarvester to
generate output power from magnetic force due ® dffect of the
centripetal force.

Model the behaviour of the non-contact piezoeledtarvester that uses
Thunder™ beam under the effect of the magnetickrc

Experimental verification of the model of the namtact harvester.

1.4 Publications

1. G. Manla, N. M. White, J. Tudor. Harvesting enefiggm vehicle wheels

for tyre pressure sensors. Presented af BRernational Conference

EurosensorsDresden, Germany. September 7-10, 2008.



2. G. Manla, N. M. White, J. Tudor. Harvesting enefiggm vehicle wheels.
Presented athe 18" International conference on Solid State Sensors,
Actuators and Microsystems, Transducer20D@nver, Colorado, USA.
June 21-25, 2009.



Chapter 2
Background and literature

review

2.1 Introduction

Wireless system networks are attractive becauseftuditate the placement of
sensors in inaccessible locations. Moreover, emdxedelireless microsensors have
potential applications in areas such as continuwasitoring of structure and machine
functionality without the expense and the inconeane of wiring failure. This
includes monitoring temperature, the location andvement of persons and
acceleration and pressure in automobile tyresABpresent, these electronics rely on
the use of batteries to provide electrical eneoghe wireless sensor nodes. This is due
to the fact that batteries are an easy power solwnd they provide a stable voltage,
which means electronic devices can be run diregithout any intervening power
electronics. In the past few decades, the perfocmah computing systems has grown
steadily, which has led to a large area of resebaded on wireless sensor networks.
Long transmission distances can be replaced witkclost, low-power wireless devices
which operate in a multi-hop fashion, i.e. the sraiiting data to the final destination
port should be routed via at least one intermedpate [4]. This results in dense
networks which comprise thousands of small wirefestes. However, the reduction of
the nodes’ size and the increase in their numb#rmthe network, make the use and
the replacement of batteries impractical. As trextebnics of a wireless sensor node
decrease in size, the size of the battery mustteseduced, otherwise it will dominate

the system volume. On the other hand, reducingpéitieries’ size limits their lifetime.
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This creates a problem in powering a large numlberodes that make up a network
due to the cost of replacing the batteries. Althohgttery technology provides enough
energy for applications that require high and camspower consumption in the range
of one year or less, the need to develop other adsthwhich provide sustainable
energy throughout the lifetime of the device, isidel. In order to achieve this,
researchers have focused on three methods [5]:

* Improving the energy density of storage systems.

» Developing technologies that enable a node to scpv@ower available

in the surrounding environment.

* Developing a suitable method to distribute powahtnodes.

Among these different methods of powering a wirglesetwork, power
scavenging has the advantage that the lifetimehef riode depends only on the
reliability of its parts. However, each environmehas different forms and
characterizations of the available ambient enefdys makes designing one type of
harvester that is suitable to harvest energy frdfardnt environments and at different
conditions impossible. The focus of this researshdirected towards designing a
harvester that uses rotational energy as a soo@®vide an electrical energy.

This Chapter is divided into five main sectionsct®m 2.2 presents the principle
behind generating electrical energy from mechanerergy. A comparison between
resonant and non-resonant systems in terms oerisergted output power is presented
in this section. Three different mechanisms thatehiaeen used to convert the kinetic
energy into useful power are illustrated and comgarSection 2.3 presents the
possibility of using rotation as a main source let&ical energy. Section 2.4 outlines
the previous efforts that have been described enlitbrature in order to achieve that.
Suitable applications that can use the developedebters detailed in this work are
discussed in Section 2.5 with the focus on exingctnergy from the vehicle tyre
environment. The reason for choosing this appbcats the main one is explained in
this chapter. Section 2.6 focuses on using a pieeE transducer as a method to
convert kinetic energy into electrical energy. Brfint types of piezoelectric harvesters

that are developed in the literature are discussé#us section.



2.2 Electromechanical harvesters

In order to generate electrical energy from kinetiergy or mechanical forces, a
suitable harvester is required. The three main agstho convert mechanical motion
into an electrical signal, based on their dampirgmanisms, are:

» Electromagnetic, which depends on changing the lilikkage of a coil
with a magnetic field. This method depends on dampelocity.

» Electrostatic, which depends on moving the plates capacitor apart
against the attractive electrostatic force. Thishoeé depends on damping
Coulomb force.

» Piezoelectric, which depends on straining the pksiric material to
create an electric charge. This method dependsampitig the material
deformation.

The principle by which these harvesters convertharical energy into electrical
energy can be explained as follows. The input kinetergy causes the harvester frame
to accelerate. The inertia of the harvester massesarelative motion between the
frame and the mass. The work done on the dampgheiproduct of the force and the
relative movement between the mass and the framme.iftegral of the work over a
cycle represents the converted energy. The amduattput power depends on the
chosen method which depends on the type of aplica¥ioreover, the material type,
aspect ratio and the dimensions of the differemtspaf the harvester are factors that
affect the amount of output power. These three austlof energy conversion from
mechanical into electrical energy can be dividetb inesonant and non-resonant

systems based on the spring-mass motion.

2.2.1 Resonant and non-resonant systems

Resonant harvesters can be modelled as second-aspeng-mass-damper
system as shown in Figure 2.1. In a resonant syste work can be stored in the
spring and then released to the damper at a differat of the motion cycle. A mass
(m) is significantly smaller than the mass of theratlmn source and thus it will not be
affected by its presence. The mass is suspended drgpring of stiffnessk(). The
total damping coefficient of the systemy)(dés the sum of the mechanical damping
coefficient €,) and the electrical damping coefficient)( c,, represents the loss in the

system due to air resistance and support dampingepresents the useful extracted
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energy from the converter. The spring mass systarated within the inertial frame, is
being excited by an external harmonic excitatioringj byy(t) =Y, sin(at), whereY,

is the source motion amplitude. The absolute matiothe frame and the mass (€
andx(t) respectively. The displacement of the mass fremest position relative to the
frame is presented ag(t). Z is the maximum amplitude of the mass-frame

displacement. The differential equation of motismescribed as:

mZ(t) + c; z(t) + Kz(t) = -mY; sin(at) 2.1

y(l)

P

Figure 2.1 Schematic of a generic mechanical-totedity converter

The useful electrical power is equal to the povenaved from the mechanical
system byce.. Equation 2.2 shows the power dissipated withendamper [6].

3
w
mé.Y.>| = | &
‘. [wj
P= 2.2

The damping coefficientsr is replaced with the damping ratfg according to

the following equation:

- &
= 2.3
G 2maw),




w is the frequency of the driving vibration ag which is equal tg K/m, is

the resonant frequency of the mass spring systeaxifum power can be extracted
when the input frequency matches the resonant éremyuof the system. Therefore, the
system must be designed to resonate at the emaittiequency and in this caBecan
be given by the following equations:

3\ 2
mé . w.Y,
Pz—‘(e 20 2.4
4¢;
2
mé.a
Ce 25

P=——2
400,(&, +€.)

Equation 2.5 used the excitation accelerat@nir{ the expression d? which is

derived from a=a)Y,. For a given acceleration, the output power iseisely

proportional to the resonant frequency. Therefdre,larvester should be designed to
be resonant at the lowest fundamental frequencyatitmu?2.5 shows that the output
power can be increased by increasing the massnwttilei given space constraints. The
mechanical damping rati@y), that represents the designed harvester, is aansthe
output power is maximized when the value of theteleal damping ratiod) matches

the value of the mechanical damping ragig) (

—— £=0.0025
: | —— £=0.02
- | — £=0.05

____________________________

Normalized output power
=
T
l

i | i
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5
Normalized frequency {m/a:o)

1 D'G | | |

Figure 2.2 Power output vs. frequency in resonanidsters
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Figure 2.2 shows the output power versus frequéocylifferent values of the
damping ratio. The natural frequency of the harveistd 00 Hz and the frequency of
the exciting frequency is varied from 10 to 200 Hrorder to extract the maximum
power, this figure assumes tliat= &y, Systems with a low damping ratio (around 0.01)
have the potential for higher output power. Howewars power drops off quickly
when the frequency of the driving vibration movegag from the natural frequency.
On the other hand, increasing the damping resulsshiroader bandwidth response.

The previous model of the harvester does not spdélsdymechanism by which
the conversion takes place (electrostatic, elecmmatic or piezoelectric). For a real
harvester, the model will be more complicated doethe transduction damping

coefficient being dependant on the conversion ntetho

Resonant
system with
1.55 R : non-linear
= esonant damper
o system
=
=T \
E \
E non-resonant
- sysiem
] T
E 0|5 b L
=
z,
0.
1.0

Figure 2.3 Performance of different type of trareawnder varying operating conditions [7]

The work in a non-resonant system, on the other ,hendnly done on the
damper, where the spring constaRj (s zero. The output power is proportional to the
damping force and the displacement of the mags Iq order to increase the output

power, the damping force should be as high as Iplesdtiowever, this force must be
below the maximum frame acceleration which can bengbyY,«’. In case the

damping force is more than the frame accelerat@nmass moves with the frame.
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Therefore, no relative motion between the mass hadrame is created and thus no
work will be done on the damper. The conversion saiidirt when the acceleration of
the frame is just above the damping force. Thusntlags will break away from the

frame and move from one end of the frame to theradlaring the peak of acceleration

[8]. Figure 2.3 shows the relationship between tlmemalized output power to
(mY’w®) and the normalized frequencyw(w,) [7]. In addition Figure 2.3 shows the

relationship between the normalized power and th& rbetween the maximum
available displacement of the mass and the actieleramplitude Z/Yy).

Figure 2.3 is divided into three main areas. Thes ldtea represents a resonant
system with linear damping such as electromagrmtitpiezoelectric transducers. The
green area represents resonant system with naar-ld@nping such as an electrostatic
transducer. The red area represents non-resonaeimsysAs can be seen, resonant
systems generate more power when the ratio bettveeapplied frequency and the

harvester resonant frequencg/w,) is 1. This means the resonant frequency of the

harvester matches the applied frequency. Resoryatenss with linear damping are
more suitable when the normalized frequency is betwl and 1.5. Resonant systems
with non-linear damping are more suitable whenrtbenalized frequency is between
0.5 and 1. However, when the resonant frequendiieoharvester is twice the applied
frequency or more, non-resonant systems produce motput power than resonant
systems. Figure 2.3 shows that resonances arel wgsdn ¢/Yo) is large around 1 or
more for resonance with non-linear damping and @r2%ore for resonance with linear
damping. If the amplitude of the frame-mass disptaent is a quarter of the
acceleration amplitude or less, then a non-resayatém is preferable [7].

In conclusion, resonant electromechanical harvestgmerate the maximum
output power when the resonant frequency of thevester matches the input
frequency. This is a drawback of the resonant systspecially when the value of the
input frequency changes over time. Therefore, agrradtive conversion mechanism
based on a non-resonant system, which works withspting and thus does not have a
resonant behaviour, is used in this situation.dsecof generating power from rotating

objects both 4i/Yg) and (w/w,) are small making the non-resonant system more

suitable for this application.
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2.2.2 Types of electromechanical harvesters

There are three main methods to convert mechanicabminto electrical signal.
These are electromagnetic, electrostatic and pieewi transduction. In this section
these techniques are covered and their basic ctnegw operating principles are
outlined. Different designs are described and aealyIn addition, these three methods

are evaluated as potential transduction mecharfisntgrvesting energy from rotation.

2.2.2.1 Electromagnetic harvesters

Electromagnetic power conversion results from thegikee motion of a conductor
in a magnetic field. Typically the conductor takbe form of a coil. The amount of
electricity generated depends on the velocity efriélative motion, the strength of the
magnetic field and the number of turns of the cbikreasing the strength of the
magnetic field and the other two factors resultannncrease in the current flow in the
coil [9].

Different configurations of resonant electromagneharvesters have been
designed based on the use of relative movementeleatimagnets and coils in a mass-
spring system to generate electrical energy fronchraeical movement. Generating
power by means of a coil, cantilever beam and enpeent magnet is one of the most
attractive methods for energy harvesting from loggtiency vibration sources. In this
configuration a cantilever is used as a resonamineht and either the coil or the
magnet can be mounted on the beam while the atliexeid. The magnet will act as the
inertial mass if it has been attached to the beaghvice versa if the coil is mounted to
the beam.

Two devices with different combinations of magnetsd acoils have been
developed at Southampton University [6, 10, 11]thBetructures are based on a
cantilever structure. The first device was basedmmving coil between two fixed
magnets. However, the second device, which wasdbasemoving 4 magnets with
fixed coil, generated an output power up to 18U for 0.85 mm displacement. The
second harvester generated more than twice theitowfiage (1V) and more than four
times the power for the same input. This harvestpresented in Figure 2.4. Therefore,
using the coil as a mass is less effective thangudie magnet as a mass especially if
the harvester dimension is in the range of a few dtis is due to the flux density, as

reducing the size of the magnet leads to a reduatidux.
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Figure 2.4 Micro-cantilever harvester with a movinggnet [10]

Figure 2.4 shows an example of electromagneticn@#oharvester that can be
used to extract electrical power from vibrationthis type of harvester, the maximum
output power is achieved when the resonant frequendhe harvester matches the
input frequency. If the input frequency is outsttle range of the harvester, the output
power will drop significantly. This makes this typé harvester not useful when the
input frequency changes over time. An alternatwehie resonant system is the non-

resonant harvester.

Frame

Motion

Figure 2.5 A schematic of the basic structure mba-resonant rotating harvester [12].

In a non-resonant electromagnetic harvester thagphat connects the mass to
the frame, is omitted. As discussed before, thguiupower in a linear inertial

scavenger is proportional to the internal travetled mass. Therefore, Yeatman [12]
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tried to overcome this limit by eliminating the ggnconstraint on the internal motion

by using rotating proof mass motion. In this cabe, mass can rotate in either case
without a mechanical limit. He reported that théatmg mass could be powered by
linear or rotational host motion. A schematic ohxwresonant rotating harvester, where
a semicircular mass rotates freely on a bearinghasvn in Figure 2.5.

The energy extracting mechanism in this transdusedenoted by a torque
applying coupling between the frame and the rogatiass. The maximum power can
be achieved when the damping torque equals theuprad the mass moment of inertia
and the frequency of the source motion. The dampngue, on the other hand, is
proportional to the relative rotational velocitytlween the mass and the frame. The
author noted that for low damped cases, the mas®mis small and thus the relative
motion between the mass and the frame. Howevera fstrongly damped case, the
relative motion between the frame and the masslege®o. In both cases, the power
approaches zero.

Yeatman [12] compared the output power of his h&tarewith the one that has a
mass with linear internal motion. Both types of Jemters were based on
electromagnetic transduction, as the only existotgting devices use electromagnetic
conversion. Moreover, both devices were driven hymonic linear excitation. The
author concluded that for a given mass and linearet range, the extracted power
from the transducer will be the same whether thesnmovement is linear or rotating.
The choice between these techniques depends orpphieation reliability and cost.
Moreover, both systems can be used over a wideerahigput frequencies.

The transducer developed by Yeatman can extract mpdwen rotational
excitation when an eccentric mass is used in tk&eBy. In this case, the frame rotates
and the extracted power depends on the relativeciglbetween the frame and the
mass. Two types of torque will be generated; dampongue and gravitational torque.
The maximum power will be extracted when these tesgare equal because the mass
remains static. In this case, the output powerapg@rtional to the rotation speed. The
author describes the motion of the mass as higbhlimear if the damping and the
gravitational torques are not equal. This is dueh fact that gravitational torque
depends on the rotational position of the masstiksranalysis, the semi-circular mass
rotates freely on a bearing located in the cerfttberotating frame. However, because
the rotational mass depends on the gravitatiomgLtrather than the inertial mass, the

performance of the transducers is dependent omr tréentation. Two different
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configurations based on electromagnetic transdudhat were developed based on the
concept of a rotating mass are presented in tHewiwlg paragraphs. The ability of
using them to extract power from rotating objecdslressed.

The harvester, designed by Spreemann et al [13]amasd at converting linear
vibration into rotary motion using a non-resonalecgomagnetic harvester. For this
harvester the output power depended on the vibratmplitude, the harvester
geometry and the initial conditions. This harvestehjch is shown in Figure 2.6,
converted the linear vibration into a rotary motidrhe harvester was designed to
operate under small vibration amplitudes, i.e. @80 This harvester was modelled as a
damped mechanical pendulum where the effect aainsbnditions and the harvester
geometry were analysed. It was found that if tmglle of the pendulum was one order
of magnitude greater than the vibration amplitudenore, an initial angular velocity
was required to start the rotation motion. Thisiahitotary frequency should be the
same order of magnitude as the vibration freque@rgce the initial rotary frequency
was applied, the pendulum performed a rotationedrivy the applied vibration. At this
point the rotation frequency followed the vibratilequency and its value changes
proportionally to the rotary frequency.

If the vibration amplitude was in the same ordemagnitude as the pendulum
length, the energy from vibration was enough tet dtee rotation without the initial
rotary frequency. In this situation the system sbdwndetermined chaotic behaviour.
The advantage of this harvester is that, the oygpweer is proportional to the square of
the rotating angular velocity. This means the oufmwer increases by increasing the
input vibration. Moreover, the maximum output poviergenerated when the output
load resistance equals the coil resistanceR harvester with a volume of 1.5 &ém
a mass of 2.85 grams, a pendulum length of 5.62amdnfrequency amplitude of 100
um at vibration frequencies ranging from 30 to 80 ¢merated an output power
ranging from 0.4 mW to 3 mW. The authors did notspre the effect of applying a
vibration amplitude that is one order of magnitingher than the pendulum length or
more. The disadvantage of this design is thatetsabiour starts to get chaotic when
the pendulum length is less than the vibration #ome. Therefore, this system is not
suitable to be used when the input vibration amgétis higher than the pendulum

length.
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pendulum magnets

Figure 2.6 Converting the linear vibration intoaigt motion, non-resonant electromagnetic

harvester [13]

The authors did not simulate the effect of rotatmm the movement of the
pendulum. Therefore, in the next paragraph a dismusgout the possibility of using
this type of harvester to harvest energy from negabbjects is presented. For this
application, the energy harvester device shownignré 2.6 is positioned at a specific
distance from the centre of rotation. The simulasoftiware Working Model is used to
predict the behaviour of the pendulum movement. bekaviour of the pendulum
movement when its length is an order of magniteds than the radius of rotation can
be summarised in the following paragraph. Using ribiating object as a frame of
reference, at low rotating speeds the pendulum mewe can be described as pure
rotation (below 3 rps). Increasing the rotatingespany further causes the pendulum to
oscillate. The amplitude of the oscillation movemesdluces as the rotating speed
increases. Therefore, this harvester is suitablbetaused when the rotating object
operates at low rotating speed.

Another electromagnetic transducer configuratiorsebla on a non-resonant
system is analysed and tested by Tzern et al [14$. fdrvester is based on generating
output power from rotation. The generic rotatingvieater consisted of stator and a
rotor. The relative movement between these two comps converted the mechanical
energy into electrical energy. The group who dewvalothis harvester proposed that
such a harvester can be used to power a tyre peesgnitoring sensors located inside
the vehicle tyre. For this experiment, a DC mo®wused as a harvester as show in
Figure 2.7. The rotor of the harvester is coupleth&orotating source. To prevent the
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outer housing of the harvester (stator) from ratatilong with the rotor, an offset mass
from the axis of rotation is added to the statorodder for the host to act as a stator the
magnetic torque should be equal to the gravitatiom@ue. The flip-over speed by
which the stator starts to rotate with the rotocakulated. As the output power equals
the rotational angular velocity squared, the teated a gearbox between the rotating
source and the harvester in order to increase rigelar speed and thus the output
power. This harvester, which uses a 20 gram masduped an output power of 8 mW
at 477 rpm. Tzern at al [14] discuss the possibditynounting the harvester off-axis.
In this situation the centripetal force tendedhimtv the mass attached to the harvester
host outwards and affect the gravitational forceer€fore, increasing the offset
position of the harvester will result in reducedtpat power. For a 10 cm offset
position, it has been found that the stator startip over and when the rotating speed
reaches 280 rpm the motion of the stator is alrmgsthronized with the rotor motion.
This means no output power is generated.

This harvester is more suitable for application wehttiere are no size or weight
restrictions on the harvester. In addition, this/bater is more suitable to be used when
the centre of rotation is aligned with the harvesteentre of rotation. Moreover, it is
more preferable to design a harvester that haalitiéy to produce an output power at

any value of the offset position from the centreatétion.

]

Figure 2.7 Setup to generate power from rotationguslectromagnetic harvester [14]

Holmes et al [15] designed, simulated, fabricated dested an axial-flux
permanent magnet electromagnetic harvester basadatating harvester. The idea of
this device is that it generates power from an resiey generated gas flow. The

harvester comprises of a polymer rotor with embddueErmanent magnets sandwiched
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between two silicon stators with electroplated ptacoils. This harvester is shown in
Figure 2.8. The device has a volume of 0.5 amd it has the capability of generating
up to 1 mW at a pressure drop of 8 mbar, a floe c&t35 litres per minute and rotation
speed of 30000 rpm. This type of transducer is raoit@able if there is a gas flow in the
surrounding environment. Moreover, this device Xpaensive to fabricate because it
involves many manual assembly and bonding opematolue to the design of this
device. The reliability of using this device ovemtmicycle of operation was not

presented in this paper.
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Figure 2.8 Schematic cross section of axial-flovbitue with integrated axial-flux

electromagnetic harvester [15]

2.2.2.2 Electrostatic harvesters

Electrostatic harvesters consist of two conductgkat€s) separated by a
dielectric such as air. This type of converter nédedse charged up to an initial voltage
for the conversion process to start. This can be dyrnusing a separate voltage source,
which means electrostatic energy harvester carljnbedome a separate power supply.
This voltage creates an equal but opposite chaumethe plates, leading to the storage
of a charge when the voltage source is disconnettes variable capacitor is the basis
of the power conversion. As the conductors movatirad to each other, the energy
stored in the capacitor changes, thus providing rfezhanism for mechanical to
electrical conversion. The voltage across a simgdeangular parallel plate capacitor is
given by the following equation:

v=4 2.6
C
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whereq is the charge on the capacitor & the capacitance, which is given by

the following equation:

c=&w 27
d

whered is the distance between the platess the width of the plateg, is the length
of the plates and is the permittivity of the material between thatpk. The energy

stored in a capacitor is given by:

2
E:qu:lCszq_ 28
2 2 2C

This equation demonstrates that the energy candoeased by increasing either
g or V. If the charge is held constant, the voltage carnbreased by either reducing
the area of the plates or increasing the gap betwes plates. However, if the voltage
is held constant, the charge can be increasedthgrencreasing the area of the plates
or reducing the gap between the plates. The worle dgainst the electrostatic force
acts between the plates provides the harvestedgendrherefore, the inertia
electrostatic transducer can be operated undertasinsharge or constant voltage.
Electrostatic transducers can be divided into twaupgs depending on the movement of
the mass as described by Roundy et al [16]. Infitee group, the movement of the
mass is out of the wafer plane as shown in Figude 2

2 um Mass
Anchor H Anchor
Motion

! l Spring Spring ! !

Figure 2.9 Out-of-plane electrostatic transducke(d16]).

For this group the input force changes the gap éetvthe capacitor plates (out-
of-plane gap closing). However, in the second grol@ movement of the mass occur
in the plane of the wafer. For this group the infauce changes either the gap between
the capacitor plates (in-plane gap closing) Fig2yEO or the overall area (in-plane
overlap) Figure 2.11.

The change in the capacitance in the in-ptaueglap is linear with the mass
displacement, whereas this relationship is noraline the in-plane gap closing.
However, the in-plane gap closing is easier toifabe than the in-plane overlap

transducer. Moreover, Roundy concluded that thelane gap closing produces more
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power than in-plane overlap because it does ndfersdifom excessive parasitic
damping. The value of parasitic air damping in duplane gap closing operating
under constant charge is higher than the in-plgpest This is based on the assumption
that the gap between the plates must be as smalbssble to produce high output
power, as the output power is proportional to tlenging force and this force is
proportional tol/d®. Reducing the gap between the plates reducesthetiparasitic
capacitances and priming voltage. However, as a MEg\ce, the out-of-plane gap

closing is harder to fabricate than the in-planeety

|‘— 5—10mm —)'l

Spring Mass Spring

- ‘ Motion ’ -

Stationary Co

Figure 2.10 In-plane gap closing electrostaticsdarcer (after [16]).

In constant charge electrostatic transducers, émergted energy is proportional
to the ratio between the initial capacitar@eand final capacitanc€; [17]. By setting
the holding force to be as high as possible, itlteen found that the constant charge
device has higher initial capacitance than the tamsvoltage one. Having higher
initial capacitance reduces the voltage requiredhtain the holding force and thus
reduces the pre-charge voltage. Moreover, it ha deund that it is easier to get
higher values for the initial capacitance in th@-gising electrostatic transducer than
in the overlap one. This is due to the fact thanhalkgap can be set between the plates
of the capacitance by using a mechanical stop Her initial and final separation
between the two plates. In the overlap electrastainsducer, suspension is used to
maintain the separation between the plates ovewrktiode range of travel.

Despesse [18] presented an in-plane gap closingtste that produced a
scavenging power of 1ImW for a vibration amplitud®@um at 50 Hz (acceleration of
8.8 m&?). The size of the device was 18%with 104 g inertial mass. This design used

a piezoelectric spring to prime the electrostatams$duction. A honeycomb structure
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was described by Tashiro et al [19]. This structuae & variable capacitance between
110 and 32 nF. After charging the capacitor to 480vn a battery, the harvester was

put on a shaker. A power of 38V was harvested form acceleration amplitude of 1 ms
Zat 6 Hz, which is the resonant frequency of théaev

“””””iTloom
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Spring A'lr ass Motion Spring

Anchor
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Figure 2.11 In-plane overlap electrostatic transdyafter [16]).

Mitcheson et al [20] described the benefit of ussngon-resonant electrostatic
transducer. This research group carried both simunlaind experimental work. For
non-resonant electrostatic transducer the springteat was set to zero. Therefore, the
device is not tuned to a specific resonant frequefitie mass forms one of the
capacitor’s plates. A holding force or electrostdtirce is created due to pre-charging
the capacitor which operates under constant ch@argenstant voltage. The conversion
of energy starts when the frame acceleration istgrethan the holding force. This
forces the mass to move relative to the framehdfdamping force is at its maximum
value, the mass moves from one end of the franteet@ther at the peak of the frame
acceleration and thus produces the maximum outpuéep

For an application where it is necessarily to ofer@cross a wide range of
excitation frequencies Yeatman [21] proposed a mesonant electrostatic harvester
(Figure 2.12). In this harvester, the mass is helglace by pre-charging it using a
separate power supply. The generated electrostatie between the two plates of the
capacitor keeps them at certain distance from egiclr. When the applied force is
high enough to overcome the electrostatic force,nfass accelerates to the other side
of the frame and discharges its energy. The suspensire made from polyimide to
give low suspension stiffness to avoid resonareotst These suspensions work as
electrical contact and mechanical stop. This dev@ebe used for wide range of input
motion. The output voltage waveform is in the forfmpalses. Therefore, a circuit is

required to convert the output to a DC signal.
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Figure 2.12 Non-resonant electrostatic harvestg [2

2.2.2.3 Piezoelectric harvesters

The piezoelectric effect was discovered by Jacquebs Rierre Curie in the
1880’s. They found that if certain crystals werejsated to a mechanical strain, the
crystalline structure would generate a voltage pripnal to the applied pressure.
Conversely, these materials would deform when there exposed to an electric field.

Motion driven piezoelectric transducers can be ddidi into two main groups:
resonant and non-resonant systems. In the casesohant system the piezoelectric
material can take a shape of a beam rigidly supdat one end with an attached mass
to the free end of the beam. The mass inertia eeBul relative displacement when the
frame accelerates due to the input force. In #s® ©f non-resonant system, the spring
constant is zero leading to direct force on the glrmThis means a mechanical contact
occurs between the two objects that move relabwveath other which are the mass and
the piezoelectric material. A detailed descriptadrsome of the developed prototypes
of the piezoelectric harvesters are presented mudshbed in Section 2.6.4 and Section
2.6.5. This includes resonant and non-resonant eleeivic harvesters. Piezoelectric
harvesters have the simplest structure among thee thdifferent types of
electromechanical harvesters presented in thistehagowever, the properties of the
piezoelectric material decay and change over tirthes limits the overall performance

of the harvester.

23



2.2.3 Comparison of transduction method

For a resonant electromagnetic transducer, theubptpwer is proportional to the
damping force. This force is proportional to the siigternal velocity. This means this
harvester is more suited for higher frequency aptibns and the maximum power can
be achieved when the harvester is tuned to opatdte applied frequency. Moreover,
the optimal damping is the one that allows the ntassse all the internal available
displacement and thus maximum power can be extra¢tee optimal damping factor
is given by the following equation [22], wheZgis the mass displacement arids the

input acceleration amplitude:

&= 0.5;—7 2.9

As it has been explained in Section 2.2.1 the lother value of the damping
ration €), the more power will be extracted at the resorisguency. Therefore, for
this type of harvester, the available mass dispt@rg must be higher than the
acceleration amplitude.

For non-resonant electromagnetic transducers, eslyeat low frequencies, the
damping force must be maximized to increase theuiupower. Increasing the
damping force requires rapid flux changes. A slowving mass requires a larger
number of coil turns, which increases both the msistance and the required magnetic
flux. This is difficult to achieve in small geomets. In general electromechanical
harvesters that are designed to power sensorsprodace output voltages of less than
1 V. Therefore, this value should be stepped upeaused in standard electronics
circuit. This can be achieved either by designingekattronic circuit to improve the
output voltage [22, 23] or by increasing the effextlength of the harvester's
conductor. As the output voltage increases propoatly to the effective length of the
conductor, this length can be improved by incregsire coil turns. By increasing the
length of the coil it will become more difficult téabricate and more expensive.
Moreover, increasing the coil turns requires adangplume of magnets to increase the
flux present in the air gap between the two pofdbh® magnet.

Electrostatic harvesters provide high output voltdlgat might reach a few
hundred volts. This value must be reduced in oroldret used in suitable for powering
low-power systems. Moreover, electrostatic harrestaffer from parasitic capacitance

in parallel with the harvester, which reduces thguaot power. Therefore, the designed
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circuit that connects between the load and thedsaev has two challenges: reducing
the output voltage and minimizing the parasiticazmaance [24]. The holding force in

the electrostatic transducer depends on both tpéedpvoltage and on the rate of
change of the capacitance. Dealing with high vetagthe range of tens of volts is
undesirable in low-power circuits. Moreover, elestatic transducers require a pre-
charge or priming voltage to start the conversietween mechanical and electrical
energy. However, electrostatic harvesters are &easyegrate into electronic circuits.

For resonant piezoelectric transducers, harvediased on beam theory are
available commercially [25]. For non-resonant hatees, especially at low
frequencies, increasing the damping is the maitofao improve the output power.
The output impedance of a piezoelectric transdusedaminated by the device
capacitance, which is in the range of nF. Therefrenaximize the output power the
optimum load must match the magnitude of the capace impedandd«C .
Piezoelectric harvesters are attractive becauseenerated output voltage is in the
range which is suitable to be used directly in @ifgng circuit. Moreover, different
types, shapes and properties of piezoelectric Btxeare available commercially. The
piezoelectric structures that are used to genemateoutput power are simple in
comparison with the electrostatic and the electigmetic harvesters. Moreover, the
piezoelectric harvesters do not require an exteroldhge source as is the case with the
electrostatic one. Piezoelectric harvesters needbet strained to generate power.
Therefore, their mechanical properties limit thegrformance and the lifetime of the
harvesters.

Beside the ultimate power limit, practical consatem must be taken into
account when the suitable type of electromecharmaatester is chosen. As discussed
in Section 2.2.1, a non-resonant electromechanieali/ester is more suitable to
generate power from a rotating object in comparisdh resonant systems. The chosen
type should obey some criteria such as ease to fatore, low cost and high
reliability. Non-resonant electromagnetic harvestare more expensive to fabricate
than the other two technologies. Non-resonant siztic transducers require separate
pre-charge or priming voltage to start the conwgrsParasitic capacitance is one of the
problems in this type of devices. Another problanthie leakage of the capacitor or the
battery that will be used to pre-charge the haeredfloreover, this type of harvester
requires a mechanical constraint to stop the tvatepl from coming in contact with

each other under the applied force.
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The non-resonant piezoelectric harvester has thplsst structure in comparison
with the electrostatic or the electromechanicalvésters. Therefore, a non-resonant
piezoelectric transducer is chosen in this workr Bo non-resonant device the
conversion of energy happens when the piezoeleetement deforms due to the
applied force. The external force can be appliedhenpiezoelectric structure directly
(impact force) or indirectly. This creates somellegmges including choosing the right
type of the piezoelectric material and the righash of the piezoelectric structure in
order to produce the maximum power as well as pgewigh mechanical stability.
Understanding the behaviour of the harvester utiteeapplied force and its reliability

are challenges that will be addressed in the futtmek.

2.3 Extracting energy from rotation

This section highlights the fundamental knowledgbow rotation and
demonstrates its ability to be used as a souremefgy. In an effort to generate power
from a rotating object, its rotational motion isafysed. Due to the rotational motion,
two types of acceleration are generated; radialtangential. The aim of the study is to
understand the effect of these accelerations oaraekter mounted on the rotating
object at a certain distance from the centre daitiom. The polar coordinate system is
the most intuitive way to describe circular motiovhere the position of the particle
along the path is described by two quantitRsandd. R is the radial distance of the
object from the origirD. The angled is defined as the angle which the vector makes
relative to an arbitrary direction. Two units vastean be defined andey. The radial
unit vectore, always points radially outwards. Moreover, thegemtiale, unit vector is

always normal t&; in the direction of increasingas shown in Figure 2.13.
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Figure 2.13 Polar coordinates
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These unit vectors can be described in a Cartesiardinate as following
g = cos(@)i + sin(@)j 2.10
& = -sin(@)i + cos@)j 2.11

wherei andj are unit vectors that points in the same directisthe x and y axes. The
position vectorR, which designates the location of an object movimga circular
motion around an axis, can be represented as:

R = Rcos@)i + Rsin(@)j 2.12

The velocity of the object can be given by thedaiing equations:

d dé _. dé
=— R=-R—/sin(@)i +R—cos@)j 2.13
T gt 2O R G 0s0)]
dg, . /. :
v = Rd—(—sm(H)l +cod8)j) 2.14
\ﬁ,_tz eg

v

The velocity vector is defined by speed and alsahieydirection of motion. The
first term represents the magnitud® (The second term represents the direction of the
velocity vector, which is the same directionegs This means the velocity vector is

always perpendicular to the position vector as shimwFigure 2.14.
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Figure 2.14 The direction of the velocity vector

This vector may change in magnitude by speedingrigbowing down. However,
it always changes its direction as shown in Figufel. The result is two different types
of motion non-uniform and uniform circular motiddon-uniform circular motion is a

case in which both the magnitude and directiowv afe changing, because an object
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moves in a circular path has a varying speed. Hewen uniform circular motion,
where an object moves with constant speed alorigcalar path, the direction of is
constantly changing and its magnitude remains eomst

Acceleration is the rate change in velocity and lsarobtained by differentiation

of the velocity vector and can be given by thedwihg equation:

d?¢_. . _d% . JdoT’ JdeT
a=-R_; sin@i + R e co48)j - F{E} co48)i _F{E} sin(6)j 2.15

. -R[%Z{cos(e)i +sin(6)]} + RB if}{—sin(@)i +codd)} 216

€ 7

As the angular velocityaf) equals toc;H and%; therefore, the above equation
t
becomes:
2
v dv
a=—-——e+ — 6§ 2.17

R dt

— —

Radially Tangential

inward

The first term is the centripetal acceleratiag. This acceleration is always
perpendicular to the direction of motion. The nagasign indicates that the direction

of this acceleration is towards the centre of tiele; opposite to the direction &f.

. . . dv . o :
The second term is the tangential acceleratapn:a in the g direction. This
acceleration is caused by a change of speed. Ifobject speeds upg; is in the

direction of motion +3—\t/ If the object slows downrg; is opposite to the direction of

motion i’ In addition, if the speed is constamts zero. Although the object has a

constant speed, its direction always changes dteetaentripetal acceleration. In this
case the centripetal acceleration has constant imdgn However, its direction is

always changing. For non-uniform circular motiome ttotal acceleration has a

magnitude of=,/a’ +a; and its direction can be seen in Figure 2.15
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Figure 2.15 Total acceleration for non-uniform oot

The momentun® of a particle at any timd)(is a vector, which is defined as the

product of the massn of the particle and its velocity:
P=mv 2.18

Newton’s second law of motion states that the kHtechange in momentum of a

moving object equals the resultant force andiit e direction of that force.

SF=—P=m—v 2.19

For the derivative of the productv, the Newton’'s second law can be written as

following, wheremis constant:

d mv* mdv
F=m—v=ma==- e + & 2.20
2 dt R dt
— —
Radially Tangential

inward

Wherem is the mass, andis the net acceleration of the object. An objeovimg in a

non-uniform circular motion has two acceleratiormponents tangential and radial.
The result is two force components acting in thmesalirection as the tangential and
radial acceleration directions. The total forcararis the vector sum of the radial and

the tangential components. In uniform circular mooti the velocity is constant.
dv _da : : . . .
Therefore,d—t :E equals to zero. Thus, in uniform circular motite magnitude of

the tangential acceleration is always zero andotilg force is acting on the rotating

object is the centripetal force, which can be esped as:

29



ZF:rna: :—% er:—ma)zRer 2.21

—
Radially
inward

This force is constant in magnitude and it alwagts @pposite to the direction of the
radius vector unit. The maximum work on the hames achieved when the direction
of the applied force is in the same direction asftee movement of the harvester. In
this situation maximum power will be extracted. fidfere, the method by which the
harvester is mounted at the rotating object affdfésamount of the generated output
power as explained in Section 4.3.

An object moving in a non-uniform circular motioashtwo force components
acting in the same direction as the tangential eamiial acceleration directions.
However, in uniform circular motion the only foriseacting on a rotating object is the
centripetal force. Therefore an object located distanceR from the centre of rotation
is always under a centripetal force. Therefores thice has a potential to be the main
source of generating electrical power.

The number of revolution per secondk)(that a rotating object is doing can be

calculated using the following equation:

f=2 2.22

Con
On the other hand, the angular velocity)(is given by the following equation, where

is the linear velocity:

w=— 2.23
R

The magnitude of the centripetal force is giverthmy/following equation:
IF|=— 2.24

Substituting equation 2.22 and equation 2.23 imgaion 2.24 and rearranging terms
yields the following equation:

|F| = 4’ mRf? 2.25

Equation 2.25 shows that the applied force onothject is directly proportional
to the object mass and the distance between tleetodpd centre of rotation whéims

constant. Therefore, the further the object is nedirfrom the centre of rotation, the
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more force that the object will be subjected toerBfiore, if a harvester is using the
centripetal force to generate power, it should limed as far as possible from the
centre of rotation. However, this applied forceisportional to the square bfwhen
bothR andm are kept constant.

2.4 Harvesters that generates power from rotation

All the harvesters that extract energy from rotatmd presented in the literature
are electromagnetic as mentioned in Section 2.2 Phe output power from these
harvesters reduces when the rotating speed reacbedain value due to the effect of
the centripetal force. At high rotating speed tfusce reduces the relative velocity
between the coil and the magnet causing a reduatidine output power. The aim of
this research is to develop a piezoelectric haevabiat generates a predictable amount

of energy using centripetal force.

2.5 Applications by which rotation is a source of energ

The type of harvester that extracts power fromtimtacan be the source to
power sensors that are mounted on a rotating oljectertain distance from the centre
of rotation. Tyre pressure sensors are one of tleaseples which is discussed in
Section 2.5.1.

2.5.1 Vehicle tyre pressure

Over the last few years, the safety and the rdiiplnf different parts of a vehicle
have improved due to the growth of the vehicle rearkyres perform multiple tasks
including carrying the vehicle load, transmittingechanical input, rolling smoothly
and providing grip for braking, steering and accaien. Therefore, they must be kept
in good condition and their pressure must be retyuthiecked.

If the tyre pressure is less than the recommenaed the vehicle wheel rolling
resistance increases causing more fuel consumptidnaccelerating the wear of the
tyre’s tread. Moreover, under-inflated tyres reddle vehicle’s handling stability,
affect the braking performance by increasing thepmihg distance and produce
excessive heat that damages the tyre [26]. In iaddian under-inflated tyre increases

the fuel consumption and hence creates more dutmol. Moreover, if the tyre is 30
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% under-inflated, the tyre life will be reduced By % [27]. Over-inflated tyres, on the
other hand, cause poor grip and reduce the velstbility when braking and
cornering. In summary, correct tyre pressure ndyf orcreases the lifetime of the tyre,
but also reduces the fuel consumption. Accordingyiee Industry Council, 90 % of all
vehicles on the road have at least one tyre awtbag pressure [28]. This is due to the
fact that tyres can be more than 20 % under-irdldiefore the drivers realises it.
Therefore, drivers should perform regular tyre &iseat least once every week and
especially before long journeys.

Different types of gauge can be used to check tme pressure manually
including a pencil gauge [29]. Another method oédking the tyre pressure is using
Tyre Pressure Monitoring System (TPMS) [30, 31]isTdevice, which is mounted
inside the vehicle tyre, provides an automatic metbf informing the driver with the
pressure status of each tyre. The measured dataTRMS sensors located inside the
tyres is sent using RF signals to a receiver onvitleicle’s dashboard [32]. The
receiver decodes and presents the pressure wilcim wheel to the driver. Mounting
the pressure sensor directly inside each tyrehgeaed by either fitting it to the inside
end of the tyre valve (Figure 2.16 (a)) or on tleel lbim using a stainless steel clamp
(Figure 2.16 (b)). Each of these sensors needsvarsource. At present, most of them
are powered by a 3V lithium battery. Because of finge battery life, different
approaches have been used to reduce the powerngptisn. This can be achieved by
using extra hardware to detect the mechanicaltstuaf the vehicle and thus turn the
system off when the vehicle is stationary or if bhahe pressure and temperature
measurements have not changed significantly [33sighing low power wireless
sensors is another method to reduce the power ogoign. In current systems on the
market, both the sensor and the transmitter areepehby batteries while the receiver,

fixed on the dashboard, is powered by the vehiolegs supply (Figure 2.17).

Figure 2.16 a) Transmitter by Schrader Electrob)cEransmitter by SmarTyre [30, 31].
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The aim of this research is to generate power fratation. The harvester will be
mounted on the rim. This means the developed hevesthis work has the potential
to power TPMS which is fixed on the rim of the v&@biwheel. Both impact based and
non-contact piezoelectric harvesters will be dewetb in this research and their

suitability for this application will be discussedSection 8.3.

Sensor
transmitter

Sensor
transmitter

ﬁr and Display
/

Sensor Sensor
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Figure 2.17 Pressure monitoring system

2.5.2 Generating power from the vehicle wheel

Périsse [2] investigated the tyre-road interactiad radial vibration of a vehicle
tyre rolling on a smooth and rough surface. Expental measurements were
performed on a rolling smooth tyre with test lathora facilities. The tyre axis was
fixed in space and the tyre belt was in contachairotating drum. Two types of drum
surfaces were used; a smooth and rough surfacealRadrations were measured
through a piezoelectric accelerometer mounted enrterior surface of the tyre. The
author determined that compression forces and isigefmrces were the two excitation
mechanisms in the contact zone. Compression f@ameeproduced by the roughness of
the road surface and the tread patterns. Howelverexistence of shearing forces was
due to the contact friction. The radial acceleraiof a loaded tyre rolling on a rough
surface were divided into stationary and non-statip radial accelerations. It was
found that, at low frequencies, stationary accél@ma dominated over the non-
stationary vibrations. In the middle frequenciesagea the non-stationary vibrations
were dominant. Stationary radial accelerations vegneerated due to the tyre surface
deformation in the contact zone. In the time domtie signal from stationary
acceleration was periodic and its magnitude anduiacy depended only on the

velocity and did not depend on the tread or roafiasa. Theoretically, for a smooth
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tyre rotating on a smooth road, the shape of tkelaation signal for one revolution is
shown in Figure 2.18. It was found that, by incnegghe velocity, the length of the
positive and negative peaks would increase. Howdherwidth of the negative peak
would reduce by increasing the speed due to thectih in the contact length.
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Figure 2.18 Radial stationary acceleration dudéatyre-road connection [2]

Unlike the stationary accelerations, non-stationatyations depended on the
velocity and both the road and the tyre tread sedaFor a tyre rolling on a rough
surface, stationary accelerations were superposdtine non-stationary vibrations as
shown in Figure 2.19.

Analysing the measurements in the frequency dorshowed that the energy
spectrum due to radial accelerations is mainly @ioetd in the frequency range < 500
Hz. This frequency range is extended with incregasipeed. An important observation
was that the magnitude of the tread acceleratispomese is bigger than that of the
sidewall for frequencies above 500 Hz due to highemal damping. Because vibration
energy is concentrated in the contact area, Péssggested that the contact zone
between the tyre and the road surface is the blese pffor mounting an energy

harvesting device. Périsse concluded that vibrdéwel increased with velocity.
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Figure 2.19 Tread vibrations due to rolling on agio surface [2]

Allison [34] performed an experiment to understdmel vibration developed in a
rolling tyre. The model of the tyre was presentsdaadelt, a rigid rim and a hub. The
hub was mounted on a suspension system and hdcb#dumm to rotate. Experimental
results showed that, damped vibrations due to iteztdcontact between the tyre and
the road were transferred to the rim. This resgiead with the results presented by
Périsse [2]. Recent research is trying to developew self powered tyre pressure
sensor that can be molded with the tyre [35, 36].

The mechanical energy available in the vehicle Wizl presented by both
vibration and rotation can be converted into eleatrenergy. It has been found that the
vibration in the vehicle wheel depends on the gpetdriving conditions, the vehicle
tyre tread, vehicle speed and the road conditidmerdfore, the electromechanical
harvester should be designed to operate under a raidge of applied frequencies.
Moreover, it has been found that the vibration vailable only in the contact zone
between the road and the tyre. Therefore, the isiger of the tyre is the best place to
mount the harvester. However, the available TPMSnaounted on the vehicle wheel
rim. Therefore, in order to replace the TPMS baitdre harvester must be designed to
be mounted on the wheel rim and withstand the geitd acceleration amplitude.

Using rotation to generate power is an alternativethod, where the output
power will depends only on the speed of the vehidle it has been explained
tangential force is only available when there ichange in the vehicle’s speed.
Centripetal force, on the other hand, is alwayslalke and its magnitude depends on

the vehicle speed. Moreover, this force is propodl to the square of the vehicle
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velocity. This makes centripetal force a promissgution to convert the wheels

energy due to rotation into useful electrical egerg
2.5.3 Self powered tyre pressure sensors

Lohndorf et al [35] used in-plane electrostatiog@ducers to generate power from
vibration available in a vehicle tyre. The powerespal density (PSD) of an
acceleration signal measured at the inner linea ofehicle tyre driven at 50 km/h
showed that the acceleration signal was affectethéysurface roughness of the road,
fluctuations in driving speed, dynamics of the syeand road conditions. According to
Lohndorf et al, the harvester was designed to besittee to a wide range of
frequencies between 1 Hz and 1 kHz. They notedaharvester mounted parallel to
the inner liner of a tyre was subjected to a radieteleration and a tangential
acceleration. The simulated results of the harvesttewed that 1uW of average
power was generated at 80 km/h. The authors nbigdthe relationship between the
output power and the vehicle velocity was lineahey{f suggested that maximum
acceleration peaks of 40000-50000 st be taken into account when designing a
harvester.

Keck’s [36] experimental and theoretical studiesevaimed at measuring the
extracted energy from vibration available in a e&hityre. The harvester shown in
Figure 2.20 was mounted in the inner tread arghetyre. The metal substrate beam
with a piezoelectric layer on top enhanced the stiess of the system and allowed
compressive stress to be developed in the piezoelestructure. The added mass
increased the stress around the centre of the kmamit was used to change the
stiffness of the harvester. A harvester mountedhat inner liner of the tyre was
exposed to gravity in the contact patch region betwthe road and the tyre surface and
it was exposed to centripetal force during thedwsl revolution. Additionally, the
harvester was exposed to random vibrations regulfiom tyre-road interaction.
According to Keck’s simulation results, the sprimgss harvester was designed to be
resonant between a frequency range of 550 Hz afdH&0 This corresponded to a
speed range between 80 km/h and 100 km/h. The iexgetal result showed that up to
80 uW was generated at 80 km/h. However, reducing oreasing the speed by 20
km/h resulted in half the output power. This highted the problem of using a
resonant system to generate power from the tyexpkined previously by Lohndorf
et al [35].
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Figure 2.20 Finite element structure of Keck’s legter [36]

The behaviour of Keck’s harvester was describesh@#ng from a lower motion
stop to an upper motion stop. The lower motion si@s caused by the centripetal
force. It was found that, during the tyre-road eamntthe centripetal acceleration was
ramped up. This caused deflection of the mass faungl forcing the harvester to spring
back to its upper motion stop. Keck noted that theput energy can be mainly
generated during the tyre-road contact. However apeed up to 100 km/h a free
oscillation contributed toward generating energgcksummarised the problems of the
harvester as follows. The harvester produced maxinpower when its natural
frequency matched the applied frequency at a cedpeed. Under this speed the
stiffness of the device was enough to reduce tliled®n of the upper motion stop.
Increasing the speed, on the other hand, cregteolbdem with the mechanical stability
of the harvester. For this case the stiffness watsemough to withstand the force
applied by the centripetal acceleration, which ath 50000 mfs

EoPlex developed a new process to manufacture gleac harvesters for tyre
pressure sensors [1]. The work aimed at using afgimpiezoelectric structure, which
was well studied in the literature, to convert sarhé¢he available vibration of the tyre
into electricity. As shown in Figure 2.21, the hester had a bimorph beam structure.
The beam was fixed at one end while the other easl wibrating freely. A mass was
built into the free end to tune the device to aaieravailable vibration in the tyre.
EoPlex used printing pastes to build blocks in tayte create a 3D structure. The paste
was a mixture of inorganic powder (e.g. glass a@d)P which created the final
structure, and an organic portion, which allowed thaste to be printed. Another

printing paste called ‘fugitive’ was used to buitdmplex open areas within the
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structure, such as channels. A CAD model was usehis technology to print masks
which produced positive and negative images. Resithages were printed with the
normal paste while the negative images were printgtl the fugitive paste. The
number of masks depended on the number of layatste number of materials in
each layer.

The paper focused on the fabrication side rathan tfe practicality of using
piezoelectric beam as a harvester inside the wehjck. Resonant systems are not
suitable to be used to extract useful power froenvighicle tyre due to the nature of the
vibration and the high acceleration amplitude gatest by the centripetal acceleration.

10 1

Package

Figure 2.21 An EoPlex energy harvester designyiar pressure sensors [1]

2.6 Piezoelectricity

Piezoelectricity is the ability of certain crystdls generate an output voltage
when they are mechanically deformed. Moreover,gatgpges of crystals deform when
an input voltage is applied. Piezoelectric cryssalsh as quartz rely on the presence of
a spontaneous electric moment or dipole in theucsire to exhibit the piezoelectric
effect. Ceramics, on the other hand, are isotrppigcrystalline materials, where the
direction of the spontaneous polarisation throughrhaterials is randomly orientated.
This leads to zero net polarisation in the matesiadl thus no overall piezoelectric
effect. These materials require a process calleldripation before they exhibit
piezoelectric behaviour. The poling process invslegposing the ceramics to a strong
electric field (16-10" V/m) at a temperature slightly below the Curie moiThis

process orients the polar domains in the direatibthe external electrical field [37].
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When the poling field is removed, the dipoles reamacked in approximate alignment,
giving the ceramic material remnant polarisatiod araking it anisotropic.

After the poling procedure the piezoelectric proijpsr decay with time. The
speed at which this happens depends on the enwminimn which the material
operates. There are three mechanisms that leadplatisation and thus the loss of
their piezoelectric properties; electrical, meclkahand thermal.

The performance of piezoelectric materials decigases the operating
temperature increases. Once the Curie point isheshthe piezoelectric material will
lose its piezoelectric properties and become deigeld This is due to the fact that the
structure of the material becomes centrosymmetitb Wwoth negative and positive
charge sites coinciding, so there are no dipolesgnt in the material. Therefore, the
operating temperature should be below this poipplping a strong electric field with
polarity opposite to the original poling field afts the performance of the piezoelectric
material. The limit of the strength of this fielémknds on the operating temperature,
the time and the type of the piezoelectric mateAglplying this field for a short time
at a temperature below the Curie point will depakathe material. Reverse poling can
occur when the material is subjected to this ffelda long time at a temperature near
to its Curie point. Applying high mechanical stresan depolarize a piezoelectric
material and lower the Curie temperature of thegectric material [38]. The level of
stress required depends on the type of the matmdlduration of the applied stress.
Ageing rate is defined as the change in the progsedf the piezoelectric material with
time. When these materials are used in sensorbaneésters, the ageing will decrease
the efficiency, sensitivity or accuracy of the dms&. The ageing process depends on
the operating conditions, structure of the piezdele devices and the type of the

materials.

2.6.1 Piezoelectric notation

Piezoelectric materials are anisotropic, meanid throperties are dependant on
the direction in which the properties are evaluatedh as the direction of stress,
polarisation, electrodes and applied electric fieltherefore, piezoelectric physical
constants are defined by a system of symbols wiglerscript and subscript notations.
The superscripts refer to quantities that are kepistant under boundary conditions.
Subscripts describe the direction of action anddihection of response. The directions
are denoted using numbers as shown in Figure ZI#2positive direction of the z-axis
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refers to the direction of the polarisation. Thesipwe directions ofx, y and z are

represented by 1, 2 and 3 respectively, and tharsbiethese axes by 4, 5 and 6

3
do6 T

Direction of polarisation

respectively.

Figure 2.22 Notation of axes

The piezoelectric charge constard)(is defined as the mechanical strain
experienced by the material per unit electric figiglied to it (m/V). Alternatively, it is
the electric polarisation generated in the matgsed unit mechanical stress applied
(C/N). In case of using piezoelectric materials aaharvester, the first subscript
indicates the direction of the polarisation and #exond subscript indicates the
direction of the applied stress. Figure 2.23 ilats two different modes in which
piezoelectric materials are used as a harvestengUs piezoelectric in the 33 mode
means that both the voltage and the stress amgdatithe 3 direction. This means the
applied mechanical stress is perpendicular to fleetredes. This exploits thdss
coefficient of the material. However, in the 31 radtle voltage acts in the 3 direction
and the mechanical stress acts in the 1 directiothis case the applied mechanical
stress is parallel to the electrodes. This exptbitsl;; coefficient of the material.

Piezoelectric voltage constarg;) is defined as the electric field generated per
unit mechanical stress applied, or the mechanicainsdeveloped in the material per
unit electric displacement applied. As with thezpielectric charge constant, the first
subscript indicates the direction of the electiétdf generated and the second subscript
indicates the direction of the applied stress.

The permittivity or the dielectric constant of theaterial €) is defined as the
dielectric displacement per unit electric fielda&ic compliance constard) (s defined
as the strain produced per unit of stress apptidié material. Thus Young’s modulus

(Y) is given by the following equation:
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stress
strain

Y:l: 2.26
C

Another important constant is the electromechangmipling coefficient K),
which indicates the material's ability to convertechanical energy into electrical

energy or vice versa.

21 mode

Figure 2.23 Two different modes in which piezoaieanaterial can be used

Piezoelectricity is a combined effect of the meat@nand electrical behaviour.
The mechanical behaviour defines the relationskigvéen the stress)(and strain

through Hooke’s Law:
[aa ]a=1,6 = |.Y0,3 Jg’ﬂ:]_’ﬁ [[Sa ]a=1|6
2.27

The stress is given as the ratio of the actingefae the element surface to the
area of the element. This tensor has six componé&hts strain is defined as a relative
deformation of the original length and this tenlsas 6 components.

The electrical behaviour defines the relationshepMeen the electric fiel& and

the electric displacemeit and is given by the following equation:
[Di ]i:L3 = |.gij Ji,j::LB [ﬁEl ]a:l,3 2.28

The vectorsE andD are each defined by three components. These egaatan

be coupled using the piezoelectric constant mabrgfive the piezoelectric equations:
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S, =cfa o, +d,, [E 2.29

D, =d,6 W, +&' [E,

2.30

Whereo, =1, 6 and,j =1, 3.
2.6.2 Piezoelectric materials

Piezoelectric materials can be used as harvesensors, ultrasonic transducers
and actuators. For this research these matermlgs&ad as harvesters where mechanical
energy is converted into electrical energy. Piezttelc materials can be categorized
into three groups:

» Crystals such as quartz

» Piezoelectric ceramics such as barium titanate iBgTand lead
zirconate titanate (PZT)

» Piezoelectric polymers such as polyvinylidene fiderPVDF).

The earliest piezoelectric materials were crystallimaterials that exhibited
natural polarisation. These crystals can only be alang certain crystallographic
directions. This limits the possible shapes andessifor harvester designs. The
piezoelectric properties of lead zirconate titar(®2T) were discovered in the 1950’s.
PZT with various additives has since become theidant piezoelectric ceramic due to
its high stability. Different types of PZT have bedgeveloped and tailored for different
applications. These materials can be divided inawmdhand soft materials. Hard
materials such as PZT 4 and PZT 8 have a high mexdiaquality factor Q), low
dielectric constant, and low mechanical and dieledbsses. Therefore, this type of
ceramic has been used in applications where a leigtl of mechanical stress and
electrical excitation are applied, e.g. sonar. @& ather hand, soft materials such as
PZT 5H offer better sensitivity and permittivityt, the cost of more losses, and a lower
Q. This type of ceramic has been used in applicatsuth as low power harvesters and
Sensors.

The type of piezoelectric material selected for poWwarvesting applications has
a major influence on both the performance and thectfonality of the harvester.
Comparing between different types of piezoeleatni@terials means comparing their
properties. Materials with higher strain and couplicoefficients have a higher
potential for energy conversion. Piezoelectric make have high impedance resulting
in a higher voltage and a lower current output amparison to the electromagnetic
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harvesters. However, materials with a high dieleatonstant are preferable for some
applications because it lowers the source impedahtte harvester.

Although PZT is widely used as a power harvestiragamal, it is brittle [39].
This causes limitations in the strain level that ba applied. In order to eliminate the
disadvantages of piezoelectric ceramic materialegromore flexible piezoelectric
materials are developed and used in certain apigita where flexible materials are
required. PVDF has the ability to withstand largeoant of strain leading to more
mechanical energy available for conversion intcteieal energy [40]. Although, this
material has a low electromechanical coupling coeffit k) it is ideal for many
applications because of its higher tensile strengtver stiffness and its ease of

manufacture.

2.6.3 Piezoelectric pre-stressed devices

The type of piezoelectric material, the designhaf harvester and its size affect
the amount of the output power that the harvesteviges under the same conditions
of the input force. All these parameters depenthertype of application and the nature
of the input force. In order to generate power framotating object using a non-
resonant piezoelectric harvester mounted at a iced®stance from the centre of
rotation, the design, shape, type of the piezoetestaterials and the method by which
the harvester will be mounted on the rotating dbyeit be studied and addressed in
this research. The basic requirements for the pieetric harvester will be:

* The ability to convert most of the applied mechahienergy into
electrical energy. This can be achieved by choo#iegight design and
materials. This means piezoelectric material shbiake high value of.
Another factor that must be taken into accountrduthe design of the
structure of the piezoelectric harvester is thei@alf the product of the
effective piezoelectric charge constathy( and the piezoelectric voltage
constant ). The output power is proportional to this valdé]

* Low value of the total mass of the harvester, nargge of few grams, in
order not to influence the rotating object perfonce

« The ability to generate an output power at anytirmgaspeed ranging
from 15 km/h to 150 km/h when the harvester is ntediron the rim of
the vehicle wheel that has a radius of 25.25 cne farvester should

have the ability to generate enough power for st fransmission after
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100 tyre revolutions at low driving speed [42]. Mover, the harvester
should survive without damage 300 km/h.

 The ability to withstand and operate in an envirentnwhere the
temperature might vary from -2 to 200°C. The temperature values
are evaluated by Continental Automotive Gmbh. Tioeeg PVDF
piezoelectric material is not suitable for this kggdgion as its melting
point is around 176C.

* High mechanical stability.

Pre-stressed piezoelectric harvesters are an tateadesign for mechanical to
electrical energy conversion. Examples of pre-sgdsdevices include Rainbow and
Thunder™ [43]. Induced stress in the piezoeledtiacture in a form of a curvature is
formed in Thunder™ during the cooling procedure doethe different thermal
shrinkage of the piezoelectric and the passive maatéelectrodes). However, the
curvature in the Rainbow device is formed due trtiismatch in sintering shrinkage.
The piezoelectric coefficients are a function af Htress bias in the material which can
be used to enhance the properties of the piezoel&@nsducer. Moreover, by adding
mechanical pre-stress to the piezoelectric harkgstbeir behaviour and shape will
change [44]. It is found that the induced stresthe pre-stressed devices enhance the
value of the piezoelectric charge constaht)(by a factor A). According to Kim [41]
the effective piezoelectric charge constah)(for pre-stressed harvesters is given by
the following equation:

ey = Alday| +das 2.31

This enhances the strain developed in the pieziveldtarvester leading to an
increase in the output power. It is reported toatHZT 5H itsds; increased from -190
pm/V to -994 pm/V by making the structure pre-gteek[45]. Moreover, a pre-stressed
harvester has higher electromechanical couplingpfaand higher mechanical strength
under the same value of the compressive stresdhieasame harvester without the pre-
stressed characteristics. Therefore, pre-streskadder™ transducer with Curie point
of 350°C is used in this project.

2.6.3.1 Thunder™ technology

Thunder™ is a NASA invention and is only availatileough Face International
Corporation. Thunder™ is a ferroelectric device matfimultiple layers bonded on top

of each other to form a sandwich. The bottom laigea stainless steel substrate
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followed by an adhesive, thin layer unimorph PZThother adhesive layer and
aluminium on top. Both top and bottom layers areduss electrodes. The bottom layer

has a tab on both ends with slots for mountingasisbhe seen in Figure 2.24.

Metal Top Aluminum
‘___,_.-"" p
~~ — Adhesive (Polyimide)

4—— Piezoelectric (PZT)

r'=HaN

Adhesive (Polyimide)

Metal Substrate Stainless Steel Slot

Figure 2.24 Thunder™ construction [46]

The manufacturing process involves heating therengissembly at a high
temperature (328C) and cooling it down to room temperature [47]eEtrength of the
adhesive bond holds the different layers togetDering the cooling procedure, the
mismatch in the thermal expansion coefficients eauke metal and the ceramic layers
to contract at different rates. The result is inérpre-stresses that are developed in
different layers. The pre-stress keeps the stardt=al substrate in tension and the PZT
in compression and creates a domed shape as showigure 2.25. This allows
Thunder™ to be deflected more than standard pieaotges without cracking. These

devices can be used both as actuators and sensors.

Stainless steel

Ceramic in compression X ,
sithstrafe in tension

4 b

Figure 2.25 Internal pre-stresses [46]

As a harvester, the mechanical deformation wittia PZT layers produces
electrical energy. These deformations are accommgaiy using the Thunder™ as a
cantilever or a simple beam. Thunder™ are clampedyf at one end when they are
used as cantilevers as shown in Figure Z&6 Using Thunder™ as a simple beam
means one end should be completely fixed, whileater end is simply supported
[48] as shown in Figure 2.26 (b). Rigidly fixingthoends prevents the Thunder™ from

moving and thus reduces the output power.
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Figure 2.26 a) Cantilever [46]. b) Simply supporfédinder™ [46]

2.6.4 Piezoelectric harvesters based on resonant system

Since piezoelectric materials were first used asdsters, numerous theoretical
and experimental studies were performed to imprthar efficiency and power
generation capabilities. In general, this can beeaed by choosing a suitable type of
material, operating at a suitable mode, tuningrdsmnant frequency of the harvester
and adding pre-stress to maximize the coupling taedapplied strain of the material
[32, 39]. The type of piezoelectric material sedeicfor power harvesting applications
has an important influence on the output power.

The two practical coupling modes in which piezogleanaterial can be used are
the 31 mode, i.e. cantilever configuration, and 33emode, i.e. stack configuration.
Other modes are not considered due to their relgtigmall coupling coefficients
compared with 31 and 33 modes. Although the cogptioefficient for 31 mode is
lower than the 33 mode, the 31 mode has been tre# coonmonly used coupling
mode. This is due to the fact that a harvesteraipey in 31 mode develops more strain
and has a lower resonant frequency than one theritgs in 33 mode. These results
were discussed by Roundy et al [25].

Baker et al [49] compared the output power of a@ectric stack operating in
33 mode to the output power of a cantilever beamratmg in 31 mode of equal
volumes. It was found that although the stack hddgaer coupling coefficient, the
cantilever produced two orders of magnitude monegronvhen subjected to the same
force. This result is due to the fact that the namatal stiffness in the stack
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configuration is higher than the one in the cawméleconfiguration which makes
straining of the material difficult. It was conclkd that a stack configuration had more
mechanical stiffness and was more suitable for fogbes. Baker et al concluded that
using a cantilever configuration was more efficieamtan environment with small
acceleration amplitude (~10 rfysin this case because the applied force is sthall
stack mechanism would be unable to generate signifienergy.

Therefore, generating power from a rotating objesing a non-resonant
piezoelectric harvester requires the piezoeledl&nent to operate on the 33 mode.
This is because mode 33 has higher coupling ceefti@nd thus higher efficiency than
31 mode. Moreover mode 33 is more robust under ¢infosice especially if the force
has been generated by the centripetal force wiheradceleration amplitude can reach
a value that is 3 orders of magnitude greater thamgravitational acceleration [42].

Yang et al [50] has shown that the output powea pifezoelectric plate operating
in the 33 mode was proportional to the coupling floadent. Their analytical
calculations showed that, when the harvester operat resonance, the output power
increased significantly. The authors concluded thigher displacements and strains
were observed in the material when the driving desgcy was close to the resonant
frequency of the system.

A cantilever configuration which consisted of onegte piezoelectric material
mounted on a metallic cantilever beam was desctilye@lynne-Jones et al [51]. This
unimorph configuration provided a low resonant freacy and resulted in high average
strains for a given input force. The work includednethod to reduce the harvester
resonant frequency by placing a mass on the freeoérthe beam. This made the
system more likely to be driven at resonance imgteral environment, thus providing
more power. The results showed that the resonaquéncy of the cantilever was
reduced by increasing the mass on the end of tlenbdhe same conclusion is
observed and drawn by Gurav et al [52]

Ng and Liao [53] work was focused on using a birhogonfiguration. Their
study was aimed at improving the power harvestagpbility of a unimorph beam by
using two piezoelectric sheets with a metallic fapetween them. As the beam
deformed, the top layer of the element was in tansind the bottom one was in
compression or vice versa. In parallel poling therent produced by each layer will be
superposed. In this case, the poling of the twerays in the same direction. However,

in series poling, where the two layers are poledpposite directions, the voltage was
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added. The experimental study showed that the upimbeam was more suitable for
lower frequencies and load resistance. The bimaqifiguration with piezoelectric
layers electrically in parallel had the highest powutput, under medium frequencies
and load resistance. The series configuration, hen dther hand, under high load
resistance and frequencies produced the greatestrpo

The cymbal transducer was developed by Kim et 4. 5 had two dome-shaped
metal end-caps which were bonded on both sidespadzelectric circular plate. A 29
mm diameter, 1.8 mm thickness piezoelectric plaig @.4 mm thick steel end-caps
produced 52 mW of power into a load of 40Q.KThe applied force was 70 N at a
frequency of 100 Hz. The structure of the deviae loe seen in Figure 2.27.

The authors argued that cymbal transducer provugiser output power than
other transducer structures such as multilayekstand bimorphs. This result is due to
the fact that the effective piezoelectric electricaefficient of the cymbal device is
amplified several times. As the output power ispmrtional to both the effective value
of charge constantl{x) and voltage constangi), increasing these values resulted in
an improvement in the output power. The value efdffective charge constant can be

given as following:
Aoy = Ald31 + d33| 2.32

whereA is amplification factor. The amplification factoart be in the range of 10-100
depending on the design of the caps. The valugsois proportional to the effective
value ofde. The increase in the values of the piezoelectdactecal coefficient is due
to the presence of a cavity which allows the s&®l-caps to serve as a mechanical
transformer for transforming and amplifying a potiof the incident axial stress in the

radial stresses of opposite sign.

Metal End-Cap

Figure 2.27 The cymbal transducer developed by [i4h
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A novel configuration was developed by Baker @8], in which a piezoelectric
beam was compressed, fixed at both ends with pidsa&2 gram mass was attached to
the centre of the beam (Figure 2.28). The deviceegged power by snapping from
one stable mode to another (bi-stable). The graumd that, the bi-stable device
required an acceleration amplitude four times highat the gravity acceleration to
snap the beam between its two modes. Both comgresseuncompressed beams were
tested by changing the frequency between 20 andHEOOThis range of frequencies
was chosen by the authors because it covered sbeart frequencies for both designs.
It has been found that bi-stable device generatenal 30 % to 100 % more power than
the uncompressed device. It was concluded thatstable configuration is required
when the excitation frequency keeps changing and the device has more available
power than the uncompressed beam.

Another example of bi-stable devices is a piezdatealtrasonic transducer [55].
The thermal expansion coefficient was mismatchdaéden the silicon membrane and
the PZT layer deposited on its surface. This redulb a build-in stress within the
structure. The membrane was found to snap frompaséion to another by rotating
the device in the earth’s gravitational field daethe deflection of the centre of the

membrane.

Mass

Fixed end Fixed end

Figure 2.28 Schematic of bi-stable mechanism (§4@])

For a bi-stable device the maximum power will beracted when the device
resonant frequency matches the applied frequentoy.oltput value reduces when the
applied frequency drops either side of the resoffr@gfuency. However, this drop is
lower that the one provided by the standard beaheréfore, the output power
generated by a compressed beam device is higher dma uncompressed one.
Moreover, the beam starts to snap from one sidgmadher when the input acceleration
amplitude reaches its critical value. Below thidueathe snap will not happen.
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However, above this value the stress developedierthe beam has been rigidly fixed,
increases. This affects the mechanical stabilitythef device. This structure is not
suitable to convert the rotational energy into &leal energy because the centripetal
acceleration changes over a wide range of amplidegending on the rotating speed.

2.6.5 Impact coupled piezoelectric harvesters

Harvesters based on resonant piezoelectric trapssludelivering sufficient
power for sensors located in different environmemesdeveloped. However, when the
sensors are located in an environment where théedppcceleration amplitude is
greater than the internal displacement of the Isevis mass, using resonant systems
to power these sensors is not sufficient. For thason, this section discusses and
analyses an alternative way to generate power usmg-resonant piezoelectric
transducers. In this system a direct contact beivthe mass and the piezoelectric
bending structure creates an impact force on thezoglectric material. The
deformation of this material generates an outputgro

Umeda et al [56] performed an experiment to illatgra new mechanism of
electric power generation in which mechanical intpanergy is transformed into
electrical energy using a piezoelectric transdudgrey introduced an electrical
equivalent model to simulate the generation meamarind analyse the transformation
efficiency as functions of the coupling coefficigk}, the dielectric loss (ta) and the
guality factor Q) of the transducer. Umeda et al studied the ¢ollibetween a steel
ball and a piezoelectric disk fixed to the holdeitsaedge as shown in Figure 2.29. The
output of the transducer was connected to a losidtemce R ). The ball had a mass of
5.5 grams and was at a heidhtfrom the centre of centre of the disk. Numerical
calculations showed that 76 % of the impact energy transferred back to the ball as

kinetic energy.

Steel ball

h

Piezoelectric
vibrator

Figure 2.29 Principle of Umeda et al generatiote(d66])
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Umeda et al noted that the output energy increagesh the transducer was left
to vibrate at its resonant frequency after theisiolh without the ball bouncing off with
the transducer. No physical explanation of the dyinabehaviour of the impact was
given in Umeda’s work. They concluded that the gcarcer efficiency increased by
increasingQ andk and reducing tah The simulation results carried out by Umeda et al
showed that the resonant frequency of the pieztraledisk vibrating on its own,
without the ball, is around three times higher tdren the ball is in contact with the
disk while its vibrating. Moreover, Umeda [57] irstiggated the characteristics of
energy storage using a bridge rectifier and a aapad his energy storage is essential
to convert the generated pulses into a DC sigradldan be used to power sensors.

Renaud et al [58] tried to explain the impact dyrenof their harvester which
had the same characteristics as the one developétieda et al. The piezoelectric
harvester designed by Renaud et al was aimedreforaning mechanical power from
human limb motion into electrical energy. They aguhat using a non-resonant
harvester was more suitable for their applicatltanta resonant system. In this system,
the kinetic energy of a sliding mass was transfarmmeto useful energy using
piezoelectric cantilevers as shown in Figure 2.BBe equations of motion were
integrated numerically to calculate the output ggemlhe assumptions made were that
the collisions were perfectly inelastic and the snafsthe cantilevers were smaller than
the free mass. This created a highly damped siuatvhere the mass stuck to the
cantilever until the frame acceleration changedddion. The level of the output power
was increased by introducing a holding force. Tes achieved by placing magnets on
both sides of the frame and using ferromagneticsmakis holding force allowed the
mass to move when the frame reached its maximumlexation. After the separation,
the cantilever did not vibrate. The theoreticalutess showed that the harvester was
capable of generating 4@W/cn? when it was mounted on the wrist of a walking
person. However, in practice the collision was tedaand high frequency vibrations of

the cantilever were observed after the separafitwabodies.
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Pieroelectric cantilevers

Magnet

&

™ Frame

&
L 4

| 10 mm | _
I | Shiding axis

Figure 2.30 Piezoelectric harvester designed fardruapplication ( after [58])

A later theoretical study by Renaud et al [59] aexpd the dynamic behaviour of
the piezoelectric transducer under an impact etkaitaThe non-resonant piezoelectric
harvester developed by Renaud has the same cooteptracting electrical energy
from kinetic energy as the one proposed in thisithé he difference between the two
harvesters is that the one proposed in this th€dapter 4) has a ball bearing as a
mass. This means the impact area is small andritteoh between the moving mass
and the frame is negligible. In the harvester bzt been developed by Renaud, there is
more contact surface between the sliding mass lamdrame and thus more friction
will be generated between them. For modelling, Rdnased a piezoelectric cantilever
where the impact force is located at the tip of ¢hatilever. However, for the design
proposed in this thesis the piezoelectric beanrasspressed and the applied force is
located at the middle of the pre-stressed beans Migians not only the amount of the
output power will be different, but also the belwawi of the piezoelectric structure
under impact will differ. As the dynamic behaviooir the pre-stressed beam under
impact force has not been exploited before, thekwadr this thesis will focus on
analysing this behaviour. The mechanical stabdftthe proposed harvester is reflected
and studied in this work at the maximum appliec@tioty speed. This can be achieved
by optimizing the harvester geometry such as thesmeight, the tube length and the
stiffness of the beam that the pre-stressed beamoumted on.

The design and the modelling of a piezoelectricspuharvester is presented and
discussed by Keawboonchuay et al [60, 61]. Thigstigation presented a theoretical
description of the harvester under impact forceawd®oonchuay et al performed

experiments on a piezoelectric harvester to comipgreesults with a computer model.
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The piezoelectric element produced a voltage pwgen it was mechanically
compressed. This harvester consisted of the pieztvel material located between two
steel masses, i.e. 70 grams compression mass agrard8 front-end mass as shown in
Figure 2.31. The dimensions of the compression ppassoelectric and front-end mass
were 0.3 m, 0.0127 m and 0.1 m respectively. Faras applied to the compression
mass which compressed the piezoelectric materidl ggmerated the output voltage.
The impact force was introduced by either decdlegat projectile containing the
piezoelectric harvester into a target or droppingnass into the harvester. The
experiment gave results that agreed with the modéle second experiment when a
mass was dropped into the harvester. The experaheeak output power was found to
be 15.6 kW when 9 kg of mass was dropped from lemghh into the harvester. This
generated 7 kN impact force. From the first expenm both experimental and
simulation results gave the same shape and sigwgh.wHowever, the magnitude of
the peak power of the simulation results is arododr times higher than the
experimental one due to a diagnostic problem. Mpe@mental peak power was 28.4
kW. The speed by which the projectile was launcteethe ground was 300 m/s. The
simulated model gave the displacement of the pleztree material caused by the
impact force. The piezoelectric displacement wasnébto be proportional to the
impact force according to Hooke’s law and it hasrbased to calculate the mechanical
energy.

A later study was conducted by Keawboonchuay ¢62jl on the behaviour of
the piezoelectric transducers under quasi-statet @ynamic stress conditions. The
electromechanical model was presented and usedptaie the effects of different
stress conditions on the harvester. For quasesséitess, the rising and falling time of
the applied force pulse were more than the timestaot RC) of the piezoelectric
transducer. Therefore, the output voltage had teakp; a positive peak during the
rising edge of the applied force pulse and a negateak during the falling edge of the
applied pulse. Under dynamic stress, the lengtthefapplied force pulse is less than
RC. This produced a positive peak only with highetpot voltage amplitude. The
authors concluded that when equal stresses wele@pp the harvester, the dynamic
stress generated 10 times more output voltage thanquasi- static stress. The

simulation results agreed with the experimentalliss
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Figure 2.31 Mechanical configuration of piezoeleatlisk under impact force (after [60])

The study performed by Cavallier et al [63] was eihat improving the energy
harvesting capability by introducing a vibratingusture excited by an impact force.
They claimed that using a vibrating structure ast@age element for mechanical
energy improved the quality factd®) of the harvester. In their design the ball begarin
introduced the shock load. The energy from the Ishoed was stored in the beryllium
brass frame and the Si beam as shown in Figure Z&vallier et al's experimental
results showed that using a Si beam as an enevgpgst element did not improve the
output energy because this layer introduced claghaimd interface losses to the design.
This study did not explain the difference in thaput energy between applying the
shock directly into a PZT harvester or through bleeyllium brass frame. The authors
did not explain the effect of using an energy geralement o) as they predicted.
Moreover, no theoretical calculations were intragihdo explain the experimental
results.

The beryllium brass works as a frame that extraotse of the kinetic energy
provided by the impact force of the ball bearingm of this extracted energy will be
transferred to the piezoelectric beam. In this cdlse beryllium brass acts as an
intermediate layer to protect the piezoelectrichhesnd thus increases the reliability
and its lifetime. However, adding an intermediatgel increases the mechanical loss
and thus less power will be generated.

Kymissis et al [64] performed an experiment to astrenergy from human
weight transfer during walking. Nike running shoe®re used to carry out the
experiment. For this experiment an average maros size has been used. Two types

of piezoelectric materials were used; a thin fléxitoil of PVDF and PZT Thunder™.
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The PVDF foil was moulded into the shoe sole, wkile Thunder™ was mounted in
the shoe heel. The results showed that a maximwak peltage of 60 V and 150 V
generated by PVDF foil and PZT respectively. Thakpgower approached 20 mW for
the PVDF foil and 80 mW for a Thunder™ per step.

Beryllium brass (energy
storage element)

35 mg Stesl ball
(shocking elements)

PZT plate (piezoelectric
conversion)

Si beam (energy

Electrical connections storage element)

Figure 2.32 PZT/SI/PZT harvester designed by Cevadt al [63]

2.7 Conclusion

There are three techniques to convert the kinetergy into electrical energy
electromagnetic, electrostatic and piezoelectangduction. These techniques can be
used as resonant and non-resonant systems bagsbd value of the spring constant.
Non-resonant systems can be achieved by omittiegstiring constant. Resonant
converters are more effective if the excitationratton provides a single frequency that
matches the harvester’'s resonant frequency. Howdvisr system is not suitable for
harvesting energy when the frequency of the excitatibration is not matching the
resonant frequency of the harvester or if this desgy is irregular and has a large
amplitude compared to the frame-mass displacemaptitade. It was found that in
order to extract power from rotational motion, afresonant harvester is preferable.

A comparison between the three different transdodechniques showed that
piezoelectric transducers are the most suitabledidate for this application.
Piezoelectric transducers provided high outputagds and low electrical current in
comparison with the electromagnetic harvester. ege their output impedance was
greater than the electromagnetic harvesters. Hawetgs can be reduced by
introducing a suitable design. Unlike the electtst convertors, separate voltage
sources or mechanical stops were not requirechfsrtype of harvester. A pre-stressed

curved piezoelectric cantilever was shown to beatiffe in increasing both the general
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developed strain in the piezoelectric material #gmg the output power of the harvester
and the mechanical stability of the piezoelectiiaure.

Various piezoelectric configurations based on caditvg mechanical energy into
electrical power were discussed in the literat&@me of these were based on resonant
system such as the beam configuration. Others tvased on non-resonant systems,
where direct contact between the mass and the gdexztac material will occur due to
the applied force. Using impact force to generatergy from piezoelectric transducer
was identified in the literature as an importanttmd of energy harvesting. The
combination of experimental and theoretical workswesed in an attempt to achieve
better understanding of the behaviour of the pikexbtec harvester under impact
forces.

A concept of an energy harvester that convertgatetional motion into linear
one when it is mounted on a rotating object wasudised. It was concluded that
piezoelectric harvester based on non-resonantraystes the most suitable one for this
application. In this system a direct force will bpplied between the mass and the
piezoelectric structure. The contact between thesnend the piezoelectric structure
occurs due to the effect of the rotational ford@ther methods that generated output
power from rotation using electromagnetic harvestigere presented and discussed.
Their suitability for extracting power by being mmiaed at a certain distance from the
centre of the rotating object was analysed and timeitations were highlighted. It was
concluded that these harvesters had the abiligeterate power from a rotating object
when the rotating speed was low. At high rotatipgesis, the behaviour of these
harvesters became chaotic and their output powdwcesl due to the effect of the
centripetal force.

The aim of this thesis is to design a harvester ¢ha be mounted on a rotating
object and extract electrical power from the rataél forces in general and the
centripetal force in particular. Generating poweami the vehicle tyre is one of the
applications for which the harvester can be us& different methods can be used to
extract the kinetic energy presented in the vehigle including vibration and rotation.
Previous works have identified the contact zonevbeh the tyre and the road surface
to be a promising area for generating power asatiimm decays rapidly outside this
zone. In this case, the harvester should be mouinteitie inner side of the tyre.
Moreover tyre vibration depends on the vehicle typead conditions, driving

conditions, tyre tread surface and the vehicle dpBeme of the harvesters presented in
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this chapter were designed to convert the vibratdaoe to the tyre deflection in the
contact zone into electrical energy. Although thieration range was found to be
between 10 Hz and 1 kHz, all the harvesters tha¢ weentioned in the literature were
based on a resonant system. This means they cani@maximum power only when
the applied vibration matched their natural frequesn As these harvesters were
mounted on the inner side of the tyre, overloadtgmtion became an essential
consideration. Using rotational forces is anothethud that can be used to generate
power from the vehicle tyre. Tangential force as ohthe rotational forces is available
only when there is a change in the vehicle spedwreas centripetal force is always
available and its amplitude depends only on theclelspeed. Therefore centripetal
force can be considered to be a promising souredeatrical power. In this case, the
harvester can be mounted on the rim of the velitleel instead of the inner side of
the tyre.
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Chapter 3
A general model and
performance of a piezoelectric

pre-stressed beam

3.1 Introduction

In this chapter, an analytical model of the comigobeam that uses piezoelectric
materials as a source of harvesting energy is dpedl and discussed. The model
development is divided into two main sections. thirsa static model that relates the
stress developed in the composite structure taléveloped curvature is analysed. The
composite beam consists of different materials tleate different values of thermal
expansion coefficient. Therefore, during the macowfang process, different stresses
develop in each layer which causes a bending morteeriie induced within the
structure. When the composite beam is released fitsnflat configuration, the
developed stresses are relieved causing the beadmavi® a curvature. Secondly, a
dynamic energy based model beside the fully coupledtro-mechanical harvester is
developed to calculate the resonant frequency @fsthucture and predict the output
power. Thunder™, model TH 10-R is used in this ysialas an example of a curved
pre-stressed beam. The effect of the boundary tondiof the Thunder™ beam on its
stiffness damping and resonant frequency is andlgealytically and experimentally.
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3.2 Theoretical analysis of piezoelectric pre-stressdoeam

A Thunder™ beam is a composite beam because itstermd three thin layers; a
stainless steel base, a piezoelectric layer araluaninium top cover. These layers are
bonded together using LaRC Sl polyimide adhesiyerta The top and bottom layers
work as an electrode, while the piezoelectric mateonverts mechanical energy into
electrical energy. At this stage the beam is faslkaown in Figure 3.1, whehg, hy, h.
refer to the thickness of stainless steel, piezteteand aluminium layer, respectively.
Ya Yo, Yc refer to the coordinate of the centrelines ofrdémis steel, piezoelectric and
aluminium layer, respectivelysieeiandLpzr refer to the length of the stainless steel and
the piezoelectric layer, respectively. During fahtion, the structure is heated up to
325°C and left to cool down to the room temperature®@5 The difference in the
materials thermal expansion coefficients causeresstto be generated within the
structure. These stresses generate a bending mdhentauses the beam to bend
creating a curved beam. During the cooling pereddtainless steel layer shrinks more
than the piezoelectric layer as its thermal exmansioefficient is higher than the
piezoelectric layer. Therefore, the PZT layer i¢ pmder compression while the
stainless steel layer is put under tension. Moreowach layer has a different elastic

modulus. Therefore, different stresses will be ttgved in each layer.

L PZT

\ 4

-
<

Ihc Aluminium

Stainless steel

A
\}

Lstee\

Figure 3.1 The three layers of the flat Thunder™rbe

The first step in modelling Thunder™ under an inpotce is to find the
relationship between the applied force and thelatgment. In order to do that an
analysis of the stress developed within the strectue to the mismatch in the thermal
expansion coefficient between the three layers;aisied out. This is followed by

calculating the beam curvature due to the thernffeicieas well as the maximum
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applied force required to return the beam to adiate. Finally, the resonant frequency

of the structure is calculated.
3.2.1 Location of the neutral axis

In order to calculate the beam curvature that tesinbm the thermal stress,
bending theory must be applied. This requires asteon value of Young’'s modulus
across the structure. As a composite beam, differalues of Young’s modulus are
presented across the section of the structure. ddmnisbe solved by transforming the
cross section of the composed beam (Figure 3.th)antequivalent cross section that
consists of only one material. The new cross sedticcalled the transformed section.
For this calculation, stainless steel is chosemefdace the other materials. As the
aluminium layer of the fabricated Thunder™ is tmncomparison with the other two
layers, its effect will be ignored. However, theezmelectric section will be replaced
with an equivalent section of stainless steel nmdtefhe width of the equivalent
stainless steel section is proportional to the nerdwatio ) which is given by

equation 3.1 , wher¥,,. and Y., are the young modulus of the PZT and the stainless

steel materials, respectively as given in Tableg[@5].

n:Yﬂ 3.1
Y.

steel

Therefore, the equivalent stainless steel lendth (s given by the following

equation, wherel(., ) is length of the piezoelectric layer [65]:
L' =nL,,, 3.2

Figure 3.2 shows the transformed section, whiclsist® of one material. As can
be seen, the part of the beam that is made origifi@dm stainless steel will not
change. However, the part which is made of pientite material changes into an
equivalent section of stainless steel.

In order to determine the bending caused by therthleeffect, the position of the
neutral axis JA) must be found. As the thermal effect causes #aarbto bend, one
surface of the beam is subjected to tension andother surface of the beam to
compression. This creates a region in the beanstateiwhere the stress is zero. The

equivalent structure can be used to determine dsitipn of the neutral axis. The
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position of NA can be calculated by taking the moment of areaitathee base of the

structure using the following equation [65]:

NA= Z Yi A — Ya Lsteelha + yanPZT hb
Z A Lsteelha + nLPZT hb

3.3

wherey, , A are the coordinates of the centrelines and thescsection of each

layer, respectively as shown in Figure 3.2.

N Lezr

A
v

valent area of
less steel

T Na Stainless steel T -
Ya

A
A

L steel

Figure 3.2 Transformed cross-section of a compasiten with the position of neutral axis.
3.2.2 Thermal stress in piezoelectric pre-stressed beam

When a flat composite beam is subjected to a chemggnperature 4T ) during
the fabrication procedure, each layer expands diffarent rate depending on its
thermal expansion coefficient)( During the cooling process, when the temperature
dropped from 325C to 25°C, the composite beam is left to bend. As the tlaérm
coefficient of the stainless steel material is kigthan the one for the piezoelectric
material, the stainless steel will be under tensiod the piezoelectric layer will be
under compression. The thermal expansion coefticdrthe stainless steel material

(a,..) is (17.3x 10°%°C), while the thermal expansion coefficient for #&T material

(apyr) is (3 % 10°°C). In order to calculate the amount of stress gead in the

structure, two rules will be applied.
1. The sum of the expansion of the stainless steett@dompression of the

PZT layer equals the difference in the free lerj§8].

asteeILsteeI + UPZT I-PZT —

Y.

steel

(@pprLprr = Ogealsea) AT 3.4

Y steel—steel
PZT

Where o, and g,,; refer to the stress developed in the stainlesd ated the

piezoelectric layer, respectively.
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2. The tensile force applied to the piezoelectric talyg the stainless steel
layer is equal in magnitude to the compression efoapplied by the

piezoelectric layer to the stainless steel layét.[6

JPZT APZT = _JsteeIAsteeI 3.5

By assuming that the area of the piezoelectricrléfe,7) equals to the area of
the stainless steel layeks{ce) multiplied by a factom, the stress developed in the PZT

layer can be found using the following equation:

g
JPZT — _ steel 3.6
m

By substituting equation 3.6 into equation 3.4, #teess developed in the

stainless steel layer can be calculated using Eouat7.

_ (a PZT LPZT -a LsteeI)AT

steel

3.7

Osteel =
see (Lsteel + I—PZT )

Y, MYozy

steel

The magnitude and the direction of the generatexssts in the structure within
each layer are illustrated in Figure 3.5. Thesess&s are presented as uniform
distributed loads as shown in Figure 3.5 (a). Asslt of the developed stresses, the
beam will bend. The deflection of the beam is déscr and calculated in the next

paragraph.
3.2.3 Maximum allowed deflection in the piezoelectric prestressed beam

In order to calculate the deflection of the commosieam caused by thermal
effects, the bending moment across the beam mufstupel. This requires calculating
the area moment of inertia. For a simple structhewn in Figure 3.3, the area
moment of inertialj about the neutral axiN@), where the axis passes through the
edge of the section, can be found using the fohgvequation [65]:

=7 3.8

whereL andy are the length and the thickness of the beameotisply.
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Figure 3.3 Rectangular beam cross section.

For built-up sections, the area moment of inetfiaz@n be calculated by dividing
the section into convenient rectangles that haeentrutral axis as one of their edges.
This rule can be applied to the flat equivalentisacof the composite beam shown in
Figure 3.4. The area moment of inertia for thisrbezan be calculated using the

following equation:

=0, +1,+1,+1, 3.9

— Lsteelhl?lA + nLP (hb + ha B hNA)3 + (Lsteel B nLPZT )(ha B hNA)3
3 3 3

NLpzr
<—p

ho

O.5f(|_stee| NLezr Section O.5'(Lsteel n LPZT)
<>

Section 3 | Section 4

hna Section 1 ha

< >
Lsteel

Figure 3.4 () total is the sum ofi} of area 1,I{ of area 2 and doublé¢) (of area 3.

The deflection of the beam due to the thermal éffecalculated numerically

using the following equation:

3.10

The second order differential term in equation &0 be replaced by its finite
difference approximation as shown in equation 3vitiereM is the bending moment,
h is the length of the beam divided by the numbesadments ang is the vertical

deflection at the selected point across the lenfjthe beanx.
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dy_1

a2 h? (Yi+1 =2y, + yi—l) 3.11

The deflection equations of the beam are obtaingdrms of moments at various
points along the beam and by solving these equatiimultaneously, the deflection
across the beam is obtained. In order to calctifetenoments at different points of the
beam, the load generated by the thermal stress leustown. The load presented due
to the thermal stress is shown in Figure 3.5 (&g bad developed on the surface of
the stainless steel layer and the piezoelectrierlaguals the thermal stress times the
area. According to equation 3.5 the generated $omeboth layers have the same
magnitude with opposite directions. The load wdldompression in the PZT layev:f
and tensile in the stainless steel layes) (

The equilibrium of moments about each end produeastions oRx andRs. To
calculateRa, a bending moment at the other end will be catedland then it will be
divided by the length of the beanhpfy). In order to do that the load must be
redistributed using Macaulay’s method [65] as shawigure 3.5 (b).

a) b)
0.5-(L. L NL ezt
S Mt wl FFTFFTTTTTTTTTes
-
W2 IO O I w2
e wavvrvy
v steel v B

Figure 3.5 a) Distributed loads caused by the thkafiect. b) Equivalent load system using

Macaulay method for distributed load.

As the structure has a symmetric shape, the maxiaeffaction §,) is expected
to be in the middle of the beam. This presents dbme height of the beam. By
applying a concentrated load in the middle pointhaf curved beam, the beam moves
downwards by,. The total deflection of the beam is given by thiéowing equation,

whereh is the height of the beam:

O =(8,-0)-8,=0" -5, 3.12

For simply supported curved beam, the maximum beéplacement due to

concentrated static loa&)is given by the following equation [65]:

3
5= 3PL

= 3.13
25¢eY1
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Therefore, the maximum applied load (in Newtorthis one that causes the beam

to be flat and it is given by equation 3.14:

P _ 02561

E 3.14

3.2.4 Radius of curvature of piezoelectric pre-stresseddam

The thermal effect produces a configuration degigteFigure 3.6. In this figure
R is the radius of curvaturé, presents the beam deflection dns the beam length. It
is thus necessary to quantify the relation betwten radius of curvatur®, the

calculated maximum beam deflectiod, { and the length of the bearn)(

Given the radius of curvatur®)and the beam lengtl.), the angle{) is given

by the following equation:
0=— 3.15

Furthermore, the radiusR and height ) are related by the following

expressions:
cosP) = r 3.16
R .
SinceR =9, +r, it follows that
Rcos I')-R—d’ 3.17
Gr) R4 -
Given the value of andd,, equation 3.17 provides the value of radids (

L/2 L/2

2

A

)

v

Figure 3.6 Radius of curvature of a composite bdaento the thermal effect.
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As the curvature is introduced to the compositarbéae to the thermal stress,
the location of the neutral axis calculated in 8ec8.2.1 will change. It is expected to
move further away from the centreline of the eql@nt area of the stainless steel
material as shown in Figure 3.7. The radius of rwatxis can be calculated using the

following equation:

r = A — (Lsteelha)+(nLPZThﬂ) 3 18
()RR R '

J’ bl

r

A
Where,r; is the radius of curvature which can be obtaingidgiequation 3.17.

By knowing the total thickness of the beam, theigalfr; equals ta, - (h, +h, ).

Equivalent area of
stainless steel layer |

i‘— Lstee,‘ >§

Figure 3.7 Neutral axis for cross section of a edreomposite beam

3.2.5 Stress developed in the composite structure due & input force

The stress obtained in any cross section of theposite beam is given by

equation 3.19, wherkis the area moment of inertis, is the bending momernt, is the

length of the layer angis the distance from the neutral axis.

3.19

As can be seen, the developed stress along theahents (NA) is zero and it

increases proportionally by moving away from M Therefore, the maximum stress
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values are located on the surface of the upperl@andr surfaces of the composite

beam. The moment as a function of the beam lenfyth \@ctorB calculated about a

point A is given by the following equation, wherg, is a vector from poinA to the

position where quantity is applied:

M(l) =y X B 3.20

When a force is applied to a composite beam withusaof curvature, internal
forces are generated within the structure. As thanb consists of 5 layers bonded
together, the generated forces and stresses priaeesliding between the layers when
bending takes place. The prevention of slidingcisi@ved by generating shear stresses
within the structure. Therefore applying a forcetlb@ surface of the pre-stressed beam
not only generates direct stresses, but it alsergées shear stresses. Theoretically, for
the top and the bottom surface of the beam, thardieess is zero as the surface is free
to unload. However, the maximum shear stress etéacat the surface where different
materials are bonded together. The shear stresssatite beam section is calculated

using the following equation [65, 66]:
=— 3.21

whereQ is the shear force at the point where the sheasssis calculated is
the area of the sectioh,is the length of the cross section area larsdthe moment of
inertia. The value oy can be calculated using equation 3.22, wiei® the height of
the section [65].

h
= NA-— 3.22
Y 2

The value of the shear stress depends on the g¢eeklshear force in the
materials. This depends on the location of thesrgesxtion, boundary conditions and
the type of the applied force. Equation 3.21 camde if the applied force is static. In
the case of applying a dynamic force, the develogieshr force and thus the shear
stress is more complicated to calculate. Therefaueerical calculation using ANSYS

is used.
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3.2.6 Natural frequency of curved composite beam

The resonant frequency of the composite beam msef bending modulus is
derived using the Bernoulli-Euler equation as pne=@ in equation 3.23. WherB, is
the bending modulus per unit widtim, is the mass per unit area ants a coefficient
that is related to the boundary conditions. Theiealfv equals 10.9 in case of simply

supported beam and 4.4 for the cantilever beam.

fo=— \/E 3.23
thsteel m

The mass per unit arem)is given by the following equation:

m= psteelha + pPZThb + pAI hc 324

where, Oy ..r Prrrs P Present the density of stainless steel, PZT and

Aluminium layer, respectivelyh,, h,, he refer to the thickness of stainless steel, PZT
and Aluminium layer, respectively (Figure 3.1). Tdending modulus per unit width of
a flat composite beand] is given by the following equation:

D= Zn:\ﬁj(h—hNA)zdh 3.25
i=1

Where,Y; represent the Young’s modulus of ihayer of the composite beaim,
is the thickness of the layer measured from theregice point antiya is the height of
the neutral axis measured from the reference knghawn in Figure 3.4.

As shown in equation 3.23, the resonant frequerfcth® composite beam is
inversely proportional to the square of the beangtle. This means that the resonant
frequency of the structure can be reduced by isangathe length of the beam. The
resonant frequency of the beam depends on the mgumethod. Mounting the beam
as a cantilever lowers the resonant frequency Bytitnes compared to a simply
supported beam. The resonant frequency is propaitito the square root of the
bending modulus. Therefore, any increase in itslesalesults in a higher resonant
frequency. Several factors can affect the valu¢hefbending modulus and thus the
resonant frequency. These parameters include fhestgf materials, thickness of the
layers and the curvature of the fabricated beaorelsing the thermal stress developed
in the structure, by choosing materials that haighdr differences in their thermal

expansion coefficient, causes the composite bearnetal more. As illustrated in
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Section 3.2.4, increasing the curvature of the amsitp beam causes the neutral axis to
move away from the centreline of the piezoelectraterial. This increases the value of

the bending modulus and thus provides higher reddrequency.
3.2.7 Analysis and discussion on using Thunder™ TH-10R

The pre-stressed composite beam that will be aedlis Thunder™, model TH
10-R, which is provided by Face International Cogpion. The dimensions of the
device are presented in Table 3.1 as well as sdmmtbeophysical and mechanical
properties of the materials of the beam. A diagadrthe device structure is presented
in Figure 3.8. This model is chosen because d¢fizts as it has the smallest dimensions

in comparison with other models.

‘— Lsfeel )i
- Lpzr =
e oy

ZT layer

Aluminium layer !

-

Stainless steel layer

Dome Height

Figure 3.8 Cross section of Thundepte-stressed beam provided by Face International

Corporation

The aim of this section is to calculate the deftecbf the Thunder™ beam due
to thermal effects and thus the radius of curvatofethe beam. Moreover, the
maximum force that causes the beam to be flat isuleied and compared to the
recommended value provided by the device data shketresonant frequencies of the
beam mounted as a cantilever and simply supporeedadculated.

The position of the neutral axibld) is calculated by taking the moment of area
about the base of the structure using equationTh&.height of théNA from the base
of the structure is 0.13 mm. This means the looatb the neutral axis is in the
stainless steel layer. Therefore, the resultamisstin the PZT layer is not zero. The
distance from the centroid of the PZT layer to mtla¢ural axis is 0.17 mm. In order to
calculate the location of thHA, the calculated values of modular ratiyp @nd the
equivalent length of the stainless steel layer@B2l and 3.4 mm, respectively. The
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area moment of inertia for the equivalent structustng equation 3.9 equals to
5.48x10™ m",

Material Stainless steel Aluminium | PZT(5A)

LengthL, mm 25 12.5 12.5

Width w, mm 12.7 12.5 12.5
Thicknessh, mm 0.2 - 0.2

Young’s modulusy, N/n? 200x10° 69%10° 68x10°
Densityp, kg/nt 7800 2700 7800
Poisson’s ratiav 0.31 0.33 0.31

Tensile yield strengtly, N/n? 520x 10° 90x10° 20x10°

Shear strength, N/m 186x 10° 30 .

Thermal expansion coefficiemt , °C* 17.3x10° 23x10° 3x10°

Table 3.1 Physical and mechanical properties fomalium, stainless steel and PZT (5A) [67-
70].

As the area of the piezoelectric layer is half @inea of the stainless steel layer,
the stress developed in the PZT layer is twicesthess generated in the stainless steel
layer. Using equation 3.7, the stress developethenstainless steel layer due to the
mismatch in the thermal expansion coefficient betwé¢he layers of the composite
beam is found to be 192.5 MPa. As the stress gemtena the PZT layer is twice the
stress generated in the stainless steel layerstthes in the PZT layer equals 384.97
MPa. As the area of the stainless steel layer isetwhe one of the PZT layer, the
generated forces in both layers have the same tdgnibut have opposite directions.
The magnitude of the compression load generatdtemiezoelectric layemg) and
thus the magnitude of the tensile load in the &amsteel layem;) equals to 66.9 kN.
The load at each end of the be&nandRg (Figure 3.5) is found by calculating the
bending moment at the other end and then dividiray ithe length of the beam. The
value ofRa equals to -426.3 N. The negative value indicates the direction of force

is downwards (compression).
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After analysing the effect of the thermal stresstmn composite beam, the beam
deflection can be calculated. This is achieved idohg the beam into sections and
calculating the generated moment due to the thestreds at both ends of each section.
Then by using equation 3.10 and equation 3.11,iphellequations can be generated
and solved simultaneously to demonstrate the dedleof the composite beam. For a
Thunder™ beam, the total length of the beam isdédiinto four sections. A new
section is taken into account every time a chandke load due to the thermal effect is
presented in the structure. Moreover, this numibeseotions covers the middle of the
beam where the maximum deflection is expected. Mlagimum deflection ;) is
found to be in the middle of the Thunder™ beam @reddome height is found to be
0.6 mm. Therefore, the maximum applied load thatea the beam to be flat is 35.9 N.
The calculated value of the maximum applied forge=as with the one provided by the
device data sheet (36 N). Given the value of tlarbe length and its deflecti@n, the

radius of the beam equals to 0.135 m (equation).3As the thermal stress causes the
beam to bend, the location of the neutral axiecalculated using equation 3.18. It is
found that the neutral axis moved by further down away from the centreline of the
piezoelectric layer. Therefore, the location of tieutral axis is approximately 0.124

mm above the bottom layer of the stainless stgerl@eference point).
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{a) Beam cross section {cm) (b} Normalized shear stress distribution

Figure 3.9 Developed shear stress across the #gskof the Thunder™ beam.

Figure 3.9 shows the cross section of the beamttaaormalized shear stress
distribution in the middle across the thicknessh# beam under static applied force
(10 N). As can be seen, the maximum calculatedrsdtezss is located at the surface
where different materials are bonded together. Bgua.23 is used to calculate the
resonant frequency for the composite pre-stresszmmbshown in Figure 3.8 with
dimensions and physical properties presented ifeTall. Taking into account the
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effect of curvature on the resonant frequency,biieding modulus per unit width and
the mass per unit area are 0.857 and 3.22, regplgcéind thus the calculated resonant

frequency is 1432 Hz. For a cantilever configunatite resonant frequency is 578 Hz.

3.3 Analytical model of piezoelectric pre-stressed congsite beam

An analytical model is needed to predict the respoof the pre-stressed
piezoelectric composite beam under different inpohditions. The piezoelectric
material converts energy between mechanical andirigl@ domains. A common
approach for describing coupled electromechanistess is to use lumped parameter
models. Thunder™ pre-stressed beam is a device cihradists of a piezoelectric
material coupled to a mechanical structure. Thehaeical properties of the device can
be modelled as a spring, mass, damper and a pgenoelelement as shown in Figure
3.10 [71]. An applied force excites the system andrgy can be extracted across a

load connected to the electrodes of the piezo&esigment.

i Fit)

M
x I
.H—_h__ y
P iezoelectric
element -
=0 B K

|
i

Figure 3.10 Equivalent model of the piezoelectiincture

The equation of motion for this system is givertlg following equation:
F.=M_% +Bx_ +Kx +F 3.26

Where F, is the external forcek; is the force generated by the piezoelectric
material, M, is the mass of the structurB, is the damping, which represents the
mechanical loss of the structure, afds the stiffness of the mechanical structsirg.
X, Xnare the acceleration, velocity and the displacerottite mass, respectively. An

equivalent electrical circuit for the system canféwend by taking a Laplace transform

of equation 3.26 which gives:
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)
Fn =S X(s)M,, +sBX(s) + X()K + F, 3.27

The force generated by the piezoelectric mater@@ be calculated using the

following equation [72]:
c’A-h’C't
F :( p ]X(S)J,M 3.28
t @

where, A, t, C, h, Y® are the cross section area, thickness, piezoelectr
capacitance, piezoelectric constant and the Youngsgulus under constant electric
displacement of the piezoelectric material, respelst ¢ is the transformer ratio,

which represents the ratio of electrical outputtite mechanical input. Therefore,

equation 3.26 can be written as following:

) c’A-h’Cit
F,=s"X(s)M,, +sBX(s) +| K+ ———

X(s) +h 3.29
@

K

m

Km is the total stiffness of the composite pre-seddseam. The calculated value
of the resonant frequency of the simply supportednfler™ beam, model TH equals
to 1432 Hz (Section 3.2.7). The resonant frequeamtgtes to the beam stiffness as

follows:

f_1 K

, = — | 3.30
2T\ M

Such a harvester can be presented using the pgeneelcircuit model shown in
Figure 3.11 (a). The capacitance of the piezoetebam is given by the following
equation, wherg, is the vacuum permittivity (8.854 10" F/m):

: d> \e'g,A
C,=|1- ° 3.31
P ( S j t

whered is the strain coefficients® is the elastic compliance in a constant electric

field ands" is the dielectric constant under constant stress.efuivalent electrical
circuit of the system with resistive load is presenin Figure 3.11 (b). Equation 3.29

can be written as follows:
@, 2&(S¢2Mm+{p28 +%)+VOut 3.32
@ S
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The electrical transduction constants are giveioléswvs [73]:

R = B¢
Lem = M m¢2
1 3.33
_ - = K
c. ¥
Vin = ¢Fin
Moreover the total current is given by the follogriequation:
| = sX(s) _ X 3.34
@Y 4
# M, B, c,
F
b) Z,
e L ,
b L R Com Z
E i :
ol 5
oF <
Z;l,r""i [ R p— | E

Figure 3.11 The circuit model of the piezoelecstizicture

Using the equivalent electrical circuit, the outpaitage can be expressed as

following:
1z
Vou = Vin 3.35
|Ztotal|
The input voltage can be calculated using the Walig equation:
Vin = IinZtotaI 3.36

The output voltage is measured using a purely tresidoad. The parallel
impedance of the piezoelectric and the load isrglwethe following equation:
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RLBL

jaC’
Z, = i B R , 3.37
RL+# (1+RLJan)
ch;)

Thus, by substituting equation 3.36 and equati@Y 3nto equation 3.35, the
output voltage on the piezoelectric element camXjessed in the frequency domain

as a function of the mass velocity:

V,, = R
out CUE(U-'*'RLJC(C;)

)sx(s) = pIX 3.38

[ is the electrical damping generated by the piextet material. Replacing the

previous expression of the output voltage in egumat8.29, yields the following

equation, wher8&, is the total damping:

RL
+ RLjaJC:'p

Bm

F., :SZX(S)Mm+KmX(S)+[B+¢2(1 )Jsx(s) 3.39

Therefore, the equation of motion can be simplytemi as following:
F.=M_,X, +B x,+K_Xx, 3.40

On the other hand if the values of the equivalérui elements are known, the
output voltage can be calculated using the follgnequation:

z,Z,
V. =V 2] = 2] = Lot 4 3.41
o " |Ztotal| |Zem + Zl| Z ZpZL
em Zp +Z|_
where:
. 1
Zem - Jaj-em+Rem+ jacem
2 =R 3.42
1
p Jacl
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The output power is given a&it,rms/RL and the efficiency of the system, which

is defined as the ratio of the average output pdaéne magnitude of the input power,

is calculated using the following equation:

I:)out,rms l:l]ztotal|
,7 ) \/ir?,rms 343
Property Symbol Units PZT (5A)
Piezoelectric constant h Vim? 21.5x10°
Mechanical quality Qm - 80
factor
Relative permittivity &’ - 1900
Charge constant O3 CIN 390x 10"
Elastic constant SE m/N? 18x10**
Table 3.2 Physical and mechanical properties far (&A) [68]
Parameter Symbol Units Value
Capacitance c) F 7x10°
Transformer ratio ¢ VIN 0.055
PZT layer stiffness KpzT N/m 1.1x10™
Mass Mm kg 10°
Damping B Ns/m 15
Stiffness Km N/m 8.9x10"

Table 3.3 Calculated value of the mechanical pitagseof pre-stressed beam

Table 3.2 shows some of the PZT (5A) physical amahmanical properties that
are used to calculate the mechanical properti¢iseopre-stressed beam shown in Table
3.3. Equation 3.30 is used to calculate the tdttihess of the pre-stressed composite
beam. The total stiffness of the beam changes thétvalue of the radius of curvature,
mounting method, displacement ability, the locatodrihe applied force and its value.
Therefore, the stiffness will be measured undeiedifit values of harmonic applied
force and presented in Section 3.4.4. If the agdiece is less that the force value that
causes the beam to be flat (36 N), the total momwerakethe structure is due to the
beam deflection §'). For this case, increasing the mean value ofahyaied force

causes the beam stiffness to be reduced. Incretmngean force causes the curvature
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(RY) to reduce. Due to that, the location of the reutixis moves towards the
centreline of the PZT layer causing a reductiothmvalue of the bending modulus as
discussed in Section 3.2.4 and Section 3.2.6. Aesalt, the resonant frequency of the
structure reduces and thus the stiffness.

If the mean applied force causes the beam to betfia total movement of the
structure will be due to a deformation within thaterial. In this case, the beam is no
longer simply supported as the bottom layer of shecture is in contact with the
supported surface. According to equation 3.23 ayuéeon 3.30, if the bottom layer of
the stainless steel is clamped, the stiffness efbielam equals to 4.78 10° N/m. In
this case, higher applied value of the mean foereses an increase in the stiffness of
the structure. The total damping of the structgrebtained experimentally in Section
3.4.2 and presented in Table 3.3.

3.4 Performance of piezoelectric pre-stressed beam

In order to evaluate the model developed in Sec3i@ the resonant frequency
of the composite beam is measured and comparée teatue obtained using analytical
calculation. The resonant frequency and the totahming of a simply supported
structure under different boundary conditions aeasured. Section 3.4.1 presents the
method used to measure the structure’s resonapténey, while Section 3.4.2 outlines
the method used for measuring the structure damping

3.4.1 Resonant frequency and stiffness

In order to measure the resonant frequency of tmeposite pre-stressed beam,
the beam is mounted on a shaker. The vibratiomefhaker is controlled using a PC
via LabVIEW software. The shaker is operated inusoidal vibration over a range of
different frequencies close to the calculated rasbfrequency of the beam (100 Hz -
10000 Hz). The value of the acceleration is mam@diat constant level 50g1{lg =
9.8 m/$). A spectrum analyser is used to plot the relatigm between the measured
output voltage of the beam and the frequency. Bsemant frequency is the one that
generates the maximum amplitude. The measured fioeokal resonant frequency for
the simply supported beam is approximately 1532 HMHhke calculated resonant
frequency is around 6.5 % less than the measuredTdre difference between theses

two readings is due to the fact that the full béangth is used to calculate the resonant
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frequency analytically. However, to measure themast frequency, one side of the
beam is screwed to the shaker. This reduces tlgghleri the beam by 1.5 mm. As the
resonant frequency is inversely proportional to lgmegth of the beam, the measured
resonant frequency is higher than the calculatee. dine stiffness of the curved
composite beam can be found using equation 3.3thgUke measured resonant
frequency, the stiffness of the beam is 9280" N/m. The increase in the stiffness is

expected as the length of the beam is reduced.
3.4.2 Damping

The total quality factorQ of the structure is determined experimentally by
dividing the measured resonant frequency by thewidth at half maximum of the

output power as follows:
Q=—2 3.44

The value of the quality factor determines the qenance of the structure. The
higher the value o), the lower the rate of energy dissipation relatwéhe oscillation
frequency will become. The damping ratio of theustinre is calculated using the
following equation:

-t
£= o 3.45

As can be seen the structure resonant frequenicyessely proportional to the
damping ratio. The mechanical damping coefficieihthe structure B) is calculated

using the following equation:

B=2w,M, 3.46
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Figure 3.12 a) Frequency as a function of the b&tdenass, b) Normalized mechanical
damping as a function of the attached mass, c) Biwed stiffness as a function of the

attached mass

As stated in equation 3.39, the total damping effile-stressed beam is the sum
of the mechanical and the electrical damping. Th&mum output power is generated
when the electrical damping match the mechanicalpiag. The electrical damping

can be controlled by changing the value of theste® load connected to the beam.

According to equation 3.38 the maximum power isaot®#d wherR :(wé—,). The
p

effect of attaching a proof mass at the middle sinaply supported curved composite
beam on the damping ratio is investigated. Addingnass lowers the resonant
frequency of the curved beam as shown in equati8@. 3he attached mass reduces
the value of the radius of curvature and thus redube resonant frequency of the
structure. Moreover, the added mass induces maesssion the structure, which

increases the mechanical damping. Figure 3.1Z{gre 3.12 (b) and Figure 3.12 (c)

show the experimental results of the effect of #tached mass at the middle of

Thunder™, model TH 10-R on the structure frequencgrmalized mechanical
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damping, and the normalized stiffness. As the mmichh damping of the structure
increases due to the attached mass, the electtaralping presented in the load
resistance gets higher. The experimental valuehefdamping ratio of the simply
supported structure is approximately 0.12. Thisugateduces as the value of the
attached mass increases.

As can be seen, the values of the structure ssdfndamping and resonant
frequency depend on the materials parameters, dioren of the structure and the
method that the structure has been mounted. Agallues of the piezoelectric material
constants are measured using the impedance measuretmch involves using a small
excitation signal with high applied frequency (12HThe values of these parameters
depend on the electrical and mechanical boundamyditons. Moreover, the
application by which the curved composite beanseduhappens at low frequency and
high amplitude. Therefore, it is more accurate tasure the stiffness and the damping.
Figure 3.12 illustrated that the stiffness of theucure reduces and its damping
increases as the compression force increasese @plied compression force causes
the curved beam to be flat, the beam will no longeisimply supported. In this case,
the composite beam considered to be rigidly clamgiethe bottom surface of the
stainless steel layer. Section 3.4.3 presents tethod by which the effect of the
applied compressed force on both the damping amdtiffness is measured. For this
experiment, a compression force value that is egpodlhigher than the one that causes
the beam to be flat (36 N) is applied.

This can be determined by measuring the systenomespto a known input
signal. After that equation 3.3%n be used to relate the equivalent electric patens
back to the physical mechanical parameters. Usiagcircuit model shown in Figure
3.11, the output voltage across the resistive laader a sinusoidal input force, can be
calculated using equation 3.41. In this equatidre tinknown values of the four

electrical elementsRem Lem Cem C|,) and the transformer ratiq) can determined by

applying non-linear least squares fit to the measusutput voltage under known

sinusoidal input force for various values of thadaesistance.
3.4.3 Test setup

The experimental tests were obtained by subjediiegy piezoelectric element
(pre-stressed Thunder™ beam) to various cyclic mechl loads using an
ElectroPuls, E1000 fatigue test machine. This nreechs controlled using software
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provided with the test machine. The software isabég of applying various force or
displacement waveforms to the piezoelectric elemehich is fixed on the bottom
head as shown in Figure 3.13. The applied forcesraasured using a calibrated load
cell. Moreover, both the force and the displacementeforms are monitored using the
software. In order to analyze the response of ilkeoglectric pre-stressed beam, a
fixed compression force equal to 35 N with a clliorce is applied. A PC running a
custom LabVIEW application is used to measure tput voltage. Under each input
force waveform the average output voltage is measacross various load resistance
ranging form 1002 to 5 K2. The mechanical characteristics of the pre-sttebsam
are calculated using the piezoelectric model asaegd in Section 3.3. Two different
cyclic loads are applied; a 5 Hz sinusoidal wavwefevith amplitude changing from 10
N to 25 N and a 15 N waveform with frequency chagdirom 5 Hz to 25 Hz. The
output voltage generated by the piezoelectric elémere measured under different
cyclic input forces and compared to the one predidty the model in order to verify

and test the model.

Load cell

Piezoelectric
element

Direction of

. Fixed head
motion

Figure 3.13 Layout of the experimental setup
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3.4.4 Damping and stiffness of piezoelectric pre-stressdazbam

As an example, Figure 3.1dhows the output voltage across various load
resistances for a sinusoidal input force with a mfmace of 35 N and peak to peak
amplitude of 15 N and frequency of (25 Hz). Theveupresents the model fit while the
squares present the measure voltage across therdemtiance. The average output
power as a function of the resistive load is presgbim Figure 3.15. It is found that, the
values of the electromechanical model parameteasgehas the input force amplitude
and frequency change. As the applied force causesbéam to be flat, different
boundary conditions are applied. The measurechesff is approximately 5.2 10°
N/m.
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Load resistor (Qhms) 6

Figure 3.14 The voltage across the resistive o tve model fit

The effects of the amplitude and the frequencyhefibput force on the stiffness
and the damping of the Thunder™ are presentedgor€&i3.16 and Figure 3.17. A
compression force of 35 N has been applied to daerbwith an amplitude input force
of 15 N. In this experiment the input frequencynsreased from 5 to 25 Hz and the
change of the beam damping (Figure 3.16 (a)) affdeds (Figure 3.16 (b)) has been

measured.
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Figure 3.15 Experimental and model fit resultshaf butput power as a function of the resistive

load

As the amplitude of the input force is constantréasing the frequency of the
input force reduces the beam damping by 85 % aockases its stiffness by 55 %

when the frequency changes from 5 to 25 Hz.
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Figure 3.16 a) Normalized experimentally measuides of damping versus input frequency,

b) normalized experimentally measured values &fsss versus input frequency
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In order to investigate the effect of the amplitudé the input force, a
compression force of 45 N has been applied to #darbat a frequency of 5 Hz. The
amplitude of the input force is increased from &®5 N and the change of the beam
damping (Figure 3.1fa)) and stiffness (Figure 3.1%)) has been measured.

As can be seen, as the frequency of the input isrbeld constant, increasing the
amplitude of the input force reduces the beam dampy 73 % and increases its
stiffness by 11 % when the input force amplitudarges from 10 to 25 Hz. As more
force is applied to the beam, this causes the beamature to reduce and thus
increases the stiffness of the beam.

a)

11 ! !
B R T T T —
= : :
£ : :
g i
3 0.6 ------------------------------------- —
N ' !
: |
Iza ﬂ4— ------------------------------------- —
0.2 ' L
10 15 20 25
Amplitude of the input sin wave (N)
B} g5 , ,
@ i - -
7] H H e
@ ; ;
EE T A : """"""""""""""""" :::::::='T=::::: """""""""""""""""" —
@ : :
T 5 |
N s e
= _____________________________,‘:Z::____E_______________________________________i _____________________________________ —
g 1.05 ! :
- - ' '
2 e
WL | |
10 15 20 25

Amplitude of the input sin wave (N)

Figure 3.17 a) Normalized experimentally measurddes of damping versus input force, b)

normalized experimentally measured values of gfffrversus input force

3.4.5 Output power generated by piezoelectric pre-stressebeam

Figure 3.18presents the average output power across vari@d resistance.

Increasing the frequency causes the output powiectease.
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Figure 3.18 Output power as a function of resistkbasl at different values of the input
frequency

Figure 3.19shows the average output power across various fesidtances.
Increasing the amplitude of the input force caustes output power to increase.
Comparing Figure 3.18 with Figure 3.19 illustratieat the output power depends not
only on the amplitude and the frequency of the infouce, but also on the main
compression force. Changing the main compressiare fisom 35 to 45 N, causes the
output power to drop by more than an order of mtagei. In this situation, the beam
was subjected to an input force with an amplituti@N at frequency of 5 Hz. This
can be explained as increasing the compressiore fleads the beam damping to
increase by one order of magnitude causing theubpipwer to drop.
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Figure 3.19 Output power as a function of resishbaal at different values of input force
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3.4.6 Efficiency

Using equation 3.43, the efficiency is calculated & range of frequencies and
load resistors using the parameters measured exgrally (Figure 3.20). The input
force is sinusoidal with 15 N amplitude and compi@s force of 35 N. As can be seen,
as the input signal frequency increases, the maxirefficiency occurs at lower values
of the load resistor. This is due to the fact ti&t source impedancéyf is inversely
proportional to the input frequency. Moreover, tificiencies tend toward higher
values as the input frequency increases. Fig@E shows the efficiency as a function
of the load resistor at different values of theunnforce amplitude ranging from 10 N to
25 N with a constant compression force of 45 N. itiput force frequency is hold
constant at 5 Hz. As can be seen, the maximumiezitity can be obtained at a narrow
range of load resistor at which the source andahd impedance match. As the input
force amplitude increases from 10 to 20 N, thecefficy increases. However, any
further increase in the amplitude of the input éocauses the value of the efficiency to
drop. This indicates that the increase in the faaces to increase the losses in the
system rather than the output power. This will Rpl@&ned in more detail in Section
4.5.3.2.

15 Hz

10 Hz ||
iHz |

0.3
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(] E] 1 1 4 5 3 7 $ g 10
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Figure 3.20 Efficiency as a function of resistivad at different values of the input frequency
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Figure 3.21 Efficiency as a function of resistivad at different values of input force

3.5 Conclusions

There are a many challenges in fabricating or yyn available commercial
piezoelectric element for energy harvesting. Thgsmal dimensions, shape, type of
materials and the clamping method affect the behavof the piezoelectric structure
and thus the amount of the generated output pdiirer configuration and the clamping
method of the piezoelectric element depend on theiranment by which the
mechanical energy is converted into electrical dree effect of the thermal stress on
the curvature of the composite beam was analysedrdlically. The maximum
deflection was found to be located in the middletlo# beam. The effect of the
curvature on the resonant frequency of the beamimwastigated. It was found that the
resonant frequency of the beam increased as tlvatove value got higher. Thunder™
beam model TH-10R was analysed theoretically astbdein order to investigate the
effect of the applied force on its behaviour. Tietioal results showed that the
maximum applied load that caused the Thunder™ beabe flat was 35.9 N. The
calculated resonant frequency of the Thunder™ beamfound to be 1432 Hz, when
it was simply supported and 578 Hz, when it was mbed as a cantilever. A general
model of a piezoelectric harvester that can be tsegredict the output power was
presented in this chapter. The experimental temtsed out on the Thunder™ beam
showed that the values of its stiffness and damparges with the applied force due to

the effect of the curvature. For a given input &rihe stiffness and the damping of the
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Thunder™ beam can be measured experimentally @amdued in the model to predict

the output power.
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Chapter 4
Simulation of the impact based

piezoelectric harvester

4.1 Introduction

This chapter presents the principle of using anaichpbased piezoelectric
harvester to convert kinetic energy into electrieaérgy using a Thunder™ beam. In
this method, the output power is generated duemjoact between the piezoelectric
element and the mass. The principle is explainedeiail in Section 4.2. The main
purpose of the harvester is to harvest energy fratiation. The forces that affect the
piezoelectric harvester undergoing a rotationaliomoére analyzed. The behaviour of
the harvester mounted at a particular distance thententre of rotation is analysed.

The effect of mounting the piezoelectric harvestedifferent ways on a rotating
wheel is discussed in Section 4.3. As the outpwiepaf the piezoelectric transducer
depends on the amount of strain developed withenpllezoelectric element, ANSYS
software is used to simulate the effect of clampafighe Thunder™ beam on the
developed strain in the piezoelectric structureafgiven input force.

The Thunder™ beam is clamped in three differentsyaygidly supported at both
ends, simply supported and as a cantilever (Figuz6). For a given input force, the
effects of clamping on both the output voltage #reldeveloped stress in the structure
are analysed using FEM. The effect of the harvesper and dimensions on the output
power when the Thunder™ beam is simply supportéwvisstigated.

For this design, the output power is generatedtdwedirect impact between the

piezoelectric beam and the mass. The harvesterraotssonal forces as a source of
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kinetic energy to produce electrical power. Theeeffof rotational forces on the
behaviour of the harvester is addressed. In oaleraluate the device performance an
analysis of the dynamics of the system is coupted tmodel of the piezoelectric
harvester. The effects of the impact force on thenfer™ pre-stressed beam are
examined analytically and numerically. The maximapplied stress that the structure

can withstand and thus the maximum applied forae¢hn be applied is determined.

4.2 Structure of the harvester and operating principle

A cross section of a proposed impact based pieziveldarvester is shown in
Figure 4.1. This device transforms the forces duetation into electrical energy. The
harvester consists of a tube with a Thunder™ pesséd beam mounted at each end.
The tube allows a small ball bearing to move freglyresponse to forces acting on it
and hence, impact on the transducers. The kinetecgy is converted into electrical
power by the harvesters. The deflection of the gméctric transducer due to the
impact of the ball bearing generates a currentifigunto the resistive load which is
connected to the transducer. Therefore, the maifaie ball bearing is damped and

the power is dissipated into the load resistance.

Thunder piezoelectric
cantilever

Tube Ball bearing

Figure 4.1 Cross section of the proposed piezaetdwrvester

The impact is produced due to the relative motietwken the frame and the
mass. In order to reduce the frictional force betvéhe mass and the frame and to
increase the life of the mass, a ball bearing Bdu#\ ball bearing exhibits a low
friction coefficient, i.e. 18 [74]. As the maximum power is generated when fysied
force is in the same direction as the free movenoérthe mass, a straight tube is
chosen. Moreover, the tube must be mounted in athatythe applied rotational forces
are in the same direction as the mass movemetiidrcase, the rotational motion of
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the wheel is converted into linear motion. The lto¢égultant force on each pre-stressed
beam is the sum of the rotational force and thearhforce from the ball bearing. The
model which explains the movement of the mass hade&haviour of the piezoelectric
element under impact is explained in Section 4tte Key parameters of the model are
the value of the mass, the properties of the piezb& material, the internal
displacement of the mass and the equivalent meciladamping due to the power
dissipation in the load resistor.

The type and the way that the piezoelectric beaatté&ched to the frame affects
the amount of strain developed in the material, thechanical stability and the

structure sensitivity under the applied load as@néed in Section 4.4.2.

4.3 Method of mounting the piezoelectric harvester

This section outlines different ways of mounting thiezoelectric harvester on a
rotating wheel. The effect of rotational forcestbe behaviour of the ball bearing and
thus the output power is addressed. Tangentialcentripetal forces act on the mass
due to rotation. Another force that can affect thass is the gravitational force. The
effect of each force on the mass depends on thetlvedythe harvester is mounted and
its orientation. The considered orientation of th&rvester is the one where the
maximum applied rotational forces are in the samnection as the free movement of
the mass. This maximizes the work done on the mag$ence generates more output
power. In terms of the main acting rotational forme the mass, two methods of
mounting the harvester on a rotating wheel areesddd. In the first method, the main
acting force is the gravitational and tangentiacés, whereas, in the second method
the main acting force is the centripetal force.akalytical analysis about the dynamic
behaviour of the harvester is explained when thenraating force is tangential and
centripetal in Sections 4.3.1 and 4.3.2, respdgtivEhe impact force from the ball

bearing on the piezoelectric element depends omthenting method.
4.3.1 Effect of gravitational force

In this method the harvester is mounted directly enrotating wheel as shown in
Figure 4.2. The acting forces on the mass areahgential force and the components
of both the centripetal forcé&{.) and the gravity force that are acting in the ction

of the free movement of the ball bearing. Undefarm circular motion the tangential
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force acting on the mass is zero and thus the dikercomponents (gravity and
centripetal forces) are the main acting forceshenrass of the harvester. In order to
know the behaviour of the ball bearing under rotatithe applied forces on the ball
bearing are analyzed. Figure 4.2 shows the foreat dffect the ball bearing under
constant rotating speed, where the rotating dwmacis clockwise. The frame is
mounted in a way that the direction of the centap#orce f.e) is perpendicular to the
free movement of the ball bearing in the middlehef frame. For most applications, the
rotor rotates under a constant rotating speed.eftie, the analysis will be carried out
under uniform circular motion.

Ball bearing
displacement

Ball bearing

Figure 4.2 Applied force on the piezoelectric tduter under uniform circular motion

The component of the centripetal force affecting thovement of the mass is
given by the following equation:

Feopy = ﬁsiné? = m4r*w? Rsing 4.1
R
whered is the angle between the direction of the centmiprce acting on the mass
and the vector perpendicular to the free movemétheball bearing. This angle can

be obtained by the following equation:

0=[r|2L/

tang ="
R 0=|4=6,

4.2

ax
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wherel is the length of the frame arRlis the distance between the frame and the
centre of rotation. The component of the gravitycéothat affects the movement of the

ball bearing can be given by the following equation

F ... =98sind 4.3

g(x)

where &' is the angle between the direction of the gra¥dice and the vector
perpendicular to the free movement of the ball ingaiTherefore, the total force acting
on the ball bearing is the sum of the gravitaticarad the centripetal forces acting in the
direction of the free movement of the ball beariki¢hen the gravity component is
higher than the centripetal component, the baltibgadrops to one end of the frame.
Therefore, the ball bearing collides with each sfléhe frame once during one cycle
due to the effect of the gravity force. Increasihg rotating speed increases only the

magnitude ofFce) as the magnitude of, is constant. The direction &%e() always
acts against the direction df; trying to keep the ball at one end of the frame.

Therefore, increasing the value e x) reduces the amplitude of the total force acting
on the ball bearing and thus the impact force preduby the bearing on the
piezoelectric element. When the amplitude of thitngccomponent of the centripetal
force Fce(v) is equal to or more than the maximum value ofgteitational force, the

ball bearing will be pushed to one side of the feam
477 o} Rsinftan™ LR] >98 4.4

Thus the critical rotating speed by which the baring sticks to one end of the

frame is given by the following equation, wherequals td_/2:

9.8
W (critical) — 4.5

4’ Rsinftan™ L]
2R

From equation 4.5v, does not depend on the distance between the frame

(critical)
and the centre of the rotating objeB).(This is because increasiRyreduces, for a

given frame length, but increases the magnitudthefcomponent of the centripetal
force that is acting on the ball bearing. Increggime length of the frame, on the other
hand, results in reducing the value of rotatiommdesl required to hold the ball at one

end of the frame.
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Figure 4.3 shows the case where the distance betiweebeginning of the frame
and the point where the direction of the centrip&dece is perpendicular to the free

movement of the ball bearing equala\ta

L

Figure 4.3 The direction and magnitude~af, at different points inside the frame

In this situation the maximum value ®is given by equation 4.6, where is the
distance between the vector of centripetal forceéng@cperpendicular to the free

movement of the ball bearing and the end of theéra

r AL=|r|= L,
tangd =" — 4.6
R Hmin 2 |H| 2 Hmax

In this situation, increasing the value AL reduces the value of the critical
rotating speed by which the ball bearing will sttokone end of the frame. In order to
verify equation 4.4, a simulation using Working Mbdoftware is carried out. This
software enables limited physical motions to beusated. The results from equation
4.4 are compared to the simulation results. Figufe shows the simulation results

when the mass displacemehj (s twice the mass diameter at a value of 2 cm.
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Figure 4.4 Simulation of the ball bearing movemamder gravitational force.(= 2 cm).
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The frame is mounted in a way that the directionhef centripetal force() is
perpendicular to the free movement of the ball ingain the middle of the frame. The
critical rotating speed by which the ball bearitigks to one end of the frame is 5 rps.
Therefore, mounting the harvester in this posii®suitable for an application where
the rotating speed is low. This allows the masstwe from one side of the frame to
the other and to generate output power due todllagive motion between the mass and
the frame. Under the same conditions equation #fedligts that the critical rotating
speed is 5 rps whanis replaced by./2.

Figure 4.5 shows the simulation results whenlawith a value of 1 cm is
introduced. The critical rotating speed is reduted3 rps. At this speed, the ball
bearing sticks to one end of the frame. This ceeate relative motion between the
frame and the mass. Under the same conditions iequat4 predicts that the critical
rotating speed is 3 rps whenis replaced by;. Under variable rotating speed, the
tangential forces contribute to the movement oflib# bearing beside the other two

components. The direction of this force always agiposite to the direction of the
gravity components. Therefore, the critical rotgtspeed will be reduced bm%,

wherev is the linear speed. This method of mounting thevéster on a rotating wheel
will be referred to as GF, because the main adonge that causes the mass to move

from one side to another is the Gravity Force.
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Figure 4.5 Simulation of the ball bearing movemamder gravitational forceL(= 2 cm and
AL=1 cm).
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4.3.2 Effect of centripetal force

Unlike the tangential force the centripetal forsealways a result of rotational
motion under uniform and non-uniform circular maotiol herefore, centripetal force
can be used as the main acting force on the prdgum®ester presented in Section 4.2.
As previously mentioned, the maximum work is achdwhen the direction of the
applied force is in the same direction as the fme¥ement of the mass. However, the
direction of this force must be under constant geaim order for the mass to move
inside the tube. In order to achieve that, the toost be kept in a horizontal position
while rotating as shown in Figure 4.6. Unlike th& @ethod, this method requires a
mechanical support to keep the harvester in a Gitdt position while the wheel is
rotating. This method of mounting the harvesteaaotating wheel is referred to it as
CF because the main acting force that causes tlss mesamove from one side to
another is the Centripetal Force.

As the extracted power from the piezoelectric elemelepends on the applied
forces, these forces should be calculated firstthia section the direction and the
amplitude of the main acting rotating force arelyred under uniform circular motion
assuming that the harvester is kept in a horizoptadition and the rotation is
clockwise. In case the ball bearing is removed ftbm system, the force that affects
the piezoelectric beams is the component of théripetal force which is acting in the
direction of the free movement of the piezoelecdt@@am. Therefore, the force that is
acting on the piezoelectric beam located on thatrgide of the tube is given by
equation 4.7, while the piezoelectric beam locatedhe left side will be subjected to
force that can be calculated using equation 4.8. Mbkthods by which these equations

have been obtained are explained in Appendix A.

Feery = MATT i R, siné + m4ﬂ2a)f2% 4.7

I:ceL( X)

= m4n2wlesin6?—m4n2wf% 4.8

whereR; is the distance between the centre of rotationthadpoint located in
the middle of the frame? is the angle between the direction of the centaiprce
acting on the object under study and the vectopgueticular to the free movement of

that object, for example the piezoelectric beans the length of the harvestey, is

the rotating frequency annh is the effective mass of the piezoelectric beaime T
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magnitude of component of the centripetal forcengcon both piezoelectric beams is
proportional to the distance between the centratpoii the frame and the centre of

rotation. Moreover, this applied force is propanabto the square of the rotating speed.

Figure 4.6 Applied force on the piezoelectric tducer under uniform circular motion

Equation 4.7 and equation 4.8 show that the efbéatentripetal force on the
piezoelectric harvester that is mounted on a mgatvheel in a horizontal position
during rotation is a pure sinusoidal signal. Thalgtical study is carried out without
using a mass. By introducing the ball bearing tht® system the applied force on the
piezoelectric transducer located at both endsefrdmme will increase. This force is the
sum of the centripetal force and the impact foroefthe ball bearing. The total force
acting on the piezoelectric beams due to the imigaahalyzed numerically in Section
4.5.3. However, a simple physical explanation @& thovement of the ball bearing
inside the tube can be analysed as following. Tdim@ component of the centripetal
force tries to move the ball bearing from one sfiehe tube to another and keeps it
there until the direction of the centripetal foratgmnges. At this point the ball bearing
will be released and forced to move to the otheée sif the tube. Therefore during one
rotating cycle, the centripetal acceleration fortessmass to move from one side of the
frame to another. Under non-uniform circular motithe acting component of the
tangential force works in the same direction asaitteng component of the centripetal

force if the object is speeding up.
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4.3.3 Comparison between the effect of gravitational fore and the effect of

centripetal force

Rotational motion is used to generate electricargy using an impact based
piezoelectric harvester. The way that the harveistanounted on a rotating wheel
affects both the behaviour of the mass and thustfgut power. For the GF method,
the main acting forces are the tangential force twedcomponents of the centripetal
force and the gravitational force acting in the eatirection as the free movement of
the mass. The tangential force is available onlgmthe rotating speed is changing. In
this method, the output power due to the gravitetidorce can only be generated due
to impact at low rotating speed. This is due to fiuet that when the rotating speed
reaches a critical value the ball bearing staymatend of the frame due to the effect of
the centripetal force. Therefore, a different mdtlad mounting the harvester on a
rotating wheel is required when the centripetal ebration is higher than the
gravitational acceleration. Therefore, the centdpéorce can be used as the main
source of producing an impact force on the piezeteelement. This method is called
CF. In order to maximize the work done by this étbe direction of the centripetal
force must be in the same direction as the mas&ment. However, if the direction of
the centripetal force is held constant, the badirimg will be pushed to one end of the
frame and thus no relative movement between the inad the frame can be achieved.
Therefore, a mechanical mechanism is needed to #eearvester in a horizontal
position during the wheel rotation. In this ca$e éffect of the centripetal force on the
harvester can be described as sinusoidal. Unliken@thod, the GF method can be
fitted directly to the rotating wheel. The GF cam dnly used at low rotating speeds,
while the other method can be used at any rotapegeds. The power level from a
device which is mounted using CF method is preditbebe higher than the one which
uses GF method. This is due to the fact that thpubypower depends on the applied
force on the piezoelectric element. In the CF methoe main acting force is the
centripetal force while in the GF method the maiting force is the is the vector sum
of the gravity force, the centripetal and the tange forces. The last two forces try to
reduce the effect of the gravity force. Therefdree CF method will be used as the
main way of generating power from rotation. The awic behaviour of the ball
bearing when the generated mounted using the CRaahé$ simulated. The simulation
reveals that a multiple impact situation occursMeein the mass and the piezoelectric

pre-stressed beam. Then both of the mass and #me behave as one body until the
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centripetal acceleration changes its directionthdg point the mass will be ejected to

the other end of the frame. In the next sectioma g$timated output power is calculated.

4.4 Computational analysis using ANSYS

Thunder™ pre-stressed beam is a complex strucluretefore, the developed
stress within the structure is analysed usingdieifement method (FEM). A model is
created using ANSYS software as presented in Sedtid.1. The effect of clamping
the beam is analysed numerically under an impuseef Simply supported, rigidly
supported and a cantilever are the three configuraitthat are analysed. The aim of
this analysis is to understand the effect of clamgpn the stiffness of the structure as
well as the amount of stress developed in the ckahgrea. The finite element method
(FEM) is used to understand the developed stregistructure after an impulse force
is applied to the centre of the curved beam. Iread to reveal the main developed
stress in the structure, stresses in the axiadrdhtdirections and shear stress are
analysed. The resonant frequency of Thunder pesstd beam is calculated
numerically using FEM.

4.4.1 Pre-stressed beam model

The ANSYS software is used to simulate the behavidihe pre-stressed beam
under an impulse force. ANSYS uses the finite el#gmeethod to simulate the physical
behaviour of complex structures. This complexity ¢te due to the geometry of the
device, its scale or governing equations. Thesetstres can be analysed using finite
element method (FEM), which is a numerical approatkdeconstructing a complex
system into very small pieces called elements. Sdievare implements equations that
govern the behaviour of these elements and triesotlee them. This creates a
comprehensive explanation of the behaviour of thiiree system. These results then
can be presented in graphical form.

Numerical analyses of the behaviour of the Thunddr@dm using ANSYS is
achieved by following certain steps. Firstly, theometry of the structure is built and
the material properties are defined. The modelhef ¢urved beam consists of two
layers glued together, a PZT (5A) layer and a Eamsteel layer. A thin layer of
electrode is applied on both sides of the piezdetelmyer. The top layer is made of
PZT (5A) followed by a layer of stainless steelteat which is 0.2 mm thickness. The
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top layer has a length of 1.27 cm and the bottoyarlhas a length of 2.54 cm. both
layers have the same width of 1 cm. The beam daftecs 0.6 mm. The properties of
the materials used are presented in Table 3.1.n88cahe structure is divided into
elements by generating a mesh. The size of theesiemm achieved by dividing the
thickness, length and the width of the structure8byl00 and 20, respectively. The
element size is chosen to ensure numerical conneege

After designing the curved beam, constraints sueh@undary conditions and
physical loads are applied to the structure. Amake solution domain is defined and
the obtained results are presented. As a solwidransient analysis is used to simulate
the effect of the dynamic force (impact). An immulead with a magnitude of 10 N
and width of 3x 10° m is applied along thg direction to the central point located at

the surface of the piezoelectric layer (Figure 4.7)

Location of the
appiled force Meshed stainiess steel
base

Fixed side in the x, y and Z aveclions

Lt A A EASAIEEIET
e L L L
FELTELEPEPTE I PR

ZT layer

End that can move 7

inthe x diection

Figure 4.7 3-D finite element mesh of simply supedThunder™ pre-stressed beam subjected

to an impulse force.

This figure shows a 3-D image of a simply supportezshed curved beam. The
magnitude of the force is chosen to be less thamequired force that makes the beam
flat (36 N) and the duration of the impulse is @dm$o be lower than the inverse of the
resonant frequency of the structure. This means dpglied force is dynamic.
Moreover, the duration of the impulse matches the that is obtained experimentally

in Chapter 5.
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4.4.2 Analysis of clamped pre-stressed beam

For a given input force, the effect of the curveshim clamping on the output
voltage and the developed stress within the clanaped are analysed. The pre-stressed
beam is supported in three different ways; rigidlypported on both ends, rigidly
supported on one end (cantilever) and simply supdoiThe numerical results for each
boundary condition are obtained and compared waitheother to choose the most
suitable way of mounting the beam under impactefancterms of mechanical stability

and the output power.
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Figure 4.8 Simulated Thunder™ open circuit voltager time under different boundary

conditions.

The simulated open circuit voltage over time fog fthunder™ beam using the
three different clamping methods is shown in Figlul& As can be seen the maximum
amount of energy can be extracted when the Thundszd@m is rigidly supported at
one end (cantilever), while the least amount of grogan be obtained when the beam is
rigidly supported at both ends. This is due to fdet that, when the beam is rigidly
supported at both ends, the generated voltageedaldeveloping stress and strain in
the impacted area. In this case the stiffnessebtam prevents the pre-stressed beam
from vibrating. However, when the pre-stressed beamgidly supported at one end
only, the output energy is generated from globdbmheation. In this case, the pre-
stressed beam vibrates after the impact. The stiffiof a simply supported pre-stressed
beam is somewhere in between the previous two @asksimilarly the output energy.

In this situation the generated output energy s ulocal deformation and vibrations
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that have been generated after the impact. Thereifororder to extract the maximum
output power, the Thunder™ beam must be rigidly med at one end. However, the
way that the pre-stressed beam is mounted shoulcmy provide the maximum
output power, but also it should provide mechanstability. As the beam deformation
generates due to an impact force, knowing the géedrstress in the clamped area is
essential for mechanical stability. Under an infaute, the developed tensile stress in
the clamped area should be less than the tensdlel wtrength of stainless steel
material. Moreover the developed shear stressatigetimpact force should be lower
than the value of the piezoelectric shear strermgtbause the piezoelectric material has
the lowest value of shear strength in comparisah stainless steel and aluminium.
Figure 4.9 shows the stress developed in the cldnapeas when the beam is
mounted in three different ways; rigidly supportgdooth ends, simply supported and
rigidly supported at one end. The rigidly supporeém on one end generates 7 times
more stress in the clamped area than the simplyastgd beam. The rigidly supported
beam on both ends generates 5 times more stréle tlamped area than the simply
supported beam. This means the cantilever confiiguras the least favourite method
of clamping the curved beam under an impact foAsethe piezoelectric material is
only located in the middle of the pre-stressed hedithe stresses and thus the strains

generated in the clamped area do not contributteetoutput power.
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Figure 4.9 Simulated stress developed in the cldmapea using different boundary conditions.

There is a trade off between the amount of poweegdged and the mechanical
stability of the pre-stressed beam. The simply supepd pre-stressed beam proves to
generate modest amount of output voltage and thwesb amount of stress in the
clamped area in comparison with the cantilever igométion and the rigidly supported
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beam on both ends. Therefore, both the numericalysis and the experiments are

carried out using simply supported Thunder™ pressted beam.

4.4.3 Modal analysis

Under impact force global deformation is generatexbss the whole structure of
the simply supported beam due to existence of thwwature and the method of
clamping. Therefore, output energy is generatedtdube local effect of the impact
force and the travelling of the transverse wavéwrdfore, stresses and strain in xhe
andy direction are generated a well as a sheer stneiseixy direction all of which
contributed towards the output energy. The veaton sf the displacement is given in
Figure 4.10. As can be seen the curvature and thnad of clamping gives the
structure the ability to deform in theandy direction and the maximum displacement

is located in the middle of the beam.
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Figure 4.10 Simulated results of the vector suthefThunder™ beam displacement in meter.

Figure 4.11 shows the developed stress inytteection across the length of the
piezoelectric layer. The chosen nodes are the toueged at the centre line of the
surface of the piezoelectric material. The devedoptess are analysed across the
thickness of the piezoelectric layer, where eadlahbne is chosen at every 0.05 mm
from the previous nodal line. Thus, the piezoeiedayer with a thickness of 0.2 mm
has 5 nodal lines across its thickness. The siseststained when the applied force is at

its maximum value.
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Figure 4.11 Simulated stress developed irnytgection across the length of the PZT layer at

different nodal lines.

Figure 4.11 shows that the compressive stress esathmaximum value around
the area where the impulse is applied. This vafiggress decreases rapidly outside this
area. At both ends of the nodal line a stressary tftirection starts to form again due to
the connection with the stainless steel layer. [Btters A and E correspond to nodal
lines located at the top and the bottom surfaceth@fPZT layer, respectively. The
letters B, C and D are corresponding to the nadaklbetween the two surfaces of the
material ranging from the top to the bottom lay&s.can be seen, the peak of the stress
in the contact area is at its maximum value atttipesurface of the material and this
value reduces across the thickness of the mat&halbottom layer has the lowest peak
value.

Using the same nodal lines, Figure 4.12 shows theeldped stress in the
direction across the length of the piezoelectrigeta The stress magnitude in the
contact area is approximately twice higher thancthrapressive stress developed in the
same area. Along the nodal line, the maximum tenstilesses are developed in the
contact area and these values reduce graduallyiurgaches zero at the end of the
nodal line. As the situation in the developed caspion stress, the tensile stress is
higher at the surface of the piezoelectric lay&). (This value reduces along the
thickness of the piezoelectric material. At thetdat surface of the piezoelectric
material, pointg, there is extra stress developed at the end afiddal line due to the
connection with the stainless steel layer. Mosttled mechanical input energy is
converted into deformation in the piezoelectric enat along thex (radial) and they

directions.
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Figure 4.12 Simulated stress developed inxttigection across the length of the PZT layer at

different nodal lines.

In the area where the force is applied both tensrid compressive stresses
dominate. However, outside this area the tensiksstdominates, while the value of
the compressive stress is negligible. The develaggiesss across the length of the
stainless steel layer in theand x directions are presented in Figure 4.13 and Figure

4.14, respectively.
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Figure 4.13 Simulated stress developed irytbgection across the length of the stainless steel
layer at different nodal lines.

In order to determine the location of the neutsas anodal lines are chosen every
0.025 mm from the top surface along the thicknégkestainless steel material. Thus,
this layer with a thickness of 0.2 mm has 9 nouhed. The letters A and | correspond
to the nodal lines located at the top and the bosarfaces of the stainless steel layer,
respectively. The top surface of the stainless| $&g@er is the one connected to the
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piezoelectric material. The letters B, C, D, EGand H correspond to the nodal lines
that are located between the two surfaces of thialsss steel material ranging from

the top to the bottom layer.
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Figure 4.14 Simulated stress developed inxttigection across the length of the stainless steel

layer at different nodal lines.

As it can be seen in Figure 4.14, the first thregah lines from the top surface of
the stainless steel layer are under compressiomekder, the rest are under tensile
stress. Therefore, the simulated results show that neutral axis is located
approximately at a distance of 0.125 mm from thedoo of the stainless steel layer.
This agrees with the predicted analytical resufess@nted in Section 3.2.7 where the
location of the neutral axis is found to be atstatice of 0.12388 m from the bottom of
the stainless steel layer.
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Figure 4.15 Developed shear stress across then#sslof the PZT layer at different nodal

lines.
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Figure 4.15 and Figure 4.16 present the develogeghrsstress across the
thickness of the PZT and the stainless steel layespectively. These figures prove
that the maximum shear stresses are developedeatdfes of the PZT material,
especially at the bottom surface of the PZT wheoeines in contact with the stainless
steel layer. If this stress exceeds the sheargitreaf the material, damage will appear
at the edges of the PZT layer. There is no datdad@ about the shear strength of the
PZT material. Typically, the shear strength atdielr different materials equals half of
the tensile strength at yield according to machysehandbook [75]. This gives the
PZT (5A) material a maximum shear strength of 10aMP
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Figure 4.16 Developed shear stress across thendsslof the stainless steel layer at different

nodal lines.

Figure 4.17 shows the shear stresses distribufmmsections (X-X) 0.635 cm

and (Y-Y) 5mm away from the centre of the beam wtlibe force is applied.
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Figure 4.17 Simulated developed shear stress attresbickness of the Thunder™ beam.
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The value of the shear stress increases iry tiieection moving away from the
surface of the piezoelectric material until it fees its maximum value when the PZT
layer comes in contact with the stainless steetrlayheoretically, as explained in
Section 3.2.7 the value of the shear stress omdkiem surface of the stainless steel
should be negligible. However, Figure 4.17 shoves the shear stress developed at the
bottom layer of the stainless steel material hasegative value and is not zero as
expected using equation 3.21. This is due to thg twat the pre-stressed beam is
mounted. As the curved beam is simply supporteth bods of the bottom layer of the
stainless steel are in contact with the substmatethus are not free. Therefore, shear
stress is expected at the bottom layer of the Istsrsteel. By moving away from both
ends the shear stress reduces until it reachestzéne centre of the bottom layer of the

stainless material.
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Figure 4.18 Developed bending stress across tbknidéss of the Thunder™ beam.

Figure 4.18 shows the bending stress developedhdnpte-stressed beam. As
expected this value of stress equals zeidaand it increases when moving away from
theNA. The maximum stress values are located on thasdf the pre-stressed beam.
As can be seen, at the location where the two rdiffematerials are bonded together
there is a different value of the bending stre$ss s due to the fact that each layer has
its own value of Young’'s modulus.

The simulated fundamental resonant frequency iaddo be 1430 Hz. There is
an agreement between the simulated value and thsurezl one (1432 Hz).
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4.5 Theoretical analysis of pre-stressed piezoelectribeam under

impact

45.1 Introduction

In this section, analytical and numerical calcwias are carried out to analyse the
effect of ball bearing impact on the surface of fither™ beam configuration. This
study is aimed at calculating the applied impaatcdp the contact period and
understanding the dynamic behaviour of the matandlstructure under impact.

The generated deformation in the piezoelectric natdue to impact, and thus
the value of the contact force, depends on thenessi of the colliding bodies, their
structures as well as the relative velocity betwidsem at the point of initial contact.

For modelling purposes, the area of contact betweentwo bodies can be
considered as a short stiff spring with a largangprconstant which is compressed
during the period of contact. The contact duratd@pends on the material of the
colliding bodies, the mechanical structure as vesllon the effective mass of the
colliding bodies. In other words, the period of tamt depends on the compliance of the
contact region. For example, if the same ball Ingagenerates an impact on two
different structures of the same material, the acinperiod, the generated deformation
and the applied force will vary.

During collision, the contact force induces a lodeformation as well as a global
one (vibration). The simply supported pre-stredsedm suffers from both local and
global deformation. In addition to that, two typefsvave propagation might be present
in the pre-stressed beam; transverse wave propagatid axial wave propagation.
Transverse wave propagation happens when at lnastfahe colliding bodies suffers
bending due to the interface pressure in the cortage. This bending reduces the
interface pressure and prolongs the period conBeriding is significant at points far
from the contact zone, if the depth of the bodsmll in comparison with surface area.
Axial wave propagation occurs when a boundary dmrdis applied at some distance
from the impact point which reflects the radiatingve back to the source. The effect
of the axial waves in case of a pre-stressed besamagligible.

The stress developed in the structure due to thplse force was analysed in
Section 4.4.2 using ANSYS software. A developed ehazlused to analyze the impact

effect of a ball bearing on the Thunder™ struciar8ection 4.5.2. The model used to
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analyse the behaviour of the piezoelectric harvastder the effect of the centripetal

force is analysed in Section 4.5.3.

4.5.2 Analysis of pre-stressed piezoelectric beam undempact

The analytical analysis for the impact between thadl bearing and the
piezoelectric structure is carried out using Nevgdaws of motion and conservation of
energy. In order to understand the change in wWgl@s a function of time during the
contact period, the deformation of the collidingdles can be lumped in an
infinitesimal deformable particle. Therefore, impdleeory can be applied. For this
model a few assumptions are taken into account:

1. The impact is collinear. The collision is consiakte be collinear if the
initial relative velocity vector is parallel to theector between the centre
of mass of each body and its contact point. Ducmoigtact there are equal
but opposite compressive reaction forces which ldpvat the contact
points.

2. The ball bearing is smooth and spherical. Therefondy the component
of the interaction impulse and the component of thiéial relative
velocity that are normal to the contact surfacel wé taken into the
account. Moreover, tangential forces due to frictese considered to be
negligible.

3. The two rigid bodies are separated by an infimbesi deformable
particle. This particle represents small local defation of the contact
region. The finite body forces such as gravity d¢ affect the velocity
during the collision because these forces don’t kwduring small
displacements that develop during an instantaneollision. Therefore,
during impact between rigid bodies, the only foraesng are the reaction
forces at the contact zone.

In hard materials, where the value of the elasticlatus is high, only very small
deformations are required to generate very larggacd pressures [76]. In the contact
area the colliding bodies are subjected to a largeunt of stress that might exceed the
yield point of the Thunder™ beam. The yield pomtefined as the stress by which a
material begins to deform plastically. Below thisimd, the material deforms and it
returns to its original shape when the appliedsstis removed. If the mean applied
stress is greater than the yield one, an irrevieraildlentation starts to form underneath
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the surface of the softer material. The plasticaléforming region enlarges as the
contact pressure increases. However, it remainsraedth the contact surface as long
as the mean applied stress is less than 2.8 tineegi¢ld stress [76]. At this point, a
fully plastic region represented as irreversibldeintation is created at the surface of
the structure. Therefore, calculating the yieldnpas essential when designing the
harvester as it puts limits on the applied loadce Tansition pressuréy), by which the
deformation will be at yield, equals to 13, where {) is the yield stress of the
piezoelectric material [76]. This material is chostue to the fact that piezoelectric
material has a low yield value in comparison witalg value of the aluminium and
stainless steel materials (Table 3.1). Therefdne, failure of the Thunder™ beam
happens because of the breaking of the piezoaldatrer. If the mean applied pressure

is 1.1V < p <2.8Y, then elastic-plastic indentation is formed unéath the contact
surface. However, if the mean applied pressuysg (s =2.8 ¥, then a full plastic

irreversible indentation is formed on the contacface. The material properties of the
steel ball bearing and the Thunder™ beam are predém Table 3.1. The value of the
applied force Ky) that causes a plastic indentation to start fogninder the contact
force can be calculating using equation 4.9 [76].

L3P,
F, =,R? — 4.9
N
whereY", R andm are the effective Young's modulus at contact,gffective radius
of contact curvature and the effective mass, rdas@dg. These values can be

calculated using the following equations [76]:

Y = 3K 4.10
MR '

R =[Ry'+R']™ 4.11

- MML\AM 4.12

WhereR; and R, are the radii of curvature for the Thunder™ beachthe ball
bearing, respectively. The calculated values fer Thhunder™ beam at yield are 22
MPa, and 63 N for the pressuf® @nd the applied forcd=). For this calculation, the
ball bearing has a mas#() of 3.5 x 10° kg, while the Thunder™ beam has a mass

(M) of 10° kg. This mass of the ball bearing is chosen beciusaised later in the
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experiments. Therefore, the theoretical and experiahgesults can be compared to
each other. The other parameters that are require@dltulate the force at yield are

presented in Table 4.1.

m \4 R R, R, Kin

0.77x10%kg | 2.6 x10° | 4.8%x10°m | 5 x10°m | 0.135 m| 2.4 x10" Nm*?

Table 4.1 Values of parameters at impact

The initial applied force due to the ball bearingpant must be calculated and
compared to the value at yield in order to protbet Thunder™ beam from plastic

deformation. The impact time and the amount of faod pressure generated due to

impact are calculated in the following paragraphe Thitial relative velocity ¢,)

equals the initial velocity of the piezoelectricabe minus the initial velocity of the ball
bearing by which the impact takes place. The vefazitthe ball bearing at impact is
calculated numerically using the first equation tbé set of equations 4.31. The
boundary conditions by which the simulation hasnbeletained is explained in Section
4.5.3.

4.5.3 Modelling of the piezoelectric harvester under impat

The optimized output power of the piezoelectric leater has been studied in
case of harmonic and steady-state analysis initdratlre. However these studies do
not explain the dynamic behaviour of the transieharacteristics when the input
energy is given by repeated impulses. The modelwhaat developed by Renaud [77]
calculates the output power at optimum load rescgdrom the piezoelectric element
after impact. Experiments were performed on the ohpased piezoelectric harvester
to compare the experimental results with the nuraéone developed in this section.
The objective of this section is to develop a theoaémodel that predicts the amount
of power that the harvester can provide under tfeeteof the input forces. In order to
do that, it is assumed that the Thunder™ beam hexs gggen an initial velocity, and
becomes unforced after impact. This behaviour caoldserved if the duration of the
impact is less than the period of the Thunder™ baaththe mass does not have any
interaction with the transducer after the impaatstly, the effect of the rotational
forces on the velocity of the ball bearing at inmpawist be calculated. This can be

achieved by solving the first equation of the sétequations 4.31. The equation
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indicates that the acting force on the ball beanmrags (') is the inertial force due to
the frame acceleration. The value of the initialoegly at impact ;) depends on the
boundary conditions, radius at which the rotatidieate is applied and the rotational
speed. The boundary conditions define both the iposdand the length of the tube.
Figure 4.19 shows that the relationship betweenirite@al impact velocity and the
rotating speed is linear. For this simulation, teatral point of the tube is positioned
0.06 m from the centre of rotation and the avadlabkplacement of the ball bearing is
0.02 m. Both the dimensions of the tube and itstiposare chosen to match the ones
that are used in the experiments and thus thetsesarh be compared with each other.
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Figure 4.19 Initial impact velocity as a functioftloe rotating speed

The values of the velocity of the ball bearing apatt can be used to predict the
amount of power that the Thunder™ can produce umdeact. Therefore, in the next
section an expression of the output voltage equagialeveloped.

4.5.3.1 Output power under impact force

The mechanical model of the piezoelectric elemecatkd at both ends of the
tube can be presented with lumped elements as sho®action 3.3. In this case the
piezoelectric transducers have been replaced witssm spring and damping
mechanisms as shown in Figure 3.10. Applying Kioffi law to the circuit presented
in Figure 3.11(a) leads to the governing differ@ntequations that describe the

behaviour of the piezoelectric element in the fiesgry domain (equation 4.13). In this
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equation all the initial variables are zero apaotf the initial velocity ¢, ), s is the
Laplace variable ang/ is the inverse of the transformer ratip)(

0=(s2X(S) -V, M,, +SBX(S) + K, X(5) + ¢V (s)

0=¢sX(s) - C'sV(s) - VFES) 413

L

By rearranging the previous set of equations, thgldce transform of the voltage

is given by the following equation:

V(s = yeRmy

= 3 5 5 4.14
MR C,s*+(m+BRC)s" +(B+K,RC,+R ¢ )s+K,

The expression of the output voltage in the time @oantan be obtained by
analysing the denominator of equation 4.14, whidh e referred to a$(s). The
values of the piezoelectric beam'’s stiffness, damgpcapacitance and the value of its
transformer ratio presented in Chapter 3 indida& the denominator has one real root
and two complex conjugated ones. The denominatachanl given by equation 4.15,

is a cubic equation in which its root can be fousthg Cardano’s method [78].
D(S) = mRC'ps3 +(m+ BF«’LC'p)s2 +(B+K,RC, + RY?)s+K 4.15

Therefore, the roots of the previous equation arergas follows:
s ={r e la + (0 +3r e + (0 -2
3
(R ORGSR
—_ _ %

S

2
e+l +0F e~ 67 |

3a,

i 4.16

2
el <7 ey« )

33,

S =-

2
i x/é(?{/r +4/(@)* +(r)’ —?{/r —Wj

2

Where the parameters of the cubic equation andahes ofr andq are given by

equation 4.17 and equation 4.18, respectively:
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2, =K,
a, =B+K,RC, +Ry*

4.17
a, =m+BRC,
a, =mRC,
. 9a,a,a, —27a’a, —2a’
= ™
@, 4.18
_3a.3 -a,
9aZ
Therefore, equation 4.14 and equation 4.15 canveetien as following:
V(= LSRMe _ YSRMY /2, 4.19
8,8’ +8,5" +as+a, (s-s)(s-s)s-s)
Using partial fraction method, the previous equatian be written as follows:
V(s) = YysRmy, /a, _ A N Cs+D 4.90
(s-s)s-s.)s-s;) (s-s) (s-s,)(s-s,)
Clearing the fraction leads to the following eqaati
wsRmy/a, = A(s-s,)(s—s,)+(Cs+D)(s-s,) 4.21

Substitution ofs; for s leads to determining the value of the consfgnwhich is

given by the following equation:

_ Y8V,
A= 4.22
Ci(s,=s,)s-s)

Substitution of 0 fos leads to determining the value of the consanivhich is

given by the following equation:

V
§5,S,V, 4.23

DzCM&-%X&-%)

Substitution of 1 fos leads to determining the value of the cons@nivhich is

given by the following equation:

w,  esvles)ics)  ussu,
= E-5) Cla-s )b -s)ios) Gl -s)s-s) 424
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After determining the value of the constaff C and D, inverse Laplace
transform tables can be used to convert equati?@ to time domain as given by

equation 4.25.

CR +D .
V(t) = Ae* +eR® CcodIm(s,)t) +&sm(lm(sz)t) 4.25
Im(s,)
100 : :
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Figure 4.20 Output voltage of the piezoelectrinsucer after impact as a function of time.

The average output powdp)(dissipated into the load resistance is givenhegy t
following equation, where/(t) is the output voltage produced by the piezoelectri

structure and is the time interval between two impacts.
1 T
P:—J'V(t)zdt 4.26
RTsy

In order to approach the maximum value of the augmwver, an optimum value
of the load resistance should be used. The expreksidhe optimum load resistance is
given and discussed in Section 3.4.2. The piezoaleelement produces a transient
voltage pulse when it is mechanically compresseshasvn in Figure 4.20. This figure
presents the simulated results of the output veltag the optimum resistance, over
time at different values of the rotating speed magpdgrom 200 rpm to 600 rpm. The
average output power as a function of the loadtasce is calculated and compared to

the experimental results as presented in Figur@ T.he parameters required to obtain
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the output voltage are presented in Table 3.3. Hewdhe values of the Thunder™
stiffnress and damping at different applied force ameasured experimentally as

explained in Section 3.4.4.

4.5.3.2 Efficiency of the Thunder™ beam under impact

When the ball bearing comes in contact with thegeéectric beam, some of the
initial kinetic energy To), which can be calculated using equation 4.27aissformed
into internal energy of deformation during the coagsion period [76].

T, = 05MV; + 05M V,? 4.27

If the collision is elastic, this stored internaleegy is the source of the normal
force that drives the two bodies apart from eadietHowever, as the collision
between the ball bearing and the piezoelectric hisamot elastic, a loss in the absorbed
kinetic energy in the contact region during the pogssion and the restitution occurs.
Figure 4.21 shows the energy dissipation in théesys The absorbed energy during
compression phase equdls- T., whereT. is the kinetic energy of the system at the
transition between the compression and the rastitythases and it is given by the

following equation:
T, =T,-05my 4.28

If 100 % efficiency of the piezoelectric transduteassumed, the average output
power per impulse can be defined as follows wheiethe time interval between two

impacts.

£ 4.29

However, in a real situation, depending on the gmézctric element efficiency
only a percentage of the stored mechanical energpnverted into electrical energy.
The unrecovered energy equalsTio- T;, whereT; is the kinetic energy at restitution

and it is given by the following equation:
T, =T, +05mv, 4.30

Vvt is the relative velocity at separation. Only sawhéhe initial kinetic energy of
the impact is absorbed. Some of absorbed enerdyowistored as strain energy. This

energy is used to drive the contact points apaihdiuhe restitution phase. However,
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some of the absorbed energy will be lost due to dbeversion of some of the

mechanical energy into electrical energy, plaséiodnation, sound and heat.

Electrical
energy

Absorbed

energy (7, 7.) Lots energy

o due to heat,
Initial Energy (7) plastic deformation
-: ; ,...ect.

Total recovered energy (77)

Figure 4.21 Energy dissipation in the system.

The efficiency of the system equals the input mecahrenergyT, divided by
the dissipated energy in the load resistance, widchalculated numerically using
equation 4.26. The output voltage is obtained erpamntally as will be presented in
Section 5.5.4. The efficiency is plotted as a fuorcdf the load resistance as shown in
Figure 4.22. This figure shows that the maximumcedficy is obtained when the load
resistance is approximately k2 kQ and 1 I for 333 rpm, 600 rpm and 800 rpm,
respectively. As the initial velocity of the bakdring increases from 333 rpm to 800
rpm, the maximum efficiency decreases from 30 %2d%, respectively. The drop in
the efficiency value is due to the increase inltdss generated by the impact such as
sound and plastic deformation. It is found thagéapart of the energy is dissipated as a
kinetic energy of the ball bearing after impacteTkinetic energy for the ball bearing
after impact, at different rotating speed, is fotmdbe approximately 61 % of the initial
energy. Therefore, the effect of the rotating speedhe percentage of the recovered
energy is negligible. However, the loss in eneripat( did not turn into electricity) is
found to be 9 %, 21 % and 27 % of the initial kio@nergy at 333 rpm, 600 rpm and
800 rpm, respectively. The percentage of the platthed absorbed energy that gets lost
in the system increases with speed. This is dube@lastic deformation that starts to
form within the piezoelectric element. The rotatisgeeds by which the plastic

deformations start to from in the piezoelectriavedat are discussed in Section 4.5.5.

118



35¢ T = T T T T I T

| : i
: f : [ | i : | —— 333 rpm
: ; : : : : | —— 800 Ipm

Efficiency {u)

0 i i i i i i i
0 0.5 1 1.5 2 2.5 K 35 4 4.5 5
Load resistance () 4

Figure 4.22 Percentage of the efficiency versud teaistance at 200, 333 and 600 rpm

During collisions, the contact time can be separait two phases; compression
and restitution. During the compression time, theetic energy of the relative motion
between the colliding bodies is transformed interinal energy of deformation by the

contact force. This force reduces the initial rektvelocity (/,) and increases the

internal deformation energy of the deformable p&etiBy the end of the compression
phase, the relative velocity is zero. However, miyithe restitution phase, some of the
elastic energy stored during the compression phasesed to drive the two bodies
apart. This energy is called the storage strainggnand it is the source that drives the
two bodies apart. The compressed force in the noxiraction creates a contact
pressure that generates local deformation andfacgeudisplacement. The deformation
and thus the value of the contact force dependerboundary conditions, hardness of
the two bodies as well as the relative velocitywsetn them at the point of initial
contact.

Figure 4.23 shows the contact force resulting femmmpact of a ball bearing on
the Thunder™ beam as a function of time at diffenaadties of the rotating speed
ranging from 200 rpm to 600 rpm. Increasing thdiahivelocity by which the ball
bearing collides with the piezoelectric structugsults in increasing the contact force in
magnitude and reduces the contact period. By splequation 4.13 numerically in the
time domain using a Runge-Kutta method, the digprent of the Thunder™ beam is
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obtained. The force between the two colliding bodsagiven by the force in the spring.
Therefore, the force, which is presented in Figug34is obtained by multiplying the
Thunder™ beam displacement with the stiffness. Aslmseen, the force reaches its
maximum value at the end of a compression periodhasdisplacement is at its
maximum value at this point. During the restitutiggeriod the value of the
displacement reduces and thus the amount of theragiea force. The boundary

conditions used for this simulation are presente8dction 4.5.3.
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Figure 4.23 Generated force in the Thunder™ beagn tiwe at different rotating speeds

4.5.4 Numerical modelling of the piezoelectric harvesteunder impact

The developed model assumes that the mass leavéhtimeler™ beam after
creating an impact force. This means the beam wiillate at its natural frequency
after impact. However, in reality the ball bearlegves the piezoelectric element when
the direction of the applied acceleration changes.

The behaviour of the ball bearing when the impasetgpiezoelectric harvester
is mounted using the CF method is analysed nunilgricathe next section. In order to
understand the dynamic behaviour of the harvestenwit is kept in a horizontal

position, the equations of motion are solved nucadlyi using a Runge-Kutta method.

120



{MS(=47NI 'w} Rsin(at) } 4.31

M, y+B, y+K._y=4mMw’ Rsin(at)

The first equation of the set of equations 4.31 shthat the acting force on the
ball bearing massN") is the inertial force due to the frame acceleratiThe second

equation shows that the inertial force acting anglezoelectric beam with\{,,) mass

equals to the sum of the forces acting on the bdaento its acceleration, damping
force due to electrical and mechanical dampiBg @nd elastic force due to the beam
stiffness Ky,). x is the ball bearing position andis the piezoelectric beam position.

The dot superscript indicates the time derivativéhefcorresponding variable. This set
of differential equations is solved unt#*L  /2vhereL is the length of the tube. At

this point the equation of motion is given by equat4.32, where the values of its

initial conditions are passed from equation 4.31.
(MY + B,y +Kk,y = (m)dm’Rsin(wt) 4.32

m is the effective mass at impact. When the pientetebeam and the ball
bearing are not in contact equation 4.31 will beduagain. For this simulation a mass
with 3.5 grams and 0.01 m diameter is used. Thdablaidisplacement of the mass is
0.02 m. The distance between the centre of rotatmahthe centre of the tube is 0.06 m.
All the results in this section are obtained whiee harvester is kept in a horizontal
position while rotating (CF method). The simulateghamic behaviour of the ball
bearing inside the tube is show in Figure 4.24th&sball bearing accelerates due to the
centripetal force, an impact occurs when the badlrimng reaches one end of the tube.
Due to the impact, the ball bearing will be puslaedhy from this end of the tube.
However, the centripetal acceleration forces tHeld®aring to impact the same end of
the tube. This creates a multiple impact situafidre ball bearing stays at the same end
of the frame until the centripetal accelerationrges its direction. The arrows indicate
that multiple impacts occur between the ball bepand each side of the tube.
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Figure 4.24 Dynamic behaviour of the ball bearimgide the harvester frame. The arrows show

the multiple impact effect.

4.5.5 Optimization of the output power in geometries perpectives

The total volume of the impact based piezoelectaovéster consists of three
main parts. The first one is the sum of the voluwfethe two Thunder™ beams. The
second part is the base that the Thunder™ beantaishatl to and the last part is the
volume of the tube between the two Thunder™ beamshndnsures a free movement
of the ball bearing due to the effect of the infuwte (Figure 4.25). The height and the
width of the Thunder™ beam provide the minimum liwifitthe height i = 0.026 m)
and the width\(v = 0.02 m) of the total volume of the harvester.sTiidue to the fact
that the volume of the Thunder™ beams is fixed. Tioeeethe optimum output power
as a function of the harvester’s volume can be achjieved by changing the length of
the harvesterl() which depends on the mass of the ball bearingfgiven maximum
value of the rotating force. The only change in to&l length of the harvester is
achieved by changing the length of the tube lochttdieen the two Thunder™ beams
as the value of the lengthyj is constant. The value &f is 0.0016 m, which consists
of the length of the base (0.001 m) and the hedjtthe Thunder (0.0006 m). 19 %
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from the bottom of the total height of the harvedqtd) will be used to screw the
harvester into the rotating wheel. The same pergentall be taken from the top of the
harvester's height, so the ball bearing hits theldle of the Thunder™ beam.
Therefore, a ball bearing located in the space etwiee top and the bottom layers has
61.5 % of the total height of the harvester. Thisansethe maximum diameter of the
ball bearing equals to 0.015 m. This generates @0Q.0n difference between the
diameter of the ball bearing and the diameter efdpace that the ball bearing moves
inside. This difference is made to reduce the amotifitiction while the ball bearing
moves inside the tube.

L; Tube length L,
<> R

w’/‘

Direction of motion

A
v

Figure 4.25 Total volume of the impact based pikmtac harvester

The harvester is designed for a given value of thce between the centre of
rotation and the centre of the tubi®) @s well as the maximum value of the rotational
speed f). For a given rotating speed aR the generated force by the ball bearing
depends on the value of its mass and the lengthedframe. The maximum developed
stress by the ball bearing in the Thunder™ beam ieigtqual to its yield value. This
defines the amount of the initial energy that theiider™ can withstand before any
plastic deformation occurs. The initial energy apaut (o) is directly proportional to
the mass of the ball bearin§yI( ) and to the squared value of the initial veloafyhe
ball bearing at impactv{), assuming that the velocity of the Thunder™ ataoigs
negligible compared to the ball bearing speed. Toere in order to achieve the
maximum value of the input energy, the smallerrtiass, the longer the tube will be.
The criteria by which the harvester is designedai@: withstanding the maximum
amount of input energy without breaking, occupyiing minimum volume, having low
value of mass and generating the maximum outputepow

In order to achieve that, the values of the imghétece should be lower or equal
the value at yield as calculated in Section 4.6d2.the maximum value d&® andf, the
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procedure of optimizing the output power startshwising a mass with maximum
available diameter (0.015 m). The value of its miassalculated using the volume
equation of a sphere and the density of the stsrdteel. This value is used in equation
4.12 to calculate the effective mass at impact. Térgration 4.31 is solved numerically
using a Runge-Kutta method in order to obtain thlee of the impact force at different
values of the frame length. The optimum length eftiibe () is the one by which the
value of the impact force is at yield when the tiotzal speed is at its maximum value.
The impact force equals the stiffness of the Thundeg¥ms times its displacement
which is calculated numerically. The maximum outpgdwer is then calculated
numerically as a function of rotating speed. The esamocedure is repeated again for
smaller ball bearing and thus lower value of theaive mass at impact. Finally, the
relationship between the value of the output poamd the dimensions of the ball
bearing at the maximum value of the rotating spé@dis obtained. From this
relationship the optimum volume is the one thategates the maximum output power
for a given rotation speed. Using the method erpldiin this section, the impact based
piezoelectric harvester which its centre located distance of 0.06 m from the centre
of rotation is optimized at maximum rotating spe€d5.55 Hz. This number is chosen
because the maximum rotating speed for the wheel imsthe experiment is 15.55 Hz.
Figure 4.26 shows the relationship between theutyipwer and the rotating speed at

different values of the mass diameter.
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Figure 4.26 Output power versus the rotating spesath different size of the ball bearing.
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The maximum output power is achieved when the massader equals 0.015 m.
For this mass value, the maximum available dispfec# for the ball bearing is found
to be 0.00075 m. Therefore, the volume of the impiasted piezoelectric harvester
whenR andf equal to 0.06 m and 15.55 Hz, respectively iscehéx 1.89 cmx 2 cm.

The relationship between the total volume of theegator and the mass diameter

is shown in Figure 4.27.
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Figure 4.27 Total volume of the impact based pikidgc harvester as a function of the ball

bearing diameter

For a given value of the rotating speed, reduchey diameter of the mass from its
maximum value (0.015 m) will result in reducing tie¢al length of the tube and thus
the total volume of the harvester. When the maameier is 0.006 m the harvester’'s
volume is at its minimum value. After that any retlon in the mass diameter causes
the harvester’s volume to increase rapidly. Theeefoising a harvester with a mass
diameter of 0.006 m instead of 0.015 m causes @ctien in the total volume of 43 %
as well as a reduction in the output power by 1%.8The power density is at its
maximum value when the diameter of the ball beaig@.006 m. The numerical
calculations show that the output power is propodl to the cubic value of the

rotating speed as shown in Figure 5.14.
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4.6 Conclusion

This chapter detailed a method of extracting elealtrpower from rotational
forces using an impact based piezoelectric harveBteoretically, it was proven that
gravity force as well as both tangential and ceetal forces can provide electrical
power by using an impact based piezoelectric htgveJhe tangential forces are
available only if the rotating speed is changinghdugh the gravity and the centripetal
forces can be considered as a permanent sourgeatickenergy, their effect is limited
by the way that the nonlinear harvester is fixedewhe rotational motion is applied.

The harvester consisted of a tube, where a Thundee2bglectric beam was
placed at each end of the tube. A ball bearing weduced to the tube. Due to the
rotating forces the ball bearing moved from one sifithe tube to the other creating an
impact force on the piezoelectric beams. It was atestrated that the amount of
developed strain within the piezoelectric matediapended on the way that the impact
based piezoelectric harvester was mounted duritegioa. For a given rotation speed,
the power level from the piezoelectric harvesterciihad been mounted using the CF
method was much higher than the one which use@Gthenethod. This was due to the
fact that the output power depends on the appbteckfon the piezoelectric transducer.
In the CF method the main acting force that cadsednass to move from one side of
the frame to the other was the centripetal fordeere the effect of the gravity force
and tangential force was negligible under constatatting speed. However, under non-
uniform circular motion the direction of the compgom of the tangential force was
always in the same direction as the acting comptoofethe centripetal force. In the GF
method the main acting force that caused the nmassote from one side to the other
was the gravitational force. Under non-uniform glezc motion, the component of both
the centripetal force and the tangential force wtiee object is speeding up) acting on
the ball bearing tried to keep the mass on one aidee tube. Therefore, in the GF
method when the rotating speed reached a critma¢d the ball bearing stuck at one
end of the frame.

FEM was used to analyse the effect of clamping @ngénerated stress in the
clamped area of the curved beam. The result showadunder a given applied force,
a simply supported curved beam generated the #astint of stress in the clamped
area in comparison with rigidly supported on batlds and cantilever configurations.
Therefore, the generated stress across the Thundeaft Wwas analysed for an impulse

force only when the beam was simply supported. Eselts from FEM showed that
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stress in the axial, lateral directions as wellshgar stress were generated in the
structure due to the impulse force applied to tiddie of the curved beam.

Analytical and numerical calculations were use@malyse the behaviour of the
Thunder™ beam after impact and to calculate the maxi amount of stress that the
device can withstand. Analytical calculations web¢ained to analyse the impact force
and the duration of impact and to calculate theievadf the coefficient of restitution.
The numerical calculations were used to understaadéhaviour of the impact based
piezoelectric harvester when it was mounted udnegGF method. The model showed
that a multiple impact was produced on each pieotet element. The model
provided a method to predict the amount of powet tan be generated due to the
effect of the rotational forces. Moreover, the mosleowed the relationship between
the output power and the dimensions of the harveEhe maximum output power was
found to increase by increasing the length of theng, the mass of the ball bearing, the
rotating speed and the separation distance bettheetentre of the tube and the centre

of rotation.
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Chapter 5
An experimental investigation of
the impact based piezoelectric

harvester

5.1 Introduction

This chapter outlines the experimental techniqugsi@yrd in this research and a
description of how the test wheel and piezoeledtaovester are designed. A series of
experiments are conducted to investigate the effeobtating forces on the behaviour
of the impact based piezoelectric harvester anghtterstand the effect of the impact
force on the piezoelectric material for energy kating purposes. The experimental
results are used to verify the model developedhapfer 4. The piezoelectric harvester
is tested under the effect of the gravity force wites mounted using the GF method
and it is tested under the effect of the centridet@e when it is mounted using the CF
method. For the CF method, an extra mechanicattstiel is designed to keep the
harvester in a horizontal position during rotatidinis design is presented in Section
5.2.2. The strategy by which the experiments argechout to investigate the effect of
the rotational forces on the behaviour of the impgaased piezoelectric harvester is
presented in Section 5.3. Experimental tests areedaout to measure the effect of the
harvester's parameters on the output power. Thegeriexental results are compared

to the ones obtained analytically.
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5.2 Description of equipments

In order to analyse the performance of the pienteteharvester and verify the
model developed in Chapter 4, a test wheel wasgdedi for this purpose. The
harvester was tested by mounting it on a wheel wes driven by a Motomate DC
motor. The speed of the motor was controlled usimguget Logic Software. The
piezoelectric harvester was attached to the whaabua host. Details about the design
of both the host and the wheel are described itid®e6.2.2, while the reason behind

using Motomate DC motor is explained in Sectionk.2
5.2.1 DC motor

For this experiment a Motomate 80 watts-brushlessomwith an integrated
logic controller is used. This integrated motor, evhihad been manufactured by
Crouzet Company, consisted of [79]:

* DC motor with available torque of 0.2 Nm, maximupesd of
3250 rpm and input voltage of 24 V.

* Programmable Logic Controller (PLC).

* Encoder with 2 channels which provided informati@garding
motor position and direction of rotation.

» Variable speed drive.

The Motomate integrated motor is simple to instally-cost, and has the ability
to control the movement, speed, acceleration, bgakind the direction of rotation.
Moreover, the integrated PLC allowed the user maisimple programming language,
Graphic Blocks, to program the motor and adjusagily.

The principle of programming the Motomate can b&énodown into 3 steps.

» Design a program on a PC using Crouzet Logic Soé&wa
» Compile the program
* Write to the Motomate

The purpose of the software is to increase the nsgeed from a certain value to
a maximum value over a certain time. The effecthef totating speed on the impact
based piezoelectric harvester is recorded by anglyse generated output power. The
full graphic blocks diagram of the software hasrbgen in Appendix B. The output
of the software controls the status of the motan/(@f), direction of rotation and its

speed. The program is tested and simulated befargrganming the motor using
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Crouzet Logic Software. Then it is compiled and teritto the motor. The status of the
motor (On/Off) can easily be controlled and its dgbur can be monitored by the

Crouzet Logic Software.
5.2.2 Designing the rotating wheel

A rolling wheel offers a huge amount of kinetic emeespecially at high speeds
as presented in Section 8.3. A rotating disk wasgted and then built in the Zepler
workshop in ECS department in Southampton Univer3itye aim of rotating disk was
to mimic the rotating behaviour of a vehicle whéal experimental purposes. The
design simply consisted of Motomate motor (0.2 N25@rpm), a rotating disk, two
metric pitch timing belt pulleys (30 T), where Tpresent teeth, (32 T) synchronous
timing belt pulleys, (48 T) synchronous timing beiilleys, two synchronous toothed
belts (628, T2.5/230) and (707, T5/480) and a slim.riThe motor provided the
required rotational movement to the disk. The pikzdgac transducer was fitted at the
edge of the disk and the same mass was added tppmshe transducer in order to
balance the disk while rotating.

The motor should provide enough torque to the spmdisk. Torque is the time-
derivative of angular momentum and it can be givgthe following equation:

T:£ 5.1
dt

The angular momenturb can be written in term of its mass moment of 1aert

(Im) and its angular velocitys as following:
L=1 w 5.2
If (1) is constant therx) can be given by the following equation:

da=

mw— =1
dt

=1 a 5.3

m

Wherea is the angular acceleration.
The mass moment of inertid ] for a solid disk of radiusR), height f) and
mass M) with added mass @ of a piezoelectric transducer and its balancegtatan

be given in the following equation:

Im:%MR2+2mR2 5.4
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Angular acceleration is the rate of change of amguwlelocity over time.
Therefore, the angular acceleration for a magddcated at a distanc&) of a rotating
disk which was changing its linear velocity framto v, during certain period of time

(t) can be given by the following equation:
Vo ~V)

a=——- 5.5
Ri

Substituting equation 5.5 and equation 5.4 intoatign 5.3 and rearranging

terms yields to the following equation:

= (05M +2m)(v, -v,)R

N t 5.6

=1

Aluminium with a density £) of 2700 kg/mi was used to build a rotating disk
with a massNl). Equation 5.6 can be rewritten as follows:

- (05mR?h + 2m)(v, -v,)R
t

5.7

Equation 5.7 allowed the disk height to be deterchiard gave the maximum
torque that the motor can provide (0.2 Nm). Duethe design requirement the
minimum thickness i) of the disk should be 15 mm. The mass of pieztrétec
transducer and its host can be up to 20 gramsharsdthe balanced weight is 20 grams.
The maximum change in the linear velocity of th@sducer under rotation is 13 m/s in
3 s. Therefore, the disk radiuR)(was limited to 80 mm, if it was fitted directlg the
motor. The length of the base, which carried therdster, was 50 mm. This base was
fitted on a pulley located 20 mm away from the dislge. This required more torque
from the motor. The torque from the motor was inseghby fitting a synchronous
timing belt pulley (32 T), where T represents thenbar of teeth, to the motor shatft.
The rotation was then transferred using synchronoathed belts to a bigger pulley
with 48 teeth. The ratio between the two pulley§)increased the motor torque up to
0.3 Nm, but it reduced the maximum speed to 2166. ipcreasing the motor torque
allowed an increase in the disk radius up to 10Q ifime pulley (48 T) was fitted into a
shaft through a ball bearing. One end of the sivai fixed rigidly while the rotating
disk was fitted on the other end of the shaft. @étnw pitch timing belt pulley (30 T)
was fitted on the free end of the shaft, which wémbugh the middle of the disk.
Finally, a slip ring was added to the free endhaf shaft. All mechanical components

along the shaft were concentrically aligned. Anottiming belt pulley (30 T) was
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added to the disk 20 mm away from its edge. Thidepulvas used to hold the
piezoelectric transducer through an L shaped alwmirbase. A synchronous toothed
belt was used to connect the two timing belt puslléggether. As the pulley in the
middle of the disk was fixed (not rotating), thdth&ould force the other pulley, 20
mm away from the disk edge, to stay in a horizoptaition while it was rotating.

Therefore, everything mounted on this pulley willystn the same position during the
rotation. Removing the belt connecting these twitega means that the harvester will
not be kept in a horizontal position and it wiltate with the wheel. A cross section of
the mechanical design that was used to keep tlzeglectric transducer in a horizontal

position is shown in Figure 5.1.

Belt driven pulley

=
H
Cal
i Position of
48 teeth belt driven pulley ||| generator
|, Belt
Bearin it
9 Ft" (oHLs !
Fixed shaft pl/ __'_ i
Belt // Em |-
g Fixed pulley
32 teeth pulley
A

Rotatina disk

Figure 5.1 Cross section of the designed rotatihgehthat allows the harvester to stay in a

horizontal position while rotating.

Finally, the wires from the transducer electrodeseaconnected to the slip ring
for measurement reading. Figure 5.2 shows the ewpatal set-up to extract energy
from rotation.
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Motor pzT L shaped Pulley that kept fixed  Belt 100 mm
generator base because of the helt rotating disk

Figure 5.2 The testing wheel that has been ustukitab.

A photograph of the constituent parts of the impgmaged piezoelectric harvester
including the tube, ball bearing and the Thunder®@zpelectric pre-stressed beam is

shown in Figure 5.3.

B T, 7 T

Figure 5.3 A photograph of the constituent pafthe piezoelectric harvester.

5.3 Experimental strategy

To determine the behaviour of the impact based pleztric harvester under
rotation and to measure its average output poweth la rotating disk and a
piezoelectric transducer host were designed asiletbtan Section 5.2.2. The
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experiment was carried out using a Thunder™ presstck beam mentioned in Section
3.2.7 due to its mechanical stability. After thepawt based piezoelectric harvester was
assembled, the whole structure is attached to tie (Figure 5.2). The distance
between the centre of the tube and the centretafiea was 0.06 mm. Two series of
experiments at different constant speeds rangiogn fi00 rpm to 800 rpm are
performed to verify the theoretical prediction dketaverage output power and its
dependency on the rotating speed.

For both experiments, the length of the frame wegst lconstant at a value of
0.015 m. A ball bearing with a diameter of 0.01 md @ mass of 0.0035 kg was used.
The tube had a diameter of 0.011 m. The 1 mm difterém diameter between the ball
bearing and tube was made to reduce the frictitwedsn them.

In the first experiment the belt that connectsdaetral pulley to the one located
at the edge of the rotating wheel was removed. Towexe the position of the
piezoelectric harvester will change and the GF otilill be applied on the harvester.
In this situation, the main acting force that cauee ball bearing to move from one
side of the tube to the other is the gravity for€ee behaviour of the transducer in
terms of the generated output power due to thedbfpece was recorded. The effect of
the rotational and gravity forces on the generatggut power when the ball bearing is
removed from the tube was recorded.

In the second experiment, the harvester was keptharizontal position during
rotation. This was achieved by connecting the cepulley to the one located at the
edge of the wheel using a belt (see Section 5.2128. reason behind mounting the
transducer in this position was explained in Sectid.3. In this case, the main acting
force that causes the ball bearing to move fromside of the tube to the other is the
centripetal force. The effect of this force on gemerated output power was recorded in
the absence and the presence of the ball bearing.

After the relationship between the rotating speed the output power was
tested, the dependency of the output power on bwhframe length and the ball
bearing mass was examined. Firstly, the relatignbktween the frame length and the
maximum average output power for a given mass\ssitigated. A 0.0035 kg ball
bearing mass was used to generate an impact fartieegpiezoelectric elements under
different rotating speed. Four different frame lgrsgwith available mass displacements
of 0.002, 0.005, 0.01 and 0.02 m were used. Segptitd effect of the ball bearing

mass on the maximum average output power was igaésti under different rotating
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speeds. Therefore, the 0.0035 kg ball bearing wpkaed with a 0.0083 kg ball
bearing. Frame lengths with available mass disptec¢s of 0.002, 0.005, 0.01 and
0.015 m were used. The measurements of the opemtciatage and the average
output power were achieved using a mixed signailloscope, a programmable

resistance substituter and a resistance box aedieita Section 5.4.2 and Section 5.4.3.

5.4 Measurement techniques

The method that was used to measure the capacitdn€aunder™ beam is
presented in Section 5.4.1. Sections 5.4.2 anddBebt4.3 present the methods that
were used to measure the open circuit voltage hadaverage output power of the

piezoelectric element under different conditionshaf applied forces.
5.4.1 Capacitance of the piezoelectric curved beam

A Wayne Kerr Automatic LCR meter 4237 was used &asure the capacitance
between the electrodes of the piezoelectric cubvesin (Thunder™). The measured
value was compared to the one is obtained analyticsing equation 3.31. The
analytical value of the capacitance is 7 nF, wthike measured value of the Thunder™

beam is found to be 6 nF.

5.4.2 Open circuit voltage

The open circuit voltage is measured by connecting ¢lectrodes of the
piezoelectric beam to a mixed signal oscillosco@®0( MHz) from Agilent
Technologies. The open circuit voltages were recordéen different types and

amplitudes of the forces were applied on the pilentec element.
5.4.3 Output voltage and average output power

The Root Mean Square voltagé() was measured by connecting the electrodes
of the piezoelectric element into a programmablgistance substituter from IET
LABS, INC. National Instrument LabVIEW8 hardware asuftware tools were used to
change the output resistance lo&) ¢f the piezoelectric element from¢lto 9 MQ.

At different values of the output resistance, LabBWd software calculates the RMS
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voltage of the output signal. The software uses t@u®.8 to calculate the value of
Vs, Wheren is the number of values of the output voltage specific resistance load.
As discussed in Section 4.5.3.2 and Section 4teAnmidth of the impulse due to the
ball bearing impacting on the Thunder™ beam is &rdnge of 10 s. Therefore, the

acquisition rate was chosen to be 50 MHz.

2+ 2+...+ 2
v,msz\/vl Va Y 5.8

n

The procedure for obtaining the RMS voltage is dbedras follows. Initially, a
run was performed with programmable resistancetsutes. This gave the zero value.
Then the input of the programmable resistance gubestiwas connected to the
electrodes of the piezoelectric element. A run pagormed again and the values of
RMS voltages at different output resistances weneed. The same procedure was
repeated three times in order to obtain the avevagiee ofV,ns The zero value was
subtracted from the average voltage to obtain ¢hévalue oV, which was used to
calculate the average output power using the fofigvequation:

\Y 2rm's
paverage = R 5.9

The same procedure was used in order to measure \RKtge under different
conditions of applied force. The optimum resistan@s determined from a plot of
Paverage @gainstR. The optimum resistance was defined as the vafuthe output

resistance by which the obtained output power w#s enaximum value.

5.5 Experimental results and discussion

In this section, experiments are carried out testigate the effect of using the
GF and the CF method on the generated output pasiag Thunder™ beam. The
measured results from the impact based piezoalebtirvester under impact are
compared to the model that is developed in Chapt&ixperimental results from the
impact based piezoelectric harvester are obtaingd/d situations when the harvester
is mounted using the GF and the CF methods. Fdr inethods, the distance between
the centre of rotation and the centre of the tsb@06 m, the available displacement of
the ball bearing inside the tube is 0.02 m anditameter of the ball bearing)(is 0.01

m. In the GF method, the Thunder™ pre-stressed beaensgidly supported while in
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the CF method the Thunder™ beams are simply clanmipedrder to investigate the
effect of the gravity and the centripetal forcdse ball bearing is removed from the
tube and the generated output voltage is recortledse results are compared to the
one obtained theoretically.

5.5.1 Power output generated due to the effect of the gvétational force

In this experiment the harvester is mounted usnmeg@F method without using
the ball bearing. The effect of the gravity forcetbe Thunder™ beam is measured and
analysed. For this experiment, the motor accelerfitan its initial value to its target
value in 5 sec. When the motor reaches its tangeed; it rotates at that speed for 7
min. This time is enough to measure the outputagatacross different values of the
load resistance ranging from 100until 1 MQ. The motor changes its rotating speed
from O rpm to 800 rpm with a step of 100 rpm, wheaéa is collected. The readings of
the open circuit voltage when the wheel rotatessurdnstant angular velocities (200,
333, 600, 800 rpm) are presented in Figure 5.4.0dput voltage is generated due to
the rotational forces only. Increasing the constasibcity from 200 rpm to 800 rpm,
results in an average increase in the open civolihge peak by 0.04 V. These results
show little dependence on the rotating speed dwespeed range measured.
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Figure 5.4 Open circuit voltage measurements ubimmder™ pre-stressed beam at different

rotating speeds under gravitational force
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The output average power over the speed ranged 2@mrpm to 600 rpm at
optimum load resistance is approximately 3640 W. This value increases up to

1.8 x 10° W at a rotating speed of 800 rpm.
5.5.2 Power output under impact force due to the effectfathe gravitational force

In this experiment, the motor accelerates fromnisal value to its target value
in a time of 5 sec. The rotating speed increases ffdo 300 rpm at a step of 15 rpm
and every time the motor reaches its new targeillitotate at that speed for 7 min. For
this experiment the available displacement of thk liearing is 0.015 m. The frame is
mounted in a way that the distance between thenheyy of the frame and the point
where the direction of the centripetal force ispeedicular to the free movement of the
ball bearing AL) is around 0.005 m. The radius of the rotating wie6.06 m and the
diameter of the ball bearing is 0.01 m. Therefdne, dritical rotating speed by which
the ball bearing sticks to one end of the framelmagalculated using equation 4.5 and
it is equal to 3.6 rps.

Figure 5.5 and Figure 5.6 present the open cinaliage of the impact based
piezoelectric harvester. These results show thabtiput voltage peak increases by
increasing the rotating speed and it reaches itarman value of 5.6 V at a rotating
speed of 133 rpm (Figure 5.5(b)). This speed coomdp to the maximum rotating
speed that allows the ball bearing to move acrbessléngth of the tube during one
cycle. Higher rotating speeds allow the ball beatm generate an impact on only one
side of the frame as the ball bearing can not nfova one side of the frame to the
other. By increasing the rotating speed even futihe displacement of the ball bearing
inside the frame reduces due to the effect of geattal force. In this situation the ball
bearing generates an impact force only on onedidiee frame and this force reduces
with increasing the rotating speed (Figure 5.5. (Ehjs is due to the fact that increasing
the rotating speed reduces the displacement dbdalébearing until the rotating speed
reaches its critical value when the ball bearingkstto one end of the frame. At this
critical speed the component of the centripetatdobecomes significant enough to
prevent the ball bearing from moving away from @mel of the frame. Figure 5.5 (d)
shows that the peak output voltage drops to 0.%8 & constant speed of 200 rpm due
to the decrease of the displacement of the balfifgpaAt a speed of 210 rpm the
output power peak was 0.01 V and the ball beasra@pmpletely attached to one end of
the frame and its internal displacement is nedigilBeyond 210 rpm, one of the
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Qpen Circuit Veltage (V)

Thunder™ pre-stressed beams and the ball bearingsache body and the output

voltage then increases slightly with the rotatipge.
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Figure 5.5 Open circuit voltage measurements ubimgder™ beam at up to 200 rpm under

the effect of the impact force

In addition, the waveform of the open circuit vgkais similar to the one where
no ball bearing is introduced to the system as shiowFigure 5.6. However, the peak
value is slightly higher at around 0.01 V at 33fMryit is predicted theoretically that the
ball bearing sticks to one end of the tube whenro&ting speed reaches 3.6 rps using
the GF method. The experimental result agrees Wwe&hahalytical one. The numerical
model, presented in Section 4.5.4, that descrite®eéhaviour of the mass predicts that
a multiple impact situation occurs after the masd the pre-stressed beam are in

contact with each other. This can be demonstratédgure 5.5 where after each peak
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due to the direct collision between the mass aedptbzoelectric material there are a

few peaks with lower amplitude.
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Figure 5.6 Open circuit voltage measurements ubimgder™ pre-stressed beam at rotating

speed between 213 and 300 rpm under gravitatiowhinapact forces

In order to investigate the relationship betweea olitput power and the load
resistance, the root mean square voltage at edgh obthe load resistance is measured
and the output power is calculated as has beestrilied in Section 5.4.3. Figure 5.7
shows the effect of increasing the rotating spaethe average output power when the
harvester is mounted using the GF method. The oyttpwer is measured across the
optimum load resistance. The value of the load tasi® changes with the rotating
speeds. The different values of the of the loadstasce are given at the end of this

section.
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Figure 5.7 Output power as a function of rotatipgesd using Thunder™ pre-stressed beam

under gravity and impact forces

These results are obtained experimentally. This gcaphbe divided into 3 main
regions. In the first region, the power increaskghtly from 10° W to 4 x 10’ W
when the rotating speed increases from 100 rpn3&r@m respectively. In this region
the internal displacement of the ball bearing egjubk whole length of the frame.
Therefore, increasing the rotating speed in thigoregesults in an increase in the ball
bearing momentum acceleration by which it hits eacti of the frame and hence the
applied force. In the second region, increasinggpeed from 133 rpm to 200 rpm
reduces the output power dramatically te5L0° W. This is due to the effect of the
component of the centripetal force acting in theation of the free movement of the
ball bearing. The value of this force increasesnoydasing the rotating speed.

The higher the applied speed the less availablenatalisplacement the ball
bearing has. At a speed of 210 rpm the averageubptpwer will reach its minimum
value of 6x 10 W. This speed defines the beginning of region thvkere the ball
bearing is completely attached to one end of tamér and its internal displacement is
negligible. In this region, the ball bearing andeoof the piezoelectric pre-stressed
beam begin to behave as one entity. Therefore isicrgdhe rotating speed will result
in a slight increase in the average output powertduhe applied force from rotation.

Figure 5.8 shows the average output power vergub#u resistance in region one.
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Figure 5.8 Output power as a function of load tasice at rotating speeds up to 133 rpm using

impact based piezoelectric harvester mounted ubim&gF method

The average output power increases by increasindot resistance until it
reaches its maximum value at the optimum load tasie. After that any increase in
the load resistance results in a reduction in titpuwd power. Moreover, increasing the
rotating speed, results in an increase in the aytpwer due to the increase in the
impact force. The optimum output load resistanaghsly reduces from 20¢k to 10 K2
by increasing the rotating speed from 100 rpm 8 g8n. Figure 5.9 shows the effect
of increasing the load resistance on the averageubypower at different values of

rotating speed in region two.
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Figure 5.9 Output power as a function of exterealstance at a rotating speed between 133
and 200 rpm using Thunder™ piezoelectric pre-ségtbgam under centripetal and impact

forces output
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In this region, increasing the speed reduces thpubypower dramatically.
However, the load resistance is fixed at one vafuE) kQ in this region. Any further
increase in the rotating speed beyond 210 rpmteesuh slight increase in the output
power and a major increase in the value of themopn resistance. The optimum load
resistance at a rotating speed of 210 rpm is appedely 200 K. The reason behind
the changes in the value of the optimum load rascd is explained in the last

paragraph of Section 5.6.

5.5.3 Power output generated due to the effect of the caipetal force

The motor accelerates from its initial value tofiteal one in 5 sec. When the
motor reaches its target speed, it rotates asgyetd for 7 min, which is enough time to
measure the changes in the output power acrossugavialues of the load resistance.
The load resistance varies from @to 1 MQ at a step of 1 ®, where the output
power is calculated. After reaching 10Q@,kthe step increases up to 1Q.kThe
changes in the output voltage across the loadtaesis are recorded at 200 rpm, 333
rpm, 600 rpm and 800 rpm. In this experiment, theséster is mounted using the CF

method without the use of the ball bearing.
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Figure 5.10 Output power as a function of exterasistance with different operational
frequencies using Thunder™ pre-stressed beam wedéipetal force, solid lines present the

experimental (exp.) results and the symbols prabemumerical (num.) data
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The ball bearing is taken from the tube in ordemteasure the effect of the
centripetal force on the output power generatechftioe Thunder™ beam. Figure 5.10
shows the average output power versus the loadtaese. It is found that the
maximum output power is achieved when the loadstasce is at its optimum value.
The optimum load resistance is found to be &0dver the speed range. Increasing the
rotating speed, results in an increase in the aw@perage power due to the increase in
the applied centripetal force. The output averagedep at 200, 333, 600 and 800 rpm
are 3.5x 10%° 2.7x 10% 9 x 10" and 2.5x 10° W respectively. Figure 5.10 shows
that the resistance corresponding to the peak pbeteveen the experimental and the
numerical results is displaced by 50 %. The diffeeem the amplitude peaks between

the experimental and the numerical results readio @0 %.
5.5.4 Power output under impact force due to the effectfathe centripetal force

In this experiment, the impact based piezoeleti@iwester is mounted using the
CF method. The main source of the output voltageesmpact generated by the ball
bearing within the tube due to the effect of thatdpetal force. The changes in the
output voltage across the load resistance are dedoat 200 rpm, 333 rpm, 600 rpm
and 800 rpm. The values of the load resistance dcafigen 100Q2 to 1 MQ at a step of
1 kQ, where the output power is calculated. After réag00 K2, the step increases
to up to 10 K. Both experimental and theoretical results prdvat the amount of
power generated by mounting the impact based peaoe harvester using the CF
method is higher than the one generated by the &Rad for a given rotating speed.
The main source of energy in the impact based piecive harvester is the impact
generated by the ball bearing. The numerical mdasdldescribes the behaviour of the
mass predicts that a multiple impact situation ocs@iter the mass and the pre-stressed
beam are in contact with each other. Thereforer ateh peak due to the direct
collision between the mass and the piezoelectriternah there are a few peaks with
lower amplitude. After that the mass sticks to bieam until the frame acceleration
changes its direction. This experiment is carrietl touverify the developed model.
Figure 5.11 shows the output open circuit voltagalpced by one of the pre-stressed
beam at a rotating speed of 800 rpm.

The main output voltage peak generated by a directtact between the
piezoelectric beam and the mass is followed byadeaks with lower amplitude. This
agrees with the model where multiple impacts asglipted (4.5.4). In Figure 5.11 the
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long peak is formed when the piezoelectric elenmewulirectly compressed by the ball
bearing. This is followed with shorter amplitudesygated by the multiple impacts.
Another long peak appears again after one cyctpir€i5.11 shows that there is a peak
after half a cycle, which is formed due to the ictpgetween the ball bearing and the

other side of the tube.
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Figure 5.11 The open circuit voltage at a rotaspged of 800 rpm

This impact creates a vibration that can transfeoufjh the tube and causes
output power to be generated from the piezoeletdgated on the other side of the
tube. The experimental results that show the etitodtating speed on the open circuit
voltage of the pre-stressed beam when subjectipact force are presented in Figure
5.12.
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Figure 5.12 Open circuit voltage measurementsguBhunder™ pre-stressed beam at

different rotating speeds under centripetal andachforces
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As can be seen, multiple peaks occur after theedoellision between the mass
and the piezoelectric pre-stressed beam due toipteulimpacts between them.
Although increasing the speed increases the ardplitand the frequency of the
waveform, it slightly reduces the width of the mdsFigure 5.13 shows the average

output power introduced by one of the Thunder™ pmessed beam versus the load
resistance.
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Figure 5.13 Output power as a function of exteraaistance at different rotating speeds using
Thunder™ piezoelectric pre-stressed beam underigetatl and impact forces, solid lines

present the experimental (exp.) results and théelgpresent the numerical (num.) data

Figure 5.13 shows that the resistance corresportdirige peak power between
the experimental and the numerical results is disggd by up to 50 %. The difference in
the amplitude peaks between the experimental amduimerical results reach up to 20
%. The experimental results outline the effectshg the ball bearing on the average
output power. A maximum average power of 2 mW, e&@i a rotating speed of 800
rom. As can be seen, reducing the rotating spemdteel in a reduction in the average
output power. The slight shift in the maximum vabfethe output power indicates a
decrease in the optimum load resistance of thesdraser when the rotating speed

increases. This is due to reduction in the mechhdamaping of the Thunder™ and an
increase in its stiffness.
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The output averaged power produced by each trans@uc200, 333, 600 and
800 rpm are 1.%10°, 4 x10°, 2.4x10* and 2x10° W at an optimum resistance of 6
k Q,3kQ, 2 kQ and 1 kQ respectively. Comparing the value of the optimum
resistance of the simply supported Thunder™ beaim avitl without the use of the ball
bearing in the tube shows that introducing the bahlring to the system results in a
reduction in the mechanical damping of the transdudherefore, the electrical
damping presented by the optimum load resistanceedsiced by one order of

magnitude.

5.6 Effect of the harvester’'s parameters on the averageutput power

Two series of experiments at different rotatingesise ranging from 10 rpm to
900 rpm are performed to verify the theoreticaldpon of the average output power
and its dependency on both the frame length andb#lebearing mass. The first
experiment investigates the relationship betweenftame length and the maximum
average output power for a given mass at diffemetating speeds. The second
experiment investigates the effect of the ball mgamass on the maximum average
output power. The second experiment is performaetifigrent rotating speeds and for
a given frame length.

In the first experiment, a 0.0035 kg ball bearingssis used to generate an
impact force on the piezoelectric element. Foufed#int frame lengths with available
mass displacements of 0, 0.005, 0.01 and 0.02 msa@. The voltage drop across the
optimum resistance of the Thunder™ beam for eacamdréength is measured and
recorded at different rotating speeds. Figure 5ptdsents the effect of rotating speed
() on the maximum average output pow) &t different frame lengths using 0.0035
kg ball bearing.
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Figure 5.14 Rotating speed versus maximum averageibpower using 3.5 grams ball
bearing at different frame length, solid line is tiumerical (num.) results and the symbols are

experimental (exp.) data

Theoretically, it is found that the average outpatver is proportional to the
cubic value of the rotating speBd] f°. Practically, this relationship is valid if the
rotating speed does not exceed the value at wiiehptezoelectric beam will be at
yield. If the rotating speed exceeds the recomnenedtie, the generated output power
will be less than the one predicted theoreticallg ¢o plastic deformations. Both the
theoretical and experimental results agree that ithevester with a ball bearing
produces more average output power than the samestar without the use of a ball
bearing. Both results agree that increasing thatingf speed results in an increase in
the average output power. The effect of increadnegaivailable mass displacement on
the maximum output average power at different mgaspeeds using 0.0035 kg ball

bearing is illustrated in Figure 5.15.
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Figure 5.15 Average output power versus mass displant using 0.0035 kg mass at different
rotating speed, solid line is the numerical (numsults and the symbols are experimental
(exp.) data

For a given value of the mass and the length oftube the numerical method
that was presented in Section 4.5.5 is used taletécthe maximum rotating speed that
causes the Thunder™ beam to be at yield. Numeraallations show that when the
available displacements of the mass change asf@1062 m, 0.01 m, 0.005 m and O m,
the maximum rotating speeds that put the pieza#teetement at yield change as
follow 510 rpm, 560 rpm, 660 rpm, and 1080 rpm pessively. This is calculated
whenR and M’ equal to 0.06 m and 0.0035 kg, respectively. Aspilxeentage of the
absorbed energy from the impact is approximatelystant increasing the rotating
speed beyond its maximum value causes the lodsilsyistem to increase due to the
formation of the plastic deformation within the zoelectric material. This
phenomenon is explained in Section 4.5.3.2. Figuild and Figure 5.15 show that
when the rotational speeds exceed their maximummeviar a given length of the tube,
the experimental results are lower than the ondigiexd numerically. This is due to the
fact that the model does not take into the acctheplastic deformation and the extra
losses caused by it.

For the second experiment two ball bearings withass of 0.035 and 0.083 kg
are used to measure the effect of increasing th&s moa the average output power.

Figure 5.16 shows the effect of increasing thetirmjaspeeds on the average output

149



power using the two ball bearings. This figure corapahe numerical results with the
one obtained experimentally, where a good agreernetween the two results are

obtained.
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Figure 5.16 Speed versus maximum average outputmpasing 0.0035 and 0.0083 kg ball

bearing with a mass available displacement of 01

The experimental results show that the value ofoiptenum load resistance for
the simply supported Thunder™ pre-stressed beansdrom 60 K2 to 6 k2 when the
ball bearing is adding to the tube. Moreover, thki@ of the optimum load resistance
shows a slight dependence on the rotating speed tbeerange of measurement.
Increasing the rotating speed from 200 rpm to §8@ results in reducing the load
resistance from 6 to 1 k2, respectively. Therefore, the greater the rotasipgeds,
the lower the optimum load resistance will be. Tihdicates that the increase in the
applied force on the Thunder™ pre-stressed beamadtiee mass impact changes the
equivalent constant of the piezoelectric beam #&ud the resonant frequency of the
harvester. This agrees with the results presentefertion 3.4.4 as increasing the
applied force causes the stiffness of the pieztigteelement to increase and the
damping to reduce. This reduction in the stiffnemsses the resonant frequency of the
Thunder™ beam to increase, thus reducing the vdltleedoad resistance.

Some simulations and experimental results carrigdog Umeda [56] show that

the impact force from the ball bearing results ireduction in the resonant frequency
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of the curved beam and thus increases the outpuhwm load resistance. However,
these results are in contrast to the experimeatallts that are obtained in this project
as introducing the ball bearing results in loweadaesistance. The reason behind this
contradiction is that the Umeda uses an unstrelssath, whose stiffness is constant.
Therefore the effect of the ball bearing impact esuthe effective mass of the
impacted piezoelectric element to increase. Tlaslte in a lower resonant frequency
of the piezoelectric element and thus an increas¢éhé load resistance. However,
Thunder™ beam is a pre-stressed device of whiciasi§ changes depends on the
value of the impact force. Both the stiffness arm tdamping are measured
experimentally using the curve fitting method expda in Section 3.4.4. These values
are used in the numerical model in order to preitietamount of power generated and
the value of the optimum resistance.

If the rotating forces are the only forces actimgtioe piezoelectric transducer (no
ball bearing is added to the tube) the optimum lesistance shows no dependency on
the rotating speed. In this case the value of dhd resistance depends on the method
of mounting the Thunder™ beam. For simply suppoatedi rigidly supported methods,
the optimum load resistance is found to be 80akd 200 K, respectively. Introducing
the ball bearing to the system causes the optinoach tesistance to drop by an order of
a magnitude in both cases. Any further increasthénimpact force causes the extra
reduction in the value of the optimum load resiséadue to the reasons explained

previously in this section.

5.7 Conclusions

The developed model that was used to predict theuatnaf power generated
from rotational forces using an impact based pikezxdec harvester was verified in this
chapter. In order to test the performance of tlezgelectric harvester, a testing wheel
which was driven by a motor was designed. The htevegas attached to the edge of
the wheel through a host. A Thunder™ pre-stressathbgas used in this experiment
to generate power from a rotating wheel using G @R methods.

In the GF method the harvester was mounted atdbe ef a rotating wheel and
left to rotate with the wheel. This method was cdesd because the way that the
harvester was mounted was simple and it did not reegy complicated mechanical
support to hold the harvester in place.
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When the ball bearing was not introduced into thieef any increase in the
rotating speed resulted in an increase in the owpltage and thus the output power.
The maximum average output power at a speed of @@0was 1.8x 10° W. In this
case the harvester optimum load resistance wasl faube 200 &. By introducing the
ball bearing into the tube, the average output pomproved by increasing the rotating
speed to reach a value of<410° W at 133 rpm. Any further increase in the rotating
speed, resulted in a reduction in the output powhis was due to the effect of the
centripetal acceleration component that worked resjaihe gravitational force. The
average output power kept reducing until it readkechinimum value of 5 10° W at
210 rpm. At this point the ball bearing stuck aecnd of the frame. Any further
increase in the rotating speed resulted in a sligtrtease in the output power. The
optimum load resistance was approximately 2Dvihen the rotating speed was less
than 100 rpm. This value dropped to 1Q kt a rotating speed above 100 rpm. By
increasing the rotating speed beyond 133 rpm, ghtienam load resistance started to
increase and it reached the value of 200ak 210 rpm.

The effect of increasing the rotating speed on titpud power of a piezoelectric
transducer, which was kept in a horizontal posi{lGf), was analyzed in this chapter.
It was found that increasing the rotating speedlted in an increase in the output
power. The generated average power from each messtl beam was 2610° W at
800 rpm. These results were obtained using the optimesistance, which was 6@k
In this case, the piezoelectric transducer was eximg the available energy from the
centripetal force into useful electrical power.

Adding a ball bearing to the system meant that fimee acting on the
piezoelectric harvester was the sum of the cen#ip®rce and the impact force
generated by the ball bearing. A pulse was gergrtery time the ball bearing hit the
transducer. The frequency, amplitude and the witithegenerated pulse depended on
the rotating speed. For each Thunder™ pre-stressau the average output power at
800 rpm was 2 10° W. However, the optimum load resistance droppecryprder
of magnitude when the ball bearing was introducethé system to a value of ®lat
200 rpm. Any further increase in the rotating speeduced the optimum load
resistance to 1< at 800 rpm. From the experimental results, inéngathe rotating
speed resulted in an increase in the average opipuer. Both experimental and
theoretical results agreed that the relationshigvéen rotating speed and the average

output power was cubic. Finally, the average ougmyter was directly proportional to
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the mass of the ball bearing. In summary the thmaieanalysis and the simulation
results showed that using CF method to mount teeogiectric harvester at the edge of

a rotating wheel generated more output power teatguGF method with or without
using a mass.
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Chapter 6
Simulation of the non-contact

based piezoelectric harvester

6.1 Introduction

This chapter presents a method to extract elecpmakr from curved composite
beam that contains a piezoelectric material (Thuidemodel TH 10-R) using
magnetic forces. The principle of this method issprged in Section 6.2. Numerical
and analytical methods of calculating the magnétice between two magnets is
presented in Section 6.3. The magnetic forces dpedlbetween two magnets under a
wide range of sinusoidal input forces with differealues of amplitude and frequency
are analysed numerically. The effect of the separatistance between the magnets on
their magnetic force and behaviour is analysed mizaléy. Theoretical analysis of the
developed piezoelectric harvester is presentedvantied with the simulated results.
The effect of the load matching and efficiency arplered. Moreover, the effect of the
physical dimensions of the magnets, tube lengthtedalue of the input force on the
generated output power is illustrated. Finallyocamrview of the design is presented in

section 6.8.

6.2 Structure of the harvester and operating principle

The principle of using magnetic forces to generatevgy from piezoelectric

material is discussed in detail in this section.
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Figure 6.1 A schematic diagram of the magnetid&tign system

A schematic diagram of the system is shown in Eduf. The device uses two
outer magnets that are mechanically attached taezo@ectric element using an
adhesive material. A central magnet is placed Bxial line between the two outer
magnets. The magnetic poles are oriented to repelctntral magnet and thus
suspending the central magnet with restoring fobeee to applied acceleration forces,
the central magnet moves within the given spacevdmt the outer magnets. The
displacement depends on the applied force as welearestoring force as explained in
Section 6.6. As the distance between each of ther suagnets and the central one
changes, the axial load on the piezoelectric natehanges. Thus an output power
will be generated. For further analysis, Thunder™detl TH 10-R, is used as a source
of converting mechanical energy into electrical .oAk the calculated and measured
parameters that are presented in Chapter 3 wiliseel to investigate the behaviour of

the harvester under a sinusoidal input force.

6.3 Calculation of magnetic force

Assuming two cuboidal magnets each of which hasrdral pointo and 0’ as
shown in Figure 6.2. The magnet with central paiitas magnetization df and
dimensions of & 2b, and Z. The magnet with central poinf has magnetization o}’
and dimensions of £ 2B, and Z. The poles of both magnets are in the z-axis
direction. These magnets are separated (centrenteefdya, S and y in thex, y

and z direction, respectively.
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Figure 6.2 Magnet configuration

The magnetic force between two cuboidal magnetdeacalculated analytically

using the following equation [80].

F= J iiiiii(_1)i+j+k+|+p+qduij ’VkI’qu’r)

ForF
TRY
b= 0-5(Vu‘2 - Wiq)[l]n (r ~ U )"' UV, On(r - v, ) +v, w,, Qan™ r\I;v ~+ 05ry,
Pq
ForFy
UV
@, = 0.5(u“.2 - Wf)q)[l]n (r =vi)+u,v, On (r —u )+ Uy W, Eilanﬂ#"' +05rv,,
Pq
ForF,
= —u, v, On(r —u, )-vw,, On(r —v, )+u,v, dan’ ALY
@, = Uy LW, uU; ki Woq k)t UV W 0g
Pq

Where
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Figure 6.3 Calculation of the axial magnetic foasea function of a separation distance

between the two magnets

If the two magnets share the same central line evtiez area of the first magnet
2a x 2b overlaps perfectly with the face of the other netg?h\ x 2B, the value of the

two forcesF, and F, will be negligible. Therefore, the only force thadts between

the magnets iB, . In this casey andfS equals zero angr=d +(C +c), whered is the

air gap between the two magnets in théirection. The two magnets that are used in
the preliminary test are made of Neodymium Irond@o(NdFeB). Each magnet has
the dimensions ofa = 2A = 2b = 2B =13mm and2c = 2C =4 mm. The magnetization
of the used magnet is 1.22 T. The relationship betwthe magnetic force and the
separation distance in ttzedirection only, whereo and £ equals zero, is shown in
Figure 6.3. In this figure the force generated leetmvthe two magnets is calculated
numerically using 3-D Maxwell software [81] and coaned to the analytical one using
equations 6.1. Maxwell is electromagnetic field siation software that can be used to
model electromagnetic fields. The software is basedthe finite element method

(FEM) that allows the calculation of static, harrnoelectromagnetic and electrical
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fields. For this application, Maxwell is used tdatdate the magnetic forces developed
between two magnets. As can be seen, there is r@eragnt between the analytical
results and the finite-element solution. Therefdog, further analysis only analytical
model based on solving equation 6.1 is used.

6.4 Analytical analysis of the geometry effects on thérces between

magnets

The benefit of using a magnetic force in the agion presented in Section 6.2
is that forces are applied on the piezoelectrienel® without the need for physical
contact. In order to design a harvester that usemets, the effect of magnet geometry
and shape on the magnetic forces must be analiged.the size and the aspect ratio,
the ratio of the axial dimension to the lateral dimsion (2/2a), are important
parameters that must be taken into account duriveg grocess of designing the
harvester. This helps to optimize the size of thegnets and thus the size of the
piezoelectric harvester. Equation 6.1 is used owerange of magnet sizes and
geometries to explore scaling laws and other geocaéeffects. For this investigation,
two identical cuboidal magnets are used with a retigation of 1.22 T. These magnets
are placed axially in line with each other. Sect@nd.3 illustrates the effect of the
magnetic shape on the generated magnetic forceéisisisection two magnets are used,

i.e. cuboidal and an equivalent sized cylindricalgmets.
6.4.1 Effect of volume on the magnetic forces

Figure 6.4 shows the effect of reducing the mago&ime on the contact force.

This force is defined as the attraction or rep@dmrce with zero axial and lateral gaps
between the two magnets. Figure 6.4 shows theioedtip between the magnetic
forces generated between two magnets and theimesu These data are obtained
analytically. In order to investigate this effettie volume of the magnet varied from
0.0625% 10° m® to 4 X 10° m® at a base of 0.8 10° m® and the aspect ratio is held
constant at 0.5. This range of volume is used kmr#ue size of the used Thunder™
beam requires a magnet with a volume located withis range. Using equation 6.1,
the magnetic contact force is found to be direptigportional toV?”, whereV is the
volume of the magnet.
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Figure 6.4 Effect of magnet volume on the contanté
6.4.2 Effect of aspect ratio on the magnetic forces

In order to investigate the effect of aspect ratiothe contact force, the magnets
volume is held constant while the forces generatatifferent values of aspect ratio are
calculated using equation 6.1. Figure 6.5 shows dffect of aspect ratio on the
magnetic contact force for three volumes 0.06250° m®, 0.5 x 10° m® and 4x 10°
m®. These volumes are used because the magnet donsraie suitable to be used
with the Thunder™ beam. For a given volume, the imarm magnetic force can be
achieved when the aspect ratio is approximately Outside this range the values of
the forces drop. Therefore, in order to maximize tagnetic force, the magnet must
be designed to have an aspect ratio between 0.8.8ndhis is due to the effect of the
magnetic field generated by the magnets [82]. Tthese increasing the aspect ratio
changes the shape of the magnet from plate intmdacausing a faster decay in the

value of the magnetic force.
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Figure 6.5 Effect of AR on the contact force betwego magnets

Figure 6.6 shows the changes in the magnetic fasca result of increasing the
separation distance between the two magnets agrehff aspect ratio. For this
investigation the volume of the magnets is heldstamt at 0.5x 10° m>. Figure 6.6
shows a comparison between the analytical and B\ €alculation. These results are
in a good agreement.
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Figure 6.6 Axial forces versus the separation distaat different values of AR

Figure 6.7shows the variation of the normalized axial forE¢ oy the contact

force (o) with the increase in the normalized axial gdp lfy the magnet thickness
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(2c). Four curves are shown for magnets with the saoleme (0.5x 10° m®) at

different aspect ratio 0.1, 0.5, 1 and 4. It isacléom Figure 6.7 that the axial force
decreases rapidly when the aspect ratio is grélaéer unity compared to the magnets
that have aspect ratio less than unity. Thereffethe design that is proposed in
Section 6.2, where the magnet has a large dispkaem will be preferable to use a

magnet with low aspect ratio.
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Figure 6.7 Normalized axial forc&/F,) versus normalized axial displacemeti2€)

If the magnet has a very high aspect ratigZ2 >>1), the magnetic force is
directly proportional to the& 2a as shown in Figure 6.8.
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Figure 6.8 Effect of increasing the length of thegmet on the output force
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Increasing the axial dimension cj2has negligible effect on the generated

magnetic force as presented in Figure 6.9.
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Figure 6.9 Effect of increasing the thickness ef tilagnet on the output force

If the magnet has low aspect raticc/ga <<1), the magnetic force is directly

proportional to the @< 2c as shown in Figure 6.8 and Figure 6.9. The magietce at
contact increases by increasing the size of thdlesharea of the magnet. In order to
investigate the effect of increasing the length) @ the magnet, the initial dimensions
of the magnet are 1 mm 1 mm x 40 mm. The length and the width of the magnet
increase from 1 mm to 150 mm with a step of 2mneré&fore, the aspect ratio reduces
from 40 to 0.266. The dimension of the magnet igseln by which the initial aspect
ratio (AR) >> 1 and the total volume of the magiset600 mm.

In order to investigate the effect of increasing thickness (@ of the magnet, a
magnet with a volume equals to 1600 tisi used in the simulation. Therefore, the
initial dimensions of the magnet are 31.7, 31.38Imm. The thickness of the magnet
increases from 1.58 mm to 90 mm with a step of 2nfherefore, the aspect ratio
increases from 0.05 to 2.83. The dimensions ofntlagnet are chosen by which the

initial aspect ratio (AR) << 1.
6.4.3 Effect of the magnet shape

In order to investigate the effect of the magnetpghon the magnetic forces, a

comparison between cuboidal and an equivalent sizéddrical magnets is carried
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out. Assuming that both cylindrical magnets arerisigathe same central line and the
separation distance changes only in the axial tiimecthe magnetic force between

them can be calculated analytically using the feitay equation [83].
1
F,=27K,R* Y i A (¢c+ir, + j7, 1) 6.5
ij=—1
Ris the radius of the cylindrical magnet ang, is the aspect ratio of the two

magnets, which equals the thickness of the magneted by its diameter. The

magnetic energy constarkd) is given by the following equation, wherg, is the

permittivity of the vacuum ant¥l is the magnetization:

K, = 054,M? 6.6

These magnets are separated (centre to centre) inythe z direction and the

function A%(¢+iz, + j7, 11) is given by the following equation [83]:

Aiol(c+irl+jz'2 ):ME(Kf)_

lKl
( o 2) o 6.7
2+05(c+ir, +j1,) K (¢c+ir, + JT2)K(K12)+£
2ir 2
where (K?) is given by the following equation:
KZ= 4 6.8

4+(c+ir, +jr,)

K and E are the complete elliptic integrals of the firsidathe second kind,
respectively and they are given as follows:

=55 b

n=0

E(Kf):ﬂi{@“ —1)!}2 (<2)" 610

24| (en)r | 1-2n

Figure 6.10 demonstrates that the contact foeteigated by a cuboidal magnet
is around 20 % more than an equivalent sized cytiaimagnet.
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Figure 6.10 Axial force versus separation distéoceuboidal and cylindrical magnets

6.5 Length of the tube and the magnet size

In this section an analytical calculation is useaptimize the dimensions of the
magnet and the tube and thus the size of the Harvéssuming-max is the maximum
force that the middle magnet is facing under rotatiThis value is calculated at the
maximum rotating speed which corresponds to a tispaed of 100 mph. Therefore,
the contact force between the middle magnet andwoeouter magnets must equal
Fmax In this case, the middle magnet travels in thialadirection between the outer
magnets and no contact occurs between them iotlagéing speed is less than 100 mph.
Under higher rotating speed, the applied force fenrmiddle magnet will exceed the
contact force and thus an impact force occurs batwihe middle and the outer
magnets. The applied force, which the harvestdesgned for, should not exceed its

maximum value because the impact force causes datodge harvester.

t ) do
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Figure 6.11 Distances and dimensions between tigaetsiin the levitation system

164



By knowing the contact force, the dimensions of m@gnet can be determined
using the equation presented in Section 6.3. Figuté shows the dimensions of the
three identical magnets and the air gaps betweem.tirhe total volume of this
configuration equals the volumes of the magneteddd the volume of the two air
gaps. As was explained in Section 6.4.2, the maxirmagnetic force can be achieved

when the aspect ratio of the magnet is 0.5. Thezefihe thickness of the magnét (

equals half of the length of the magn&t2).

V = 3A% +2A%d, =gA3 +2A%d, 6.11

Whered, is the axial distance between the middle and ef¢he outer magnet.
By assumingd, equalsr [t, the total volume of the configuration can be gi\my the

following equation:

3
V ==A%+A° 6.12
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Figure 6.12 Normalized forces that the outer maggass facing as a function of the normalized
axial gap graph (a) and (b). Normalized forces thatmiddle magnet is facing as a function of

the normalized axial gap (c)

Figure 6.12shows the variation of the normalized axial for€éF() with the
normalized axial gapd{/t). Figure 6.12 (a) and Figure 6.12 (b) show thatrehship
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between the normalized forces with the normalizedsgfor the outer magnets, while
Figure 6.12 (c) shows this relationship for the dhéd magnet. These figures are
generated using MATLAB and the equations preseite8ection 6.3. It has been
assumed that if the applied force on the magnget itke same direction as the motion
that is shown in Figure 6.11, the force will beipge and vice versa.

In Figure 6.12,the maximum force that the outer magnets faceshsnwhe
magnet is in contact with the middle magnet. Thadug reduces gradually by
increasing the axial gap between the outer magmetize middle one. The maximum
gap between the outer magnet and the middle oe,isThe analytical calculation
shows that the magnetic force between the middld #me outer magnet is
approximately 0.09 % of the contact force whenttteetotal axial gap between them is
8t. Therefore, it is assumed that at this distacectimtact force between the middle and
the outer magnet is negligible. In order to optienikze dimensions of the configuration
presented in Figure 6.11, the effect of reducing &xial gap will be investigated.

Figure 6.13a) shows the effect of reducing the total axigl ga the outer magnet.
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Figure 6.13 Normalized force as a function of tlerNalized axial gap at different values of
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When the axial distance between the outer and tidellexmagnet is zero, the
axial force between the two magnets reaches itsrman value which is reffered to as
the contact forceH,). If the total avaliable axial gap equals to mtiven 8, the forces
between the magnets are small enough. Therefase tlorces can be considered to be
negligible. Thus, when the middle magnet travelsoélthe avaliable distance, the
maximum force applied on the outer magnet is 10MH®&vever, if the total distance is
reduced ta and 0.2%5 the maximum force between the two magnets atdisiance
will be 83.86 % and 48 % of the contact force, estpely. Therefore, reducing the
axial gap results in reducing the total force aggplon the outer magnets. In case of
having an total axial gap ofand 0.2% the total loss in the magnetic force is 16.14 %
and 48 %, respectively.

Figure 6.13(b) shows the effect of reducing the total axiab ga the middle
magnet. The total magnetic force that the middlgme& is facing, when it is located
half way batween the outer magnets, is zero. Moawvgy from the centre, the applied
force on the magnet starts to increase until itlea its maximum value when the
magnet is in contact with the outer one. The retesthip between the total axial
distance and the force required to bring the oamerthe middle magnet in contact with
each other is explained in Section 6.6. For a giveagnet volume, reducing the axial
gap results in increasing the required force thatgls the middle magnet in contact

with the outer one.

6.6 Numerical analysis of the magnet behaviour

As shown in Figure 6.1, the device consists of gmeéic levitation system. To
describe the behaviour of the middle magnet undéereal forces, two reference
frames are taking into the account. The first aeded to describe the motion of the
frame and thus the two outer magnets as they taehat to the frame. This equation is

described az= Rcos{at), whereR is the motion amplitude and. is the angular

frequency. The second reference frame describesiti®n of the middle magnex)(
The relative displacement between the outer ananildelle magnet ig. The magnetic
levitation system will be mounted at the edge abiating wheel and mounted using
the CF method. The reason for this is explainedSection 4.3.3. Therefore, the

centripetal force in thg direction is the driving force that causes thedatednagnet to
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move. The governing differential equation that viad used to describe the behaviour

of the system is given by the following equation:
.. (c)., 1
y+(—jy+—Fmta| = (R+y)codw) 6.13
m m

Where,m, ¢ and Fyy are the mass of the middle magnet, damping coeffic
total force generated by the two outer magnetss the distance between the wheel
centre and the middle point of the tube ands the rotating angular frequency of the
wheel. The total force from the outer magnets gctim the middle one can be
calculated using equation 6.1. The time integratibthe ordinary differential equation,
equation 6.13, is performed using a fourth-ordend®uKutta method. The resonant
frequency of the magnetic levitation system carcddeulated using the undamped and
unforced oscillation as presented in the followieguation, where the dot is the
derivative with respect to time:

y+i Fiow =0 6.14
m

This equation is solved numerically using fourtdlear Runge-Kutta method. At
equilibrium, the middle magnet is located at theldie of the tube at=0. Initial

displacement is applied, where 050d, .The axial gapdp) between the magnets is
changed and the relation between the normalizeddyép and the resonant frequency
is plotted in Figure 6.14Changing the magnet axial gap alters the stiffrasthe

system and thus the resonant frequency. This betiavs reported in the literature

[84].
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As the initial axial gap reduces, the stiffnesg@ases. This is due to the fact that

the effect of both the magnetic field and the fldensity increases as the distance

between the magnets reduces. Figure Ghbws that any change in the initial

displacementxX) causes the resonant frequency of the systemaingeh This is due to

the nonlinear behaviour of the levitation systerhisTfigure presents the relationship

between the normalized initial distance in the bdieection &/d,) and the normalized

resonant frequencyof/foo) at different axial gap, wher@ld, <[X <d,.
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Figure 6.15 Normalized resonant frequerfgyyfoo) as function of the normalized initial

distance X/d,) at different values of the axial gdp numerical results.

Both Figure 6.14 and Figure 6.15 reveal three ingmreffects:

preferable.

causes the resonant frequency of the system to drop

Increasing the axial gap between the outer andhtitielle magnet

For a fixed axial gap, increasing the initial desg#ment of the

middle magnet causes the resonant frequency ofsyiseem to

When the normalized gapl(t) is unity, the normalized frequency
increases only by 20 % wherincreases from 0dj}, to d,. However,
when the normalized gap equals to 8, the normalizequency
increases by 80 % whenincreases from 0.4, to d,. This means

for wider range of excitation frequency a longerabgap is more



The numerical solution for equation 6.14 is showikigure 6.16, where the three
magnets have the same dimensions of 15, 15, 5 ndnthaninitial displacement is 0.02
m. Figure 6.1§a) and Figure 6.1@) show the displacement and the applied force on

the middle magnet, respectively.

S ) j ,' E i : | j j

=
w

Force (N}
=

Displacement {m)
=

Figure 6.16 Numerical solution of equation 6.14

However, in real applications the system behavdterdntly due to the
mechanical damping), which represents the energy loss due to frictidre damping
force is proportional to the velocity of the middheagnet mass and the damping
coefficient which is given by equation 3.46. Themgéng coefficient is directly
proportional to the resonant frequency of the systEherefore, its value changes with
the applied excitation frequency. As the excitatfogguency increases, the distance
between the outer magnet and the middle one reduemesing the system resonant
frequency and thus the damping coefficient to iasee This effect can be seen in

Figure 6.17.
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Figure 6.17 Numerical calculation of equation 8a8n damping is introduced

By taking the non-linearity into account and itdeef on the damping, the
solution of equation 6.18an be shown in Figure 6.18, wh&equals 0.06 m.

Figure 6.18(a) shows the non-linearity in the system whererigsents the
relationship between the displacement of the midaégnet and the force, where over
40 cycles are obtained. Figure 6.8 and Figure 6.18c) present the changing of
force over time and the displacement of the magmetr time, respectively. These
figures present the numerical solution after thevef@arms are converged. The
maximum rotating speed that the system withstamdieré the middle magnet hits the

outer magnets is 22.6 rps.
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Figure 6.18 Numerical calculation of equation 6.13
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Figure 6.19 illustrates the effect of the axiapgetween the outer magnet and
the middle magnet() on the applied force on the outer magnet undésrdnt values
of the input frequency. At a certain input frequgnmore force is applied to the outer
magnet wherd, is 8 times the width of the magnet (0.005 m) tkdrend, has the
same width as the magnet. This is due to the iser@a the magnet stiffness as the
axial gap reduces. This causes a reduction in thgnet displacement and velocity.
Moreover, as the stiffness of the magnetic lewtasystem increases with the decrease
in the axial gap, the required frequency to brihg middle and the outer magnet in
contact with each other, whel has the same width as the magnet, is 38 % loveer th
the one wherd, is 8 times the width of the magnet. As the axiap geduces, the
maximum force applied on the outer magnet at cordeaps. Figure 6.19 shows that,
whend, has the same width as the magnet, the maximure frcontact effecting the
outer magnet is 10 % lower than the one whgns 8 times more than the magnet
width.
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Figure 6.19 Axial force versus the input frequeatdifferent values o,

6.7 Governing equations and energy harvesting model

The aim of this section is to analyse the modelduf® the piezoelectric
harvester. A diagram of the complete energy hainvgstevice is presented in Section
6.8. The device consists of magnetic levitationtesyswith Thunder™ pre-stressed

beam as a source of converting mechanical enetgyeiectrical. Equation 3.38 shows
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that the output voltage depends on the velocityhef Thunder™ beam. Therefore,
equation 3.40 is solved numerically using a founter Runge-Kutta method to

calculate the velocity of the beam at differentnmamic input excitation, wheid _,
B.. K, are experimentally measured as explained in Segti®. When the device is

mounted at a distand® from the centre of a rotating wheel using the Céthud, the

applied force E,) is the sum of two forces. The first one is the generated due to

the centripetal force and its peak values equdbrtd °RM . The second force is

applied by the middle magnet on the outer magnedstiaus the piezoelectric elements.
The numerical solution (velocity) is fed into eqoat3.38 which produces the output
voltage and thus the output power over time. Thengks in the average output power
with respect to the load resistance at differemties of the rotating speed is presented
Section 7.4.2. In this section the numerical ressale compared to the experimental
one. Analysis of the effect of the rotating speed ¢he value ofd, on the average

output power is also presented in Section 7.4.2.

6.8 Overview of the design

The principle of this harvester is presented inti®ac6.2. The piezoelectric
harvester is using Thunder™ beam, model TH 10-Rh@snain source to convert the
kinetic energy into electrical energy due to itgthmechanical stability. The magnetic
levitation system is used to apply force on thezpatectric elements. Figure 6.20
shows the different parts that form the non-conbasted piezoelectric harvester. Figure
6.20 (a) shows the base that is screwed on eacbfeéhd tube. The Thunder™ beam is
screwed into each of the bases. A cuboidal magaeenf NdFeB material is attached
to the curved piezoelectric beam using an adheddagnets made of NdFeB are
commercially available and provide a high energysity. The outer magnets are
positioned to repel the middle magnet. The tubesgmted in Figure 6.20 (b), is
attached to the source that provides the excitdbore. Therefore, the middle magnet
moves with respect to the outer magnets withingiven space in an axial direction.
The moving distance depends on the applied foroseadisas the initial axial gap. As
the middle magnet moves away from its equilibriuasipon, force will be applied on
the outer magnets and thus the piezoelectric elessrgemerate an output power. The
tube, the bases on both ends of the tube by whiehThunder™ beams are screwed

into and the carrier that the middle magnet iscatd into are made of plastic. This
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material is used because it is commercially avilalgheap, light and easy to
manufacture. The tube is made of transparent plagth holes placed alongside the
tube and used to vary the initial axial gap by s#paning the outer magnets Figure
6.20 (b).

a)

Figure 6.20 Different parts of the non-contact padectric harvester. a) the base that carries

the Thunder™ beam and the outer magnet, b) the tyithee middle magnet carrier

For numerical and experimental results, the magnktbe chosen to have an
aspect ratio in the range of 0.3-0.6. For a givelnme, the maximum magnetic force is
achieved when the aspect ratio is within this raf®gztion 6.4.2). The magnet shape is
chosen to be cuboidal instead of cylindrical. Tisidbased on the numerical results
which show that for a given volume and aspect rdhie cuboidal magnet provides 20
% more magnetic force than the cylindrical magiée shape of the tube is round to
reduce the amount of friction. The tube diametelinsted by the length of the
Thunder™ beam. Therefore, if the length or the @itemof the middle magnet is less
than the diameter of the tube, the magnet will i@ stick to one of the outer magnet.
In order to solve this problem, a carrier showrrigure 6.20 (c) is designed such that
the magnet will fit tightly into it. This carrier aves in an axial direction between the
outer magnets carrying the middle magnet. The eraconsists of two parts. The first
part is a middle cylinder where the magnet fithtig. The thickness of this part is
approximately 40 % lower than the thickness ofrtiegnet. This thickness allows the
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middle magnet to stick outside both ends of thestmlacylinder and face the outer
magnets. The other part of the plastic carrier rsng that is bonded to the outside
diameter of the first part. The length of the rimgist be designed to beA¥sin 45
whereA is the separation distance between the carrietltatube. If the length of the
ring is lower than this value the carrier will flgnd the middle magnet will stick to one
of the outer magnets. The two plastic bases, tochvithe Thunder™ beams are
attached, are screwed into the tube. As mentiohedntinimum value of the tube
diameter is restricted to the length of the Thufddream. However, the tube length
and the size of the magnets can be changed toefiamplitude of the input excitation
force.

The total size of the harvester is determined ey lémgth of the tube and the
dimensions of the magnets. Section 6.5 presentsngtbod to obtain the size of the
magnets. The applied force between the outer aadnilddle magnets equals the
maximum force that the middle magnet is facing ttuthe excitation force. Therefore,
the size of the magnets is designed at the maxirapptied force. In this case, the
middle magnet travels all the axial distance betwibe outer magnets without creating
any physical contact with them. In this initial adgs the total distance that the middle
magnet is travelling between the outer magnetsightdimes the thickness of the
magnet as explained in Section 6.6. The desigm difée can be optimised in respect to
the required volume. Smaller volumes can be acHidyereducing the length of the
tube. This increases the stiffness of the harvegtérh allows the size of the magnet to
be reduced (Section 6.6). This results in a redadin the applied force on the outer
magnet and thus the piezoelectric element causiagottput power to be reduced.
Another fact should be taken into the account whésigning the harvester is that the
applied force should not be beyond 63 N. Higheueslof the applied force induces
extra stress within the structure, thus reducirgy rifliability of the device over time.
Introducing the magnetic levitation system to theufider™ beam adds additional
stiffness to the piezoelectric beam measured inti®ec3.3. Therefore, the total

effective stiffness of the piezoelectric beam igegi by the following equation:
Ket =K + Kiag 6.15

The magnetic stiffnesKfag acts as a variable spring whose stiffness depends
the initial axial gap as well as the change in thegnetic force over the separation

distance.
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6.9 Conclusions

In this chapter, a non-contact based piezoeleb#rgester using magnetic forces
was presented. The design of the harvester wasiizgtil using numerical analysis. In
this design, the applied force on the piezoele&l&ment was produced by a magnetic
levitation system without the need for direct plgsicontact. The magnetic force
between two cuboidal magnets was calculated nualbriand verified using a finite
element methodology (Maxwell 3D). These resultsasttbgood agreement.

An analytical method was used to analyse the fdboedéseen permanent magnets
of various geometries. The impact of the magnet sizd shape was studied and the
results became a guideline that was used to dekapiezoelectric harvester. For a
given volume of cuboidal magnet, the maximum fon@es achieved when the aspect
ratio was in the range between 0.3 and 0.6. Thengtagcontact force was found to
drop faster when the aspect ratio was higher then Moreover, at high aspect ratio,
the magnetic force decreased faster in value adisti@nce between the two permanent
magnets increased. Therefore, it was preferableat®@ a magnet with a low aspect
ratio if a long axial gap was required. For a givetue of a volume and aspect ratio,
the cuboidal magnet generated 20 % higher contace than the cylindrical magnet.

Numerical calculations showed that the resonamuigacy of the levitation
system depended on the axial gap between the oudgnet and the middle one.
Increasing the axial gap caused the system stgfb@geduce and thus the resonant
frequency. The investigation of the effect of tipplaed harmonic force on the resonant
frequency of the levitation system revealed that sistem was nonlinear. Therefore,
for a given axial gap an increase in the input taticin caused the resonant frequency
to drop. For a given input force on a piezoelectrarvester that used a magnetic
levitation system, the output power is predictedhtrease as the axial gap got longer.
As the axial gap increased, the stiffness of theesy reduced allowing the middle
magnet to travel a longer distance. This appliedenforce on the outer magnet and
thus the piezoelectric element attached to it causan increase in the output power.
The effect of the axial gap on the output powethaf harvester will be discussed in
Chapter 7.
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Chapter 7
An experimental investigation of
the non-contact piezoelectric

harvester

7.1 Introduction

This chapter presents the experimental strateb@swere carried out to verify
the model developed in Chapter 6. The principletrid non-contact piezoelectric
harvester is presented in Section 6.2. Sectiorpiégents the test setup that is used to
measure the magnetic force between two cubical stag&ection 7.3 presents the test
setup that is carried out to examine the behavaduthe non-contact piezoelectric
harvester. The experimental results are presemed@mpared to the analytical one in
Section 7.4. In this section the damping and tiftness of the harvester are analysed.
This section presents the effect of the rotatingeslpand the load resistance on the
output power. The experimental results of the oufpawer are compared to the one
obtained numerically. The numerical and experinmergaults provide a guidance to
optimize the harvester which is used to harvestggn&om rotational forces using

magnetic forces.

7.2 Test setup for measuring the magnetic forces

Figure 3.13 shows the apparatus used to measureeldtenship between the
magnetic force and the magnetic spacing betweenntagnets in the direction. In
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this experiment, the two magnets share the santeatéine where the area of the first

magnet overlaps perfectly with the face of the pthagnet. The magnets are oriented
to repel each other. The schematic diagram in Eigut shows that one of the magnets
is connected to the bottom head, which is fixedjevitne other one is placed on the top
head, which has the ability to move up and dowthmz direction. The top head is

connected to a load cell. Moreover, the movemertheftop head is controlled using

Console software provided with the test machine.tifes magnet attached to the top
head moves down, the applied forces between thertagnets are measured using the
calibrated load cell. Figure 7.3 shows a seriegxgferimental measurements of the
force plotted as a function of the separation distabetween the two magnets. The

dimensions of the magnets used are 14 st mmx 5 mm.

. Load cell
Free moving

Direction of head (top head)
mation

Magnets
g < Fixed head
(bottorn head)

Figure 7.1 Schematic diagram of part of the expenital instrument that used to calculate the

axial magnetic force

7.3 Test setup for the non-contact piezoelectric harvésr

To determine the behaviour of the non-contact peiric harvester under
rotation and to measure its average output powerfihal design presented in Section
6.8 is mounted on the host of the rotating whedigted in Section 5.2.2. A
Thunder™ pre-stressed beam is used as a sourcent@rt the kinetic energy into
electrical energy due to its mechanical stabil&yter the non-contact piezoelectric
harvester is assembled, the whole structure isvecté¢o the host as shown in Figure

7.2. The distance between the Thunder™ beam wloeveras extracted and the centre
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of rotation is 0.075 m. An experiment at differeohstant rotating speeds ranging from
66.6 rpm to 266.6 rpm is performed to verify thedtetical prediction of the average
output power and its dependency on the rotatingdpeor this experiment, the initial
axial gap between the outer and the middle maghgti§ kept constant at a value of
0.012 m. This gap value is the maximum that caadbgéeved experimentally due to the
size of the testing wheel. Any further increas¢hia tube length causes a direct contact
between the centre of the testing wheel and the tuten the latter is mounted using
the CF method. Both outer magnets and the middéeh@ave the same dimensions of
0.015 m length, 0.015 m width and 0.005 m thicknd$ge mass of the each of the
magnets in the experiment is 0.0083 kg. The tuldeahdiameter of 0.028 m. The 0.001
m difference in diameter between the middle magagter and tube is made to reduce
the friction between them. The same experimengjgeated at different values df
ranging from 0.009 to 0.003 m order to investigate the effect of the initiapgon the
output power for a given rotating speed. The refethip between the output power and
both the rotating speed and thgs recorded. Moreover, the output power as a fanct
of the load resistance is recorded at differentiemlofd,. For this experiment, the load
resistance varies from 1@to 6 MQ.

Testing wheel Host Thunder™ Middle magnet
heam carrier

Figure 7.2 The non-contact harvester mounted otestang wheel
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Another experiment is carried out to investigate dependency of the levitation
system resonant frequency on the travelling digtasfcthe middle magnet as well as
the initial distance between the outer and the feidthgnet. The method by which the
resonant frequency and the damping of the systemmaasured is introduced in this
section. The method can be explained as followss ntiddle magnet is moved to one
end of the tube away from its equilibrium posit@ina step of 0.002 m. After that the
middle magnet is released from that position amdattenuation plot of the system is
recorded at each step and used to calculate betldamping ratio and the resonant
frequency of the system using a curve fitting mdthdhe generated curve can be
expressed as equation 7.1. The same method isunded different values of the initial

gap @) ranging from 0.012 m to 0.008.
A

Ma,/1-&°

For both experiments, the harvester is mountedguia CF method where the

z(t) = et sin(a)0 1—£2t) 7.1

centripetal force is the main source that forcesrthddle magnet to move from one
end of the tube to the other end. Moreover, theesamagnets are used in both
experiments. The experimental results are limitedetatively low rotating frequency

4.4 rps. This is due to the limitation of the pre&l experimental measurements.

7.4 Experiment results and discussion

In this section experimental results are compaocedumerical ones obtained in
the previous chapter. In Section 7.4.1 the foroetsvéen two cuboidal magnets are
presented as a function of the separation distassxtion 7.4.2 presents the
experimental and the numerical results of the imghip between the resonant
frequency of the levitation system and the initiglal distance between the outer and
the middle magnet. Moreover, the experimental testhat present the resonant
frequency of the levitation system as a functiorthef moving distance of the middle
magnet are shown in Section 7.4.2. Section 7.4&8gmts the output power of the non-
contact harvester as a function of the rotatingedpa&t different values of the initial

axial gap between the outer and the middle magnet.
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7.4.1 Magnetic forces

The resulting force-displacement graph is compaoethe results generated by
the analytical calculations in Figure 7.3. The #&is measured with an accuracy of
+0.15 N and the displacement is measured with amwracy of +0.005 mm. The
minimum distance between the two magnets, by wthiehforce has been measured is
0.1 mm. This is due to the fact that the two maguetaces are not 100 % parallel to
each other. Reducing the distance to less tham@l will cause part of the magnet

surfaces to come in contact with each other ansl ¢ines an incorrect force reading.
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Figure 7.3 Comparison between the experimentatatallated results between the magnetic

force and the distance between the two magnets
7.4.2 Resonant frequency and damping

The damping and the resonant frequency of the ootact piezoelectric
harvester that uses magnetic levitation systenxtiaet power from centripetal forces
are measured using the methods explained in Segtidnand Section 3.4.4. The
measurement carried out at different values ofrthtating speed, ranging from 66.6
rpm to 333.33 rpm, as well as at different valuethe axial gap, ranging from 0.012 m
to 0.003 m. These values are used in the numaricdel presented in Section 6.7 to

predict the output power. Both the rotating speed the value of the axial gap affect
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the damping and the stiffness of the magneticd¢aih system as presented in Chapter
6. This affects the amount of force applied onThender™ beam and thus the values
of its stiffness and damping. For a given axial (i, the method presented in Section
7.3 is used to investigate the effect of the mowiggance of the middle magnet on the
total stiffness and damping of the non-contact éster. Figure 7.4 shows the
relationship between the normalized distance in dkel direction ¥/d,) and the

normalized resonant frequendy{/fo@o) at different values of the axial gaps, where

027d, s|xl <d,. The experimental results agree with those obthimemerically as

illustrated in Section 6.6. As can be seen, foiverginitial axial gap, increasing the
moving distance of the middle magnet causes tlilnesds of the system to increase.
The damping of the system reduces as the middlenetagoves closed to the outer
magnets. When the normalized axial distance inegedsom 0.3 to 1, the damping
reduced by 50 %, 65 % 71 % and 3 % at an initialagap of 0.012 m, 0.009 m, 0.007

m and 0.003 m, respectively.
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Figure 7.4 Normalized resonant frequenicy/foqo) as function of the normalized distance

(x/d,) at different values of the axial gdp experimental results.

For a given rotating speed, the method presenteSextion 3.4.4 is used to
investigate the effect of the value of the inig&ial gap ¢,) on the total stiffness and
damping of the non-contact harvester. Figure 7dwshthe effect of the initial axial
gap @,) on the effective stiffness of the harvester. Bogiven rotating speed, the
experimental results show that, as the axial gapeases, the effective stiffness of the

harvester reduces until it reaches its minimum eaitd, equals to 0.005 m. After that
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any increase in the initial axial gap causes thedster’'s effective stiffness to increase.
This is due to the fact that the effective stiffnes$ the non-contact harvester is affected
by the stiffness of the magnetic levitation systasi well as the stiffness of the
Thunder™ beam. As the initial axial gap reduceanfr8.012 m to 0.005 m, the
stiffness of the levitation system increases; hawethe stiffness of the Thunder™
beam reduces due to the reduction in the valudefoeam’s curvature as explained
and presented in Figure 3.12 (c). Therefore, thiectVe stiffness of the harvester
reduces as the reduction in the Thunder™ beammes#f is higher than the increase in
the stiffness of the levitation system. Increading initial axial gap beyond this point
(0.005 m) causes the Thunder™ beam to be flathis ¢ase, increasing both the
rotating speed as well as the initial axial gapd$eéo an increase in the Thunder™
beam stiffness (Figure 3.17 (b)) and the stiffnekshe magnetic levitation system.
This causes the effective stiffness of the harvdsténcrease again as the initial axial
gap increases. Therefore, the maximum power isaggeto be generated when the
effective stiffness of the harvester is at its mom value. Both the damping and the
stiffness of the harvester is recorded and usdteartheoretical model to estimate the
amount of the output power at different rotatingexis and initial axial gaps.
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Figure 7.5 Stiffness of the non-contact harvestea function of the initial axial gap at three

different rotating speeds 333.3 rpm, 266.6 rpm20@i rpm.
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7.4.3 Output power

Figure 7.6 shows the average output power prodbgedne of the Thunder™
pre-stressed beams versus the load resistancand@kienum rotating speed by which
the experimental results are obtained is 266.6 fins figure shows a good agreement
between the experimental and numerical results. &tperimental results show the
effect of using the levitation system on the averamtput power. Increasing the
rotating speed resulted in an increase in the geerutput power. The maximum
output power is obtained when the value of the loeglstance equals 25@k The
maximum measured values of the averaged outputmpormeduced by Thunder™ beam
at 66, 133, 266 and 333 rpm are ¥ 90° 1.3 x 10% 1.4 x 10° and 3.5x 10° W,
respectively at the optimum load resistance. Figufe presents the expected output
power when the rotating speed is as high as 3383 The initial axial gap by which
both the numerical and the experimental result®htained is 0.005 m.
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Figure 7.6 Output power as a function of exterealstance at different rotating speeds using
the non-contact piezoelectric harvester which isimed using the CF method, solid lines

present the experimental results (exp.) and théeigpresent the numerical data (num.)
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The voltage drop across the optimum resistanceefThunder™ beam for each
value ofd, is measured and recorded at different rotatinggdgeFigure 7.7 presents
the effect of rotating speed) (on the maximum average output powe} écross the
optimum load resistance at different value of tkimlagap €,). For a given axial gap,
the average output power increases with an incrisadee rotating speed. For a given
axial gap @), increasing the rotating speed forces the midtdgnet to move closer to
the outer magnets. This induces an extra forcehenptezoelectric element and thus
generates more output power. However, for a gietating speed, the average output
power increases as the axial gap increases ungihdhes a certain value and then starts
to drop. This is due to the fact that the totaffrstiss of the harvester depends on the
value of the axial gap. The change in the totéfingtss of the non-contact harvester will

be examined in more detail in the next section.
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Figure 7.7 Numerical calculation of the output powag a function of the input frequency and
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7.4.4 Optimization of the output power in geometries perpectives

The total volume of the non-contact harvester ®iasof two main parts. The
first one has a fixed volume and its value equlaés gum of the two volumes of the

bases, the volumes of the 3 magnets and the volofrtes two Thunder™ beams. The
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two bases, each of which is located at one encheftube, are used to hold the
Thunder™ beams and the two outer magnets. The dgmahis the volume of the tube
provided between the two outer magnets. This spaseres a free movement of the
middle magnet carrier caused by the effect of tipeii force (Figure 7.8).

Figure 7.8 Total volume of the non-contact harveste

The height and the width of the Thunder™ beam ipuitdtions on the minimum
volume of the whole harvester. This means the mininimeight of the harvester equals
the height of the Thunder™ beam whictHs= 0.026 m. The same thing is applied to
the width of the harvester as the width of the Tdari® beam equal/ = 0.02 m. This
is due to the fact that the volume of the Thundds®ams is fixed. Therefore, the
optimum output power as a function of the harvéstaslume can be only achieved by
changing the length of the tube located betweenweThunder™ beams. The value
of Ly is 0.0106 m, which consists of the thickness eflthse (0.005 m), the height of
the Thunder (0.0006 m) and the thickness of then@ia¢0.005 m). The bases are
screwed to the tube and one of them is used tavsttre harvester onto the rotating
wheel. The carrier of the middle magnet ensuresthieathree magnets share the same
central line and they are oriented to repel eablerofThe tube has a cylindrical shape.
Therefore both bases and the middle carrier hadéesla shape all of which have a
diameter equal to the length of the Thunder™. Tioeee for this configuration, the
maximum length and width that can be used for thddla magnet are 0.015 m. The
thickness of the magnet is kept within the recomteeinrange of the aspect ratio as
discussed in Section 6.4.2 and its value equalBs@. A 0.0001 m difference between
the diameter of the middle magnet carrier and timeri diameter of the tube is kept to
reduce the amount of friction between them.

The harvester is designed for a given value ofdise&ance between the centre of

rotation and the centre of the tubi®) @s well as the maximum value of the rotational
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speed f). For a given rotating speed am] the force generated by the magnetic
levitation system on the each Thunder™ beam dependbke size of the magnets and
the length of the tube. The maximum applied foroetlee Thunder™ beam must be
equal to its yield value (Section 4.5.2). The ci#tdoy which the harvester is designed
for are: withstanding the maximum amount of inputergy without breaking,
occupying the minimum volume, having a low value méss and generating the
maximum output power. The optimum volume of the gontact harvester is the one
that generates the maximum output power for a gnatating speed. The harvester
must be designed to withstand the applied fordbe@maximum rotating speef).(At
this rotating speed, the stiffness of the harveskeruld allow the middle magnet to
achieve the maximum displacement inside the tubiownt creating any physical
contact with the two outer magnets. The proceddre@ptimizing the size of the
harvester starts with using a magnet with a volageals to 0.015 mx 0.015 mx
0.005 m. Then equation 6.1 is applied in orderlitaim the value of the applied force
due to the use of the magnetic levitation systenthenThunder™ beam at different
values of the tube length. The applied magneticefds then used in equation 3.40,
which is solved numerically using a Runge-Kutta oet The same procedure is
carried out at different values of the tube lengthgere the relationship between the
output power and the tube length is obtained (fagui7). Figure 7.9 show the output
power at the optimum load resistance (2@ las a function of the rotating speed at
different values ofl,. These data are obtained experimentally.
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Figure 7.9 Output power versus the rotating speeiffarent values ofl,
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As is can be seen the maximum output power is aetievhen the initial axial
gap () equals 0.005 m. This means that the maximum abaildisplacement for the
middle magnet is 0.01 m. The maximum rotating spted can be applied to this
harvester is 25 Hz. This rotating speed is caledlaheoretically when the harvester is
mounted at a distance of 0.072 m from the centretition. Any further increase in
the rotating speed causes the middle and the m#gnet to come in contact with each
other. Therefore, the volume of the non-contacvéster wherR and the maximum
value of f equal to 0.072 m and 25 Hz, respectively isx4@* m* x 0.0362 m. In
order to compare the impact based piezoelectrivelséer with this harvester, the
theoretical calculation showed that magnets withatisions equal to 7 ®¥ mx3.5 m
can be used when the maximum rotating speed is5184 Moreover, the model
predicted that the maximum power is generated wheninitial axial gap equals to
0.0003 m. Therefore, the maximum volume of the éster is 4.9« 10% m? x 0.021

m.

7.5 Conclusions

The developed model that was used to predict theuatof power generated
from rotational forces using the non-contact piéecteic harvester was verified in this
chapter. The performance of the harvester wasdestd analysed. The harvester was
attached to the testing wheel using the CF methoaugh the host that kept it in a
horizontal position during rotation. The distanagvieen the Thunder™ pre-stressed
beam, where the output power was collected, andé¢hé&e of rotation was 0.072 m.
The magnetic force between the two cuboidal magheatswere used in the experiment
was measured at different values of the axial gawéen them. In this experiment, the
two magnets shared the same central line and tleeg wriented to repel each other.
The experimental results agreed with the numerced. The behaviour of the non-
contact harvester was tested under different vadfi¢ise rotating speeds ranging from
1.1 rps to 5.5 rps as well as different valuesheftube length. This included measuring
the damping and the stiffness of the system anordetwy the generated output power.
The values of the stiffness and the damping fowvargtube length and a rotating speed
were used in the theoretical model to predict thgpuat power of the non-contact
harvester. The experimental results revealed tl@atmaximum power was generated
when the initial axial gap between the middle am& duter magnet was at its optimum
value which was approximately 0.005 m. For a givetating speed, the effective
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stiffness of the non-contact harvester reachechitsmum value at that distance. If the

distance was below this value, the magnetic foazesed the Thunder™ beam to be flat
and thus increasing its stiffness. Increasing tistadce beyond 0.005 m reduced the
initial applied force by the magnet on the Thundds@am and thus increased the value

of its curvature. This increased the stiffnesshefpiezoelectric beam.
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Chapter 8
Comparative study of the two

piezoelectric harvesters

8.1 Introduction

This chapter is divided into two main sections. tieec 8.2 outlines the
differences between the impact based piezoelelstmeester and the non-contact one
based on the amount of generated power for a gimating speed. Both the limitations
and the advantages of each method are highlightddcampared to each other. In
Section 8.3 the possibility of using the two diffet types of piezoelectric harvesters
inside a vehicle wheel is presented. The maximutatirg speed of the vehicle wheel
is calculated and used to modify the dimensionthefpiezoelectric harvesters located
at the rim of the vehicle wheel. As the two hareesextract power from the centripetal
force, some modification on the vehicle wheel iededl to allow the harvesters to be
mounted using the CF method. The predicted amdupbwer from the vehicle wheel
is calculated from both harvesters.

8.2 Comparison between the impact based and the non-cact

piezoelectric harvesters

In this research both harvesters extract power fiwarcentripetal acceleration by
mounting them using the CF method. In this methoel harvesters are kept in a
horizontal position during rotation. In order fdrig method to be implemented, the
rotating object must be modified mechanically. BbHrvesters are easy to assemble
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and mount on the rotating object. Both the thecattand the experimental results
show that a harvester that uses Thunder™ beans@mwi generates less power than
the one that uses a ball bearing as a mass or magnetation system. The harvester
that uses only Thunder™ beam to extract power fratation when it is mounted using
the CF method generates an output power ranging 8% x 10° W to 7 x 10% W
when the rotating speed changes from 200 rpm tag®0

In the impact based piezoelectric harvester, thieblearing causes an impact on
the Thunder™ beam due to the effect of the certaiderce and thus power will be
extracted. The output power in this harvester gpprtional to the square value of the
available displacement of the ball bearing insletube and it has a cubic relationship
with the rotating speed. However, the maximum sp&w®alld not exceed the critical
value at which the applied force on the piezoelealement is at its yield value. In
order to compare the two piezoelectric harvestarsgerms of the generated output
power, the minimum volume provided due to the sizéhe Thunder™ beam is used.
This volume determines the diameter of the ballihgg0.015 m) in case of the impact
based harvester and the magnet size (0.02601015 mx 0.005 m) in the case of the
non-contact harvester. The experimental resultsthef output power of the two
harvesters are compared whilst maintaining the tkertd the tube at 0.01 m. The
generated output power from the impact based hamwvemnges from IOW to 2 x 10*
W when the rotating speed changes from 200 rpnmOrpm. For the same rotating
speeds, the output power of the non-contact hawestged from 1.% 10% W to 6 x
10° W. For the non-contact harvester, the maximumiegpbtating speed before the
middle and the outer magnets come in contact watthether is 1500 rpm. For the
impact based harvester, the maximum applied ragtagpeed is 540 rpm. Beyond this
speed, the impact force will exceed its yield vataeising damage to the Thunder™
beam. Both the size of the ball bearing and thegtref the tube can be modified in
order for the harvester to withstand the maximuntatnog speed. One of the
disadvantages of the impact based harvester ighbet is no mechanical mechanism
to protect the piezoelectric element from the imgacce generated when the rotating
speed exceeded the one that the harvester is ddsain This means this harvester is
more suitable for applications where the rotatipgesl does not exceed its maximum
value. Another disadvantage of the impact basedelstar is the noise generated due to
the physical contact between the mass and the glexac elements. The non-contact

piezoelectric harvester does not suffer from nbmseause there are no physical contact
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between the middle and the outer magnet. Moredhes,harvester has a mechanical
stop mechanism to prevent any contact between #gnets. This is introduced by the
ring of the middle magnet carrier. When the maximwtating speed, by which the
harvester is designed at, is applied the ring @oline into contact with the bases that
carry the Thunder™ beam and thus protect the piezoe beam from direct impact.
The same thing happens when the rotating speededscés maximum value.
However, for a given rotating speed, the non-cdnkecvester produces less power

than the impact based harvester.

8.3 Harvesting energy from the tyre environment

The size of the vehicle wheel depends on the wehigbe and brand. The
dimension of the tyre and the rim are printed o tyre as following (X)/(Y)/R (2)
where X, Y and Z refer to the width of the tyrermm, the height of the tyre as a
percentage of the width and the rim diameter irmé&screspectively. The rim size can
vary from 13 inches to 27 inches and more. For ¢tama vehicle tyre with
175/50R13 means:

e The width of the tyre is 175 mm

e The tyre height is 50 % of 175 mm = 87.5 mm

e The rim diameter is 13 inches = 33 cm. Therefdre,rolling radius for
the vehicle is: 33/2 + 8.75 = 25.25 cm.

For this vehicle the value of the rotating speethentz ) is 0.28 of the vehicle
linear velocity given in mph. A range of nationg@leed limits are set for general use
across the UK. These speed limits vary accordindpeotype of the road and location.
The maximum national speed limit on the motorwayGsmph (19.6 rps). Practically,
the maximum speed can be exceeded, especiallyeomtiiorway, up to 90 mph (25
rps) or more. Therefore, the harvester should be tabgenerate enough power at low
speed and withstand the applied forces at highdspee

This research proves the concept of generating pdwoen rotating objects.
Prototypes of both an impact based harvester am@haontact piezoelectric harvester
are produced and tested in the laboratory. The edebly which the harvesters are kept
in a horizontal position due to rotation is demaaigd in this work. As the harvesters
are kept in a horizontal position, the centripaeiateleration becomes the main cause of

generating power. In this method, the higher thating speed, the more power can be
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extracted from both types of harvesters. To dake performance of the harvesters that
have been presented in the literature and desigmédrvest energy from the tyres is
limited at high speed. This is due to the effecthef centripetal force. The limitation of
keeping the harvester in a horizontal position myrrotation is that a mechanical
support is needed. To implement this method onhécleewheel requires a mechanical
modification to be applied to the wheel. One waat tihe manufacturer can consider as
a method of mounting the harvesters on the tytledsnodel presented in this work.

If the impact based harvester with a ball bearirgneter equals to 0.015 m and a
tube length equals to zero is mounted at the et@igeeovehicle wheel rim (175/50R13)
using the CF method, the maximum rotating speedddua be applied is 14.5 rps. This
means the linear speed of this vehicle is 51.7 niipls found theoretically that an
impact based harvester with a mass diameter o#48.0®@and tube length of zero has
the ability to withstand a maximum linear speed’0fmph. The output power of this
harvester ranged from BV to 150 uW when the speed changed from 30 mph to 70
mph. If the non-contact piezoelectric harvesterhwat magnet dimensions equal to
0.015 mx 0.015 mx 0.005 m and tube length equals to 0.01 m is maouat¢he edge
of the vehicle wheel rim (175/50R13) using the CEtmod, the maximum rotating
speed that brings the outer and the middle magtoggsther will be 16 rps. This
happens at a linear speed of 57 mph. For a noracbritarvester with magnet
dimensions of 0.025 m# 0.025 mx 0.012 m and a tube length of 0.045 m, the vehicle
linear speed by which the contact force startotmfbetween the outer and the middle
magnet equals to 70 mph. Theoretically, the oupowter of this harvester ranged from
3.56 x 10° W to 14 mW when the linear speed changed from 3B tap70 mph. For
this configuration, when the middle and one of dnéer magnets come in contact with
each other at a rotating speed of 70 mph, the egjpdirce on the piezoelectric beam is
more than 3 times its value at yield. This problean be solved by reducing the length
of the tube which allows a further reduction in g#ee of the magnets. In this case,
magnets with dimensions equal to 0.015¢<n®.015 mx 0.005 m can be used with an
initial axial gap of 0.004 m. Therefore, the pieectric device will be at yield when
the middle magnet comes in contact with one ofotlier magnets; however, the output

power at 70 mph has been reduced to a few tenscobwatts.
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8.4 Conclusions

In conclusion, the impact based harvester generam@@ output power than the
non-contact harvester for a given rotating spedtke Mmon-contact harvester had an
advantage over the impact based harvester in tef@mslirect physical contact was not
needed to apply force on the piezoelectric elemienthe non-contact harvester, the
mechanical stopping mechanism protected the pieztal elements from an impact
force when the rotating speed exceeded its maxinalae for which the harvester was

designed.
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Chapter 9

Conclusions and future work

9.1 Summary of achievement

In Section 1.1 the aims of the research were ptedeihe main focus of this

work was directed towards designing suitable pikmtec harvester that uses

Thunder™ pre-stressed beam for the application afvdsting energy from the

rotational forces in general and the centripetatdoin particular. This was achieved

and the following areas were investigated in detalil

Demonstrating the possibility of harvesting ele&tienergy form
the centripetal force.

Designing an impact based piezoelectric harvesderel as non-
contact piezoelectric harvester both of which ukender™ beam
as a source of converting kinetic energy into elealone.
Modelling of Thunder™ beam and measuring its chargtics
under impact force.

Modelling of Thunder™ beam and measuring its chargstics
under magnetic force.

Testing both the impact based piezoelectric haevestd the non-
contact piezoelectric harvester and optimizingrtd@nensions for
the maximum amount of power at the maximum valuethef

applied rotating force.

The main results and conclusions were summarizéukeifollowing sections.
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9.2 Summary of work

This research, which focused on designing pieztigtebarvesters that uses
Thunder™ pre-stressed beam to harvest energy femtnigetal force, was divided into
four main parts. In the first part, the concepgeherating power from centripetal force,
when the harvester was mounted at a certain distaom the centre of rotation was
investigated. In the second part, the behaviouthef Thunder™ pre-stressed beam
under compression force and impact force was aedlyls the third part, both impact
based piezoelectric harvester and non-contact electic harvester were designed and
modelled under the effect of the centripetal fotoethe fourth part, the performance of

the developed harvesters was tested and their diorewere optimized.
9.2.1 Using rotational forces to generate output power

The literature review, which was presented in Céa@®, introduced three
different transduction mechanisms that have comynbeken used to convert kinetic
energy into electrical energy, such as electrastatectromagnetic and piezoelectric. A
variety of studies regarding these mechanisms \weaysed and summarized. The
theory behind rotation based harvesters was pregeirt this project, rotation was
considered to be the main source for harvestingggnén impact based piezoelectric
harvester was used to extract the energy provigetbtational forces and convert it
into electrical power. A piezoelectric transducexswehosen over both electromagnetic
and electrostatic harvesters because these tege®l@quire two part designs making
these technologies more complex and expensive nmpadson with the piezoelectric
technology. It has been proven in the literatuieg ththe input acceleration is higher
that the mass displacement of the harvester, aregonant system is an alternative
method to convert mechanical input to electricgduin Therefore, an impact based
piezoelectric harvester was used in this thesextmact power from rotation. A rotating
object provides two rotating forces, i.e. tangdngiad centripetal when the wheel is
rotating in non-uniform circular motion, and onlerdripetal force under uniform
circular motion. Due to these forces the develogtegiss and strain in the piezoelectric
material can be converted into useful energy. Hamethere is more applied force
available by the centripetal acceleration thanttdregential acceleration on an object
located on a rotating object. Therefore, this fon@s chosen to be the main source of
the generated electrical energy in this project.rédwer, the centripetal force is
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proportional to the distance between the centretation and the object. Therefore, the
piezoelectric transducer must be mounted as f@oasible from the centre of rotation
to generate the maximum amount of power. In additios force is proportional to the
square of the rotating speed. This present womodliced a new method to generate
power from rotating objects using a piezoelectriarvester. It involved using
centripetal force to generate an impact or compesforce on the piezoelectric
structure. Thunder™ pre-stressed piezoelectric Bamene used because they provided
higher mechanical stability and output power coragao unstressed beams with the
same volume. The harvester was designed to be ewbamta certain distance from the
centre of rotation. Chapter 2 presented some attethpt were carried out to generate
power from rotation using electromagnetic harvest€éhese harvesters were attached
to the centre of the rotating object. However, whiegse harvesters were mounted at a
certain distance from the centre of rotation, thgat power reduced due to the effect
of the centripetal force. Rolling vehicle tyresoise of the applications that can be used
to harvest energy from rotation and it was usethasnain application in this project.
Several papers described the importance of chealehgrle tyre pressure and outlined
different methods to measure it. There is not aalyeconomic benefit from keeping
the tyre at the correct air pressure, i.e. increpshe lifetime of the tyre and reducing
the fuel consumption, but there is also a safetyids TPMS is one of different
techniques that have been used to inform the dwidr the pressure reading in the
vehicles tyres. In this technique, the sensors empinted inside the vehicle tyre send
the reading directly to the driver using RF signélarrent TPMS sensors are powered
by 3 V lithium batteries. In order to increase fifetime of the wireless sensors,
batteries can be replaced by energy harvesters h@hester is fitted on the vehicle
rim, which has the advantage to be mounted dirgotijhe TPMS. All methods which
were presented in Chapter 2 and used to generater fiom a vehicle wheel depended
on generating power from the contact zone betwdwntyre and the road. The
maximum output power that was measured using tleithod was 8QuW at 80 km/h.
These harvesters were mounted at the inner sitleedfyre. In this project, centripetal
force was used to generate an output power. Thsnméhat the vehicle wheel can
generate electrical energy without the need foroatact zone. The developed

harvesters in this project were designed to be nealat the rim of the vehicle wheel.
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9.2.2 Modelling of pre-stressed piezoelectric beam

This part of the research focused on analysingpt®rmance of the Thunder™
pre-stressed piezoelectric beam when it is usethesnain source to extract power
from two types of harvesters; impulse based piextet harvester and non-contact
piezoelectric harvester. The Thunder™ beam consiswifferent materials each of
which has its own thermal expansion coefficientisTbauses a curvature to appear
during the manufacturing of the Thunder™ beam. uthat, the maximum deflection
was found to be in the middle of the Thunder™ beenth the dome height was found
to be 0.6 mm. Thus, the maximum applied load thases the beam to be flat was 35.9
N. Finite element analysis using ANSYS was usedlémonstrate the effect of the
clamping method on the amount of stress developetthe clam area as well as the
amount of the output power. It was found that maximpower was generated when
the beam was mounted as a cantilever followed siyngly supported structure which
was followed by a rigidly supported on both endsr R given input force, the
maximum developed stress in the clamped area wagdfto be when the beam was
mounted as a cantilever followed by a rigidly supgd on both ends which were
followed by a simply supported structure. As theywlaat the pre-stressed beam was
mounted affects the output power, Thunder™ pressé@ beam was simply supported
in both impact based and non-contact harvesters. mchanical damping and the
stiffness of the pre-stressed beam varied duea@gplied force and thus its resonant
frequency and the electrical damping (optimum loasistance). Therefore, both the
stiffnress and damping of the Thunder™ structureewereasured and used in the
general model of the piezoelectric harvester taliptethe output power for a given

input force and load resistance.

9.2.3 Generating electrical power from impact based piezelectric harvester

This part of the thesis focused on designing, lngdmodelling, testing and
optimizing an impact based piezoelectric harvetitat used a Thunder™ pre-stressed
beam as the main conversion source from mechanaatlectrical energy. For
harvesting energy from vibration, piezoelectric heahave been designed in the
literature such that their resonant frequency nesicthe resonant system of the
surrounding environment to maximize the output poweor a rotating object

application, the centripetal acceleration corresipog to the rotation is greater than the
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available mass displacement. Therefore designingfacient resonant piezoelectric

harvester is not sufficient. An alternative solatito this problem was achieved by
using the centripetal force to generate an impawdef on the piezoelectric elements.
The impact based harvester that was designedsmtbject consisted of a ball bearing
moving freely inside a tube and two piezoelectnie-gtressed beams each of which
was located at one end of the tube to transformntipact energy into electric energy.

The deflection of the piezoelectric element du¢h® impact of the mass generated a
current flowing into the resistive load connected the piezoelectric pre-stressed
beams. In this case, the motion of the mass wapeédrand the power was dissipated

into the load.

9.2.3.1 Modelling of the pre-stressed piezoelectric beam wer impact

In Chapter 4, the model of the impact based piexbet harvester was discussed
in detail. In order to convert the rotational enengto electrical energy, two different
methods were used to mount the impact based pmzdel harvester on a rotating
object. The first method was using gravitationatéas the main force that caused the
ball bearing to move from one side of the tubeh® other side (GF). In the second
method, the centripetal force was the acting fdha¢ caused the mass to move from
one side of the tube to the other (CF). The themleanalysis showed that using the
GF method was limited. This was due to the fact, ttee ball bearing stuck to one end
of the tube when the rotating speed reached iticarivalue (3 rps) due to the effect of
the centripetal force. The critical rotating speegk found to be inversely proportional
to the square root of the length of the tube. Iditawh this speed did not depend on the
distance between the centre of rotation and theester. In the CF, the harvester was
kept in a horizontal position during rotation. Tékre, the effect of the centripetal
force on both the piezoelectric element and the bahring was considered to be
sinusoidal. The theoretical analysis predicted, tfuata given rotating speed, the power
level from the piezoelectric harvester which haérbenounted using the CF method
was much higher than the one which used the GFadeMoreover, in the CF method,
the output power had a cubic relationship with ribating speed. Therefore, this way
of mounting the harvester was used as the only aodetith design, model and test both
the impact based harvester and the non-contactoglearic harvester. The key
parameters of the model were the value of the miaiesnal displacement of the mass
and the value of the load resistor. It was founal tthe output power was directly

proportional to the mass of the ball bearing. Tésults, from finite element analysis
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using the ANSYS software, showed that stress irathal, lateral directions as well as
shear stress were generated in the Thunder™ steudtie to the impulse force applied
to the middle of the curved beam. This simulateslliteshowed that the maximum
stresses in the axial and lateral directions wexreekbped in the middle of the pre-
stressed beam due to the impact force. However,nthgimum shear stress was
generated when the piezoelectric material cameomact with the stainless steel
substrate. Analytical calculations showed that thaximum impact force that the
piezoelectric structure can tolerate before a pladeformation started to form
underneath the surface of the structure was 63hd. developed model of the impact
based piezoelectric harvester (Chapter 4) was tesedlculate the speed at which the
ball bearing hit the piezoelectric structure dudhe effect of the rotating speed. By
knowing the velocity at impact both the appliedciand the generated output power
were calculated numerically. The numerical modes waed to analyse the collision
between the ball bearing and the piezoelectricctira, clarify the relationship
between the input mechanical impact and the eteoutput power and simulate the
behaviour of the piezoelectric pre-stressed beat@r ampact. It had been shown
theoretically that only some of the initial kinegmergy of the impact was absorbed.
The percentage of the absorbed energy was caldubdtealifferent rotating speeds.
Some of this energy was stored as strain energis diergy was used to drive the
contact points apart during the restitution phék®avever, some of the absorbed energy
was lost due to converting some of the mechanicalgy into electrical energy, plastic

deformation, sound and heat.

9.2.3.2 Evaluation, optimization and performance of the immct based

piezoelectric harvester

The prototype of the impact based piezoelectriwdster was tested to compare
the experimental results to those obtained themaidti In order to carry out the
experiment, the rotating disk was designed. Thez€@ronotor was used to drive the
rotating wheel and the Crozet software was usembtdrol the speed of the motor. The
maximum rotating speed that the wheel can achieas 24 rps. The resonant
frequency of the Thunder™ pre-stressed beam wasuregh along with its optimum
load resistance at different values of the impactd obtained at different rotating
speed. The results from the model were compar#ketexperimental results to analyse
the characteristics of the harvester and verify #oeuracy of the model. Both

experimental and numerical simulation results afjré®at multiple impacts occur
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between the mass and the piezoelectric beams tbadtecach side of the tube.
Experimental results showed that the impact bassdelter produced an average
output power in the range of 18V to 2 mW when the rotating speed changed from
200 rpm to 800 rpm. These experimental results wbtained when the harvester was
mounted using the CF method. Using the GF methmekperimental results showed
that the ball bearing stuck to one end of the twihen the rotating speed reached a

value of 3 rps.

9.2.4 Generating electrical power from non-contact piezdectric harvester

This part of the thesis focused on designing, lngidmodelling, testing and
optimizing a non-contact piezoelectric harvestat ttsed Thunder™ pre-stressed beam
as the main conversion source from mechanicaldctrgtal energy. In this harvester, a
magnetic levitation system was used to initiate passion force on the piezoelectric
elements due to the effect of the centripetal folldes two outer magnets, which were
attached to the piezoelectric structures, eachlothwlocated at one end of the tube,
were oriented to repel the central magnet and shispending the central magnet with
restoring force. Due to the effect of the cent@bdorce, the central magnet moved
within the given space between the outer magnédts.oving distance depended on
the applied force as well as the restoring fordee Thange in the distance between
each of the outer magnets and the central oneoledchange in the axial load on the
piezoelectric structure. This caused an output pawebe dissipated into the load

resistance.

9.2.4.1 Modelling of the pre-stressed piezoelectric beam wer magnetic

forces

In Chapter 6, the non-contact piezoelectric modas wleveloped and used to
analyse the behaviour of the harvester when itmasnted on a rotating object using
the CF method. The magnetic force between the twagnets was calculated
numerically and verified using the FEM method. Téhagsults showed a good
agreement. The design of the harvester was optimimeng numerical analysis. An
analytical method was used to analyse the forcéwdmm permanent magnets of
various geometries. The effect of the magnet simkshape was studied and the results
become a guideline that was used to design andhizgtithe non-contact piezoelectric

harvester. For a given value of the magnet volume its aspect ratio, the cuboidal
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magnet generated 20 % higher contact force thanyimedrical magnet. Moreover, for
a given volume of the cuboidal magnets, the maxinforoe was achieved when the
aspect ratio was in the range between 0.3 andAd.&.high aspect ratio, greater than
unity, the value of the magnetic force dropped kiyias the distance between the two
permanent magnets increased. Therefore, it wa®natdé to use magnets with low
aspect ratio if a long axial gap was required. Tdwults from the developed model of
the non-contact harvester showed that the resdrequiency of the levitation system
depended on the axial gap between the outer magdethe middle one. Increasing the
axial gap caused the system stiffness to reducettarslthe resonant frequency. The
behaviour of this system was nonlinear. Thereffimea given axial gap, an increase in
the rotating speed caused the resonant frequenciol For a given value of the
rotating speed, the output power of the non-corftactester increased, as the axial gap
got longer. This can be explained as follows: asakial gap increased, the stiffness of
the system reduced allowing the middle magnetawelrlonger distance. This applied
more force on the outer magnet and thus the pieetyal element attached to it causing

an increase in the output power.

9.2.4.2 Evaluation, optimization and performance of the nonrcontact

piezoelectric harvester

The prototype of the non-contact based piezoetedtarvester was used and
tested in Chapter 7 to compare the experimentalilteeso the one obtained
theoretically. The forces generated between twoidlah magnets were measured at
different separation distances. A good agreementwdsn the experimental
measurement and the analytical calculation wasirdda The initial gap between the
outer and the middle magnets was adjusted in dalérvestigate the effect this gap
had on the output power and the value of the optimload resistance. This was
obtained for a given rotating speed. Moreover,dagiven axial gap, the effect of the
rotating speed on the output power was investigatetthe value of the optimum load
resistance was measured. Both the stiffness anddémeping of the Thunder™
piezoelectric beam were measured at differentirgagpeed for a given axial gap. In
addition, for a given rotating speed the stiffnesd the damping of the Thunder™ was
measured at different values of the axial gap.
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9.3 Future work

The research objectives that were presented inddettl were achieved in this
thesis. This section discusses briefly some otléerial areas of work that could be

done as future work. Some of these potential rebeaeas are as follows:

9.3.1 Testing the performance of the piezoelectric harvésrs when it is

connected to the TPMS inside the vehicle tyre

The output power from the piezoelectric harvestezeds to be managed and
stored before it is connected to any sensors imudPMS. Connecting the harvesters
presented in Section 8.3 to the TPMS mounted onithef the vehicle wheel can be
done as a future work. The performance of the Istevecan be tested and analysed.
The effect of the temperature on the performandb@ipiezoelectric harvesters can be
investigated [85]. This is due to the fact that tbis application, the piezoelectric
harvesters must survive a change in the temperatiside the tyre environment
ranging from -20 to 206C. Mechanical stability and the lifetime of the zmelectric
harvester are other issues that need to be inastig[86]. Applying dynamic
compressive stress at a high temperature, resuitsther reduction in the performance
of the piezoelectric beam. The temperature inskie tyre is fixed as well as the
number of stress cycles due to driving time andcedpdherefore, the only factor that
can be reduced in order to increase the lifetimigefbeam in case of using the impact
based harvester is the amplitude of the applieduyo stress. This can be achieved by
increasing the contact area between the mass angi¢zoelectric beam. However,
using a different shape than a ball bearing in@gdlse friction between the mass and
the frame. Other methods could involve coating fhiezoelectric beam with a
protective rubbery layer to reduce the effect & ghysical contact between the ball

bearing and the piezoelectric beam.
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Appendix A Analysing centripetal

acceleration

In this appendix, the effect of the centripetalc®ion a piezoelectric transducer
mounted at different point of the frame is analyZEde effect of centripetal force at 3
different points in the frame will be illustrate@he first point is the middle of the
frame, where the generator is screwed to the ngatiheel, and the other two points
are the both ends of the frame. Only the componémhe centripetal force which is

acting in the direction of the free movement of tladl bearing is taken into account.

Rotating wheel

Path created by
the frame middle

Frame .
r point

R
9 Fee

— } —

R+

Figure A.1 Path created by middle of the frame

Firstly, the effect ofFcex) On the middle of the frame will be analyzed. Aisth
point the direction of the centripetal force is gemdicular to the free movement
direction. Figure A.1 shows the path that this paieates when it has been kept in a
horizontal position around the centre of rotatidhe following equation presents the

magnitude of the applied force that an object ledain this point is subjected to:
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mv . .
Fooy = ——Sin@ = m4r’ w; R, sind Al
R,
whereR; is the distance between the centre of rotationthadpoint located in
the middle of the frame. The magnitudeRafis constant while the point is rotatirgis
the angle between the direction of the centripetade and the vector perpendicular to

the free movement of the ball bearing. This angle be obtained by the following

equation:
0=|r|=R
tané?::—1 0=r,|=2R {n=123.. A2
? 0=|4 = n2m

Equation A.1 shows that the magnitudeFef ) is proportional to the distance
between the centre point of the frame and the easftrotation. Moreover, this applied
force is proportional to the square of the rotaspged. Figure A.2 shows the path that
a point located at the left end side of the framaeds when it has been kept in a
horizontal position around the centre of rotatibhe path is a circular one. However,
its centre has been shifted to the left by half ldregth of the frame. Therefore, the
distance between the centre of rotation and eadit po the pathr( varies during

rotation from its minimum value d®; - L/2 to its maximum value d®; + L/2.

Path created by
the frame middle

/ point

Path created by
the frame end )

left side
point

Figure A.2 Path created by the left end of the &ram

The following equation presents the magnitude efapplied force that an object
located on a left side hand of the centre of tlaent at a distance &2 would be
subjected to:
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mv

Foey = ——Sing = 4 wir sing' A3
r

cel(x)

wherer is the distance between the centre of rotationthrdobject.&’ is the
angle between the direction of the centripetaldaand the vector perpendicular to the

free movement of the ball bearing. This angle canobtained by the following

equation:
L 0zr|=R,
tand’ :1r—2 02|r,|2R {n=123.. A4
? 0=|8|=n2m

In order to find the relationship betwe€ge ) and Fcex) equation A.3 will be

rewritten in terms oR; andé as follows:

sind = —(Lj
R

A5
L
r, +
sin@ :—{—1 /2}
r

From the previous set of equations (A.5), the valirecan be achieved using the

following equating:

in@-L
r = R]'SLOZ A6
sind’
Substitute equation A.6 in equation A.3 gives thioiving equation:
ooy = MATGPR, SinG - m4n2(uf% AT

Using the same method presented previously, theni@g of the applied force
on an object located at a distance equald2drom the centre of the frame is presented

in equation A.8.

Foerny = MAT Wi R sind + m4n2a)f% A8
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Appendix B Crouzet software
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