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Abstract

In recent years, piezoeleotrimaterials and structures have gained digant attention for
energy harvesting purposedhis attention can be attributed to the enhacement of low
power electronics and the high energy densityp@zoelectricmaterialscomparedto other
forms of energy coversion and transduction. This work explores the recent contributions to
the field of piezoelectric energy harvesting, contributing twiovel methods that can be

implemented to improve the power dput and efficiencyof a single piezoelectric element.

The methods that have been investigated in this thesis lamsed on thebuckling of
piezoelectric material Theinitial method examires a diaphragnpreformed piezoelectric
element where numerical and simulation model has beearried out This work has then
been validated through experimentation, wheeenpiricaldata has been collected verifying
the COMSOL model and future optimising the manufacturing process of the diaphfaigm
work contributes to a peereviewed paperdt 2 SNAyYy 3 €t A3IKGa HAGK
KFENBSaGAy3a 7Tt 2theNjfuénal Eddegyt TecholBgyThis\ work shows that
employed a diaphragm structure can increase bothcefficy and powernutput with an
increae of efficiency from0.522% to 3.765%. The observed power output increase from

191.6861J to 644.1AJ.

The second method investigatepireloadedpiezoelectric curvedtructurewith elastic walls.

The use of nonlinear materials is critical to the develeptrof a buckling structurellowing
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energyto be stored upon actuationwhile reducing input stressesThe result of this is a
reduced buckling forgavith anincrea®d energy output and efficiendpr the whole system
The findings of this worlemonstratethat efficiencycan be increasgrom 0.522% to 16.813%
while achieving a greater power output from 191.6860 208.57{1J.Furthermore, this work
identifies that a monostable structure as opposed to a bi or raiéible structure can
significarly produce higher power outputs than conventional methpghilst achieving long

life within a small compact aresd COMSOL simulation of the mechanical behaviour coupled
with the constitutive guations has been developed to enable future optimises tacitire

and design and validated using the empirical data. In additional, two equations have been
developed using empirical data to aid in selectiootkling forceand power output for an
energy harvester. This is to enable developers of-pawer electonics to select the
optimised system for their application reducing the need for primary batteries within

electrical devices.

This work contributes to a pegeviewed papei t 2 g S NA y 3 piezbeleétricenergyA (i K
KFENBSadGAy3a Tt 22 NEeehndlddwntohewdrisl BatehtyfO202009H0EUA1L
Improvements in or relating to energy generation in a piezoelectric switBublished in May

2021 with a Priority date 09.1-2018.
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Chapter 1 ¢ Introduction

Summary

This chapter consists of three sections: the fgsttionprovides a clear argument for the
need for this research, through addressing the need to reduce carbon emissions and
electronic waste. The second secti@utlines the aim and objectives of this research to
ensure timely completion to the highest standard. Finally, the thesis structure will be

discussed, highlighting the novel contributions that have been discovered.
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1.1 Background

In the late 19' century, a Swedischemist named Svante Arrhenius put forward the notion
of climate change that idue tomore significanamounts of solar energy absorbed bgses

in the atmosphereleading toincreasel global temperatures. However, it wamt until the
1960s, where scidtists identified the trend betweerCarbon DioxideGQ) concentrations
within the atmosphere and global temperatures, this data when platiédurel-1, is known

as the Keelingurve[1]. The solid line depicts thaverage amount of GOneasured in the

atmosphere per year.

T T T I T 390
| Atmospheric Carbon Dioxide | | s B
Measured at Mauna Loa, Hawaii B
FeeeTee s | AR 370 <
| I .9
| | b
i i e ] 17 { Anlh it 360 S
[ I c
I | [
R e e A 350 2
' o]
- - |9

______________________ Al Annual Cycl

nnual Cycle 340 g
x
o
——————————————————————————— ‘ , 380 &
' =
o]
- L e 320 2
| : : Jan Apr Jul Oct Jan S

310

1960 1970 1980 1990 2000 2010

Figurel-1 Keeling curve of GQParts Per Miion) versugdime (Years]1]
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The increasindevel of CQ within the atmosphere can be attributed to a range of factors
These include; growing populatioossDomesticProduct (GDP) and demandor energy.
These factors are closely linkedith the demand for energy being increaktrough either
population gowth or increased GDRobnversely, hrough an industrial revolutigrthe need
for energy increasesesulting inmore CQ production.However, it enables thpopulationto
grow and increas&DP, creating a knodn effect where the increased populatialemands
more energy and as a resulnore CQis produced.Thiseffectcan be observed inountries
such as Brazil, India and Chiffderefoe, research musbe performed to change hoenergy
is generated to break this cycle and dependean fossilfuels Figurel-2 demonstrates the
amount of CQemitted byOrganisation for Economic @peration and DevelopmenQECD
countries NonOECDrountriesand the combinedglobal emissions.The resultsshow that

non-OCED nationsurrentlyLINR RdzOS 2 @SNJ cw: 2F (GKS 62NI RQa
GtCO,
25 1 25

Met-exports of embodied COz of non-OECD countries
20 20

15 e ——

15

10 10

MNet-imports of embodied CO; into OECD countries

Demand-based (OECD)

5+ === Production-based (OECD) 5
Production-based (non-OECD)
Demand-based (non-OECD)

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Figurel-2 Global C@emissiondrom fuel combustiori2]
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It was not until the 1990s that an environmental staweas taken by politicians, a key factor
to the development of renewable energy sources. This change in policymakingecan
attributed to the concern abouChlorofluorocarbons (CFCs) in the atmosphere that deplet
the Ozone (@ layer. This concern for thenvironment has continued to influence
governmental policies with the focuexpandingto include climate change and waste

reduction

The firstfactor in the development of renewable energy technoldgybe discusseds the
increasedpolitical pressure taeduceheattrapping gas emissionsuch as; C£) Methane

(CH), Nitrous Oxides (NOXx), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur
Hexafluoride(Sk). Currently, these gases are releagsedthe atmosphereat a higher rate

than they can be removed3], leadingto increased global temperaturesnd accelerated

climate changd4-6]. Furthermore climate change increases the likelihooflcatastrophic
weather events such as; flooding, wildfirespughts and faming4-7]. Thisphysical change

has led to the development of multiple environmental policiese Tlimate Change Act of

2008 by the UK government waroducedto reduce greenhouse emissions andriorease

public awareness of climate change. The legislation states that by 2050 the UK shall have

reduced itsannualemissions byt least 1006 compared to théevelsproduced in 199(8].

According to the Office for National Statistics and the Department of Energy and Climate
Change, in the 2013 government report UK Greenhouse Gas Emissions, the total greenhouse

gas emissions are spiied to be777.6million tonnes of carbon dioxide equivalent (MtCO2e)
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in 1990[9]. A100% saving would mean that by 2050 c888MtCO2e in emissiorghouldbe
produced by the Ukach year Alongside the climate change act of 2008, there are other
legislation and incentive to increase the research, production, and employment of
renewable energy technologies. An example of this would be the promotion of the use of
energy from renewable source regulations 2011, which aims for the renewable energy sector

to gain at leasti5%of the energy markeshareby 2020[10].

On a global scale, the United Nations Framework Convention on Climate Change (UNFCCC)
has set up the Kyoto Protocol in whid2 parties across the globeve agreed to reduce

the emissions produced to combat the effect of climate chajigd. The most recent and
notable climate change act is the Paris Agreem&he agreement has been used to increase

the contribution of all countries, to reduce climate change, keeping global temperatures
below a2xCincrease on prendustrial temperatures. Furthermore, the agreement is designed

to help developing countries inlgment low emission sources of energy, increase the carbon
captured through reservoirs and distribute knowledge, technology and finance. Currently, the
targets set are well within reach and are expected to be reduced further, thus,veahiaore

significant reduction of greenhousgas emissions.

Due togovernment incentives and research funding attributed to renewable enargyther
factor for moving to renewable energy sources is siyrthle costsavings When economists
discuss climate changthe transition from fossil fuebased energy generatiacio renewable

energy generationand theLJK N> &S Wol 01 aiG2L) GSOKy2f 23&8Q Aa
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can be explained as the point where the cost of extracting and processing fossil fuels rises
beyondthe cost of implementing renewable technolof2]. It is at this pointa snowball

effect will occur, causing exponential investment in research, production and application of
renewable energytechnologies. In turn, this will continue to drive down the costs of

renewable energycausing fossil fuels to cease to be used for energy generation

Energy harvesting captuséhe energy that otherwise would be lost to the environment, with
power geneation in the nano to microwatt region. Therefore, it would not be suitable to be
implemented for grid power generation. However, with the development of tltik&power
electronic componentg13, 14] it is now possible to develop electronics that reigel no
batteries a significant &p into reducing electronic waste and £f¢dm the productionand

end of life recyclingf batteries.

To futher reduce the C@produced by the European Union (EU), a directive (2018/84)
relating to singleuse batteries and electronic waste has beemaduced.Celk containrare
earth and heavy metals, whidontaminatesoilwhenthey leak wherecontaminationmay
inevitably enter waterways and aquifersausing damage to wildlife and ecosystems. The
directive aims to minimise the number of singlsebatteries and electronic waste through
reusing, repurposing and recycling. Howeveore research and implementationeed to be
performedto reducethis wastefurther. In 2016, 214,000 tonnes of batteries were sold in the
EU, and only 9800 tonnes wererecycled with the remainder ending up in landfill sites.

Additionally, with the rise of the Extended Producer Responsibility (EPR), product
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manufacturers are having to take responsibility for the lifetime of their produlcttuding its
carbon footprint andrecyclability, creating a niche for energy harvesting devices in modern

electronics as a power source.

There are three methods of energy harvesting tbanbe used to create batteress devices;
electromagnetic, electrostatic and piezoelectfit5, 16] Although piezoelectric energy
harvesters areoften selected forgenerating energy due to the high energy density and
simplicity of circuitryf17], theyproduce very high voltageshus, requiringan externapower

managementircuitto condition the output signal

The development of higkfficiency piezoelectric harvesters has begnareaof investigaion
for many researchers whemptimising the geometry of a vibration harvestegdded proof
masses and magnets to the tip of the harvedtave resulted in increased power outdds,
18-24]. These techniques reduce the natural frequency of the harvestée closer to the
excitation frequency, thusncreasingthe power output Although these methods produce
more energy than a natural cantilever systetms often found that these devices do not have

alow natural frequency

Another method of piezoelectrienergyharvesting ighe useof a bistable systen{16, 24
26]. A bistable struture has two statesuchthat when a threshold input force is achieved
the device will rapidly switch to thether state. A promising area of research isstable

piezoelectric energharvestingas thesesystems carachieve much higher outpulectrical
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energies than conventional piezoelectric energy harvesting methods such as canfigers

27-32]. Aspreviously mationed,bi-stable systerahave two stable statesin between these

positions the structure ischaotig creating a snapping motiofhis rapid motion results in

higher internal forcesand reduces the impulse tmg A G KAy (G(KS LA ST 2SSt SO
structure. Thee are three methods in which a-biable systems formed magnetic repulsion

[33-37], beam buckling38-41] and inverted pendulum buckling2-44].

Having performed a literature review on piezoelectric energy harvesters and acknowledged
the research landscape, it has been identified that buckling of ceramic piezoelectric elements
has very little research. This has been attributed to th#iculty of ensuring that the
piezoelectric ceramic does not fail after a single or few actuations. Following the investigation
into bi-stable, buckling beam and forméarvesters,bistable systems appeao be the most
effective method toproduce a sytem that could have commercial appeal. This is due to the
compact nature of the system, the simplicity of the structures and the high energy outputs.
However, for these methods to be employed for piezoelectric ceramissable systems
cannot be used, siply the forces involved in these systems are too great and are better
suited for piezoelectric polymers such as PVDF and it copolymers. Instead, a proposal of work
that investigates monostable buckling has been performed. Monostable buckling although
genemtes less energy when compared to equivalent bistable systems. The forces involved are
sufficiently lower, this will protect the ceramic and ensure longevity of the power source.
Furthermore, when comparing the charge developed from an applied force pdipdar to

the polarisation field (gb) the piezoelectric polymers observed in monostable and bistable

piezoelectric energy harvesters can be observed to have 20 times less potpet unit of
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force, when compared to piezoelectric ceramics. This work gaential to enable the

replacement of primary batteries (coin cells) in low power electrics.

The basis of a monstable system forms around thedea of abi-stable system. However,
instead oftwo stable states irwhich the structure snapketween only a singlestablestate

is achieved The single stable state results in highhaotic behaviour for more extended
periods thus generating more electrical energysingle stable statean be achieved through
two methods;the first is reducing the energy the systems so thathe structure cannot
achieve the energy to escape the first energy well and create a second stablelisttiis.
case the system isnore linear compagble to a fixed catilever. Another method is to create

a system that has excessergy Thisexcesameans that although a second stable state can
be achievedexcess energy causes the systems to return to igirgal position. This is the
better option for energy harvesting. Howevevith an increase in energyomesundesirable

effeds, like the failure of piezoelectric ceramics becausesgtessive stress.

The work used three methods to validate the work performed, first is a theoretical approach,
coupling buckling and piezoelectric theory, it is possible to predict the power otibpu

buckling piezoelectric structure. Secondly, COMSOL Multiphysics was used to simulated the
proposed designs and to validate theoretical values and gain an more representative models
FYR 3IFAY AYyaArdakKd Aydz2 G§KS aeérinanaMppach &Kok JA 2 dzN
taken to validate the models and create a numerical equation that can be employed to

calculate the power output.
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1.2 Aim and Objectives

This study hasinvestigatel buckling piezoelectric energy harvestingtructures for
micropower @neration applicatios, which can be usedo power lowpower battery-
operated electronics suchas RF communication device§he main objectives of this

investigation are to:

1 Perform an extensive literature review of fundamentals, theories and techniqaed
within the field of piezoelectric energy harvesting and sensing

1 Identify techniques and knowledge that can be used to improve the power output of
piezoelectric energy harvesters

1 Experimentally investigate the different methods of energy harvestmgntrease
power output, efficiency, reliability and reduce size

1 Investigate piezoelectric energy harvesting circaitd itseffect on the overall system
performance;

91 Develop a simulation modelapable ofaccurate prediction obucklingpiezoelectric
chaacteristics;

91 Develop a buckling piezoelectric energy harvester for micropower generation
applications;

1 Conduct experimentakststo optimise the power output, efficiency and reliability of
the buckling micropower generator;

1 Develop empirical models for the optimisation of buckling piezoelectric energy

harvestes.
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1.3 Thesis Structure

This thesis presents the researahd work, which has been performed by the author on
behalf of the University of Hertfordshirérom October 2015 through tdune2020. Chapte
1 provides background information on energy demand, energy security and global warming,

justifying the need for the presented research work

Chapter2 presentsa detailed literature reviewf piezoelectricitythat includes; the history of
piezoelectritty, manufacturing methods, types of piezoelectric materials, and piezoelectric
energy harvesting techniques. This reviews will critically evaluate the previous work
performed by other researchers within the field, allowing for identification of new resgear

that can be used to develop knowledge further.

Chapter 3 describesthe methadology used for this research to ensure reliability and
repeatability of all experiments, simulations atioretical models.Methods that have been
used to numerically definéhe behaviour are based around buckling theory such as Euler

SNy 2dz tAQa Slidd 6A2Yy FYR ¢AY248KSyl120

Chapter4 investigateghe effect of energy harvesting circuitwhich has later been used to
validate the power output of the proposed novel energy harvesting structures and

technology.
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Chapter5 involves experimental testingf a preformed buckling piezoelectric harvester,
where the resulting power outpus compaed to existing harvesters to evaluate the effect of
the differing structuresAlso included is theffect of a buckled beam piezoelectric energy
harvester, where simulation and experimentation of a single buckling beam have been

performed and evaluated.

Chapter 6 reports onthe conclusion of theresearch workwhere the novel claimsre

highlightedand recommendations fofuture workare presented

1.4 Novel contributions to knowledge

This section of the thesis highlighthe novel contributions to knowledgéhat has been

achieved from theoresentedresearchwork.

1 Development of twanovel bucklig piezoelectric energy harvesting methoaghich
increases the energy output, efficiency and reliabildy piezoelectric energy
harvesters

1 One patent for piezoelectric energy harvests, based o the buckling energy
harvester method WO2020095064Al1lmprovements in or relating to energy
generation in a piezoelectric switchPublished in May 2021 with a Priority date-09
11-2018.

1 Two analytical models thatao be used to optimise the structure af buckling

piezoelectric harvester and predits power output.
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1 OnepaperY Poavering lights with piezoelectric enerharvesting floorg Published in

Energy Technology (Wiley)
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Chapter 2 ¢ Literature Review

Summary

Within this chapteran indepth review ofthe existing literature has been performed in the
area of piezoelectricenergy harvestingThe review initiates with a history of energy
harvesting which follows piezoelectricity until the late 1998®m there, the investigation
moves into the fundamentals of piezoelectric where characteristics, materials, manufacturing
technigues, constants ancbnstitutive equations are discussed, creating a solid foundation
for the work performed. Following this, engréparvesting applications has been investigated
to identify harvesting techniques that yield high energy outputs.
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2.1History of Energy Harvesting

The use of energy harvesting is not a new phenomenon; in fact, energy harvesting was one of
the first forms of @ergy conversion. Forms of energy harvesting date back to as early as
5000BCwhere ancient Egyptians used thendto power their boats along the river Ni[é5].

In 200BCthere werewindmillslocated in Chinaised topump water from the ground antb

grind grain[46]. In the Middle East during thEl"-century, windmills werewidely used, and
were introduced toEurope a few centuries later, by Dutch merchaft§]. The Dutch
improved on the designs brought back from the Middle East and used them to pump water,
freeing land in the marshes around the river Rhine. Ini®#&-century windmills transitioad

to wind turbines. In America, rural parts that were not connected to the National grid had to
produce electricity from other methods. Thisethod was done through the use of @irect
Qurrent (DC) generator being connectéa a windmill. In the 1930smost of America was
connected to thegrid, making the need to generate electricity irrelevddb]. However, due

to increasing fossil fuel prices, the return of wind turbines as energy generators has increased.

An energy harvesting device can be defined as a tool to convert energy fromextiamto
another; in most cases,it is used to create electricityTypicalforms of macro energy
harvesting are wind turbines, photovoltaic (solar) panels, nuclear reactors and geothermal
power plants. Due to more focus on renewable technology and the development af sma
low-powerenergy devices, research into micro energy harvesting is becomagegpopular

field of study.
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2.2 A Brief History of Piezoelectricity

Within this chapter, a review of the history of piezcelectricity, pyrcelectricity and
ferroelectricityhas ben performed These three phenomena have been reviewed together
as theyare closely related. There has been a recent influx of interest and development of
piezoelectric materialfor energy harvesting purposelspwever,for this to have happened
scientiss from the 19'and 20" century played vital part in thedevelopment and application

of piezoelectric materials.

Pyroelectricity was first observed over 2000 years ago. The Greek philosopher Theophrastus,

the successor to Aristotle, is believed to have written the earliest observation. A material
referred to aslyngourionshowed signs of attraction to straws, bits of wood and even small

bits of copper and irof47]d {ARySe . & [ly3 aGFGSathét ¢ K2aS

STFSOGha 2F StSOGNRaAGFGAO OKI4BSa LINRPRJdzZOSR o8

In 1717, Louis Lemery described pyroelectridigwever, it was Carl von Linngho was the
first to relate pyroelectricity to a material refexd to as tourmaline. This material was known
for its ability to attract materials without being magnetic. Tourmaline was further studied
throughout the 18' century with significantcontributors to the field such as Franz Ulrich
Theodor Aepinus, Johann Kavlicke Benjamin Wilson, Joseph Priestighid Canton, and
Torben Bergman48]. In 1824 David Brewster was the first author to use the term

pyroelectricity. This was due to his work with the material Rochelle salt.
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Piezoelectricity was first postulated by Chatfasggustin deCoulombwhen hetheorisedthat

material would be able to produce an electrical charge from an applied {d@e It was this

work that inspired other scientists such as René Just Hailly and Antonie César Becquerel to
individually conduct experiments to prove this theory and both their experiments noted an
electrical charge being produced. Resuitsre, however,nconclusive and it could not be
determined if the charge had been produced due to piezoelectricity or frigsoih Ballato

32Sa 2y G2 &alreée a.SOljdzSNBf RAR YIF 1S | LINBaOA:¢
stretching rubber; he conjectured that experiments with crystalline minerals nsglov

effects due to their anisotropgy{50]. This allowed for Hally tiheoriseintegrated molecules,

~ - 7
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On August the 2 1880, the Curie brothers identified a method for producing electricity when
Rochellesalt was subjected to a pressui®?]. It should be noted that the Curie brothers were
trying to perform experiments on pyroelectric materials when ytheliscovered

LIAST 2SSt SOGNROAGED® aLY MyywmI | SNXYFEYyYy 1 1Fy1St

w»
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accepted by the scientific communjtus, it was adopted. Later that yegBabriel Lippmann
used mathematical modelausing fundamental laws of thermodynamide predict that
application of an electric field to a piezoelectric material would eadsformation of the

material [53]. This process is known as converse or indirect piezoaleeffect. This

prediction was subsequently proven by the Curie brothers through their experimentation.
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In 1893, Lord Kelvin produced work on piezoelectricity that has proven to be the b#sés of
modern understanding of piezoelectricity. This was ddheugh an atomic model to
describe the piezoelectric effedd9]. From this model the field of piezoelectricity was
established, drawing in more curious scientists. However, it nasuntil 1910 when
Woldemar Voigt showed the relationships between electromechanical and piezoelectricity.

This then became the standard reference guide in the field of piezoelec{bdity

By 1915 interest in piezoelectricity was gaining momentum and was becoming a widely
studied area for physicists. Two of these physicists waredERutherford and Paul Langevin.
The two physicists were enlisted by England and Fraespectively, to develop devices to
detect enemy submarines. They both identified piezoelectric materials as the best method to
detect submarines; however, that ishere their similarities in work ended. Rutherford
alongside Albert Wood and Harrold Gerrard developed a system to monitor noise from enemy
submarines similar to an underwater phone. This led to the application and development of
hydrophonesLangevin, ontte other handhad more extensive knowledge of piezoelectricity
compared to Rutherford. This allowed him to push further into applications. Langevin used
his knowledge to focus on problems with emitting and receive signals which ultimately led to
the devebpment and applicatiowf ultrasonic sonar. This technology paved the way for later

technologies such as; modern medical scanners, frequency control and quartz[Biicks

In 1920, Joseph Valasek further studied the properties of Rochelle salt and discovered that

the material was ferroelectrif48]. During the 1940s the field started to gather momentum
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due to the development of piezoelectric ceramics; Barium Oxide and Titanium Oxide. These
materials were found to exhibit dielectric constants that were ten times larger than that of
single crystalsuch agjuartz and Rochelle s45]. Subsequent research on tBariumgroup
resulted in a new class of ferroelectric materials. Later it was desed that the method of
applying a high voltage would cause spontangualarisationof the ceramic$55]. Thigpoling
technique showed an increase in the dielectric properties of the mateflaksincrease in
dielectric propertieded to the development omore powerful sonar along with piezoelectric

ignitersand phonographg53].

In 1946 Cady published a bodkA (i Pi&éeleddricityan introduction to the theory and
applicatiors of electromechanical phenomena in crysta[§6], which comprehensively
explains the early history of piezoelectricitich has ecomell K S Prinfarfy ref€ence

book.

During the Second World War, pyroelectric materials were further investigated for
applicationssuchas infrared detectors, yet no results were publishedvds notuntil 1962,

where J Coopeainalysedhe behaviou of IR detectors mad&om Barium Titanatd48].

In 1969 Kawai discovered large piezoelectric cortstavith poled Polyvinylidene ride
(PVDF) with results comparable to that of some piegmamics. This led to researcito other
ferroelectric polymers andopolymers In 1991 copolymersof PVDF such as Poly (vinylidene

fluoride trifluoroethylene) P (VDHTFE) and nylons were developed due to a greater
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understanding of the Curie poi7]. These discoveries have led to an increasing interest in
the field of piezoelectric polymer3his is mainly due to their elastic nature which results in
excellent fatigue performance and the ability to be formed into flexible sensors and actuators.
Furthermore, they contain notoxic and biocompatiblematerials allowing for ahigher

number of apficationscompared to piezoelectric ceramics.

2.3Energy Harvestin@tructures UsindPiezoelectric Materials

Piezoelectric Energy Harvesters (PEH) can be used to harvest energy from vibration. However,
to harness the large amounts of energy, the PEH mustlaeed inhigh-stress (i.e. high
vibration)environments. This section investigates different applications of PEHSs, highlighting

the limitations of the piezoelectric materials and the energy output.

2.4Unmodified Piezoelectric Energy Harvesting Structures

Heel SrikesEnergy Harvesting (HSEH) is the most common method of energy hary&36ng

148]. The development of such devices can be attributed to the large amounts of energy
produced from a heel strike. The energy available from human motion was first discussed by
Starner in 1996149]. It was suggested that 67V@ald be produced from heel strikes when

walking at the speed of 2m/s. This is a significant amount of energy compared to other forms

of movement,such as the expansion of the diaphragren breathingwhich only produces
0.83W.Figure2-1RSLIAOG & { GF NYySND&a LINBRAOGAZ2Y 2y | O A
heel strikes producing 67Wnd occurring frequently, it is apparent why researchers are

producing heel strike generators. However, the predictions by Starner have been
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contradicted by Niu et aJ141]. They suggest that with a shoeounted PEH, the shoe would
absorb most of the force withnly 2W of useful energy being availabléhe power suggested

by Niu et al. coincides with a large number of design results, evherst devices have an
efficiency between 4.0%. Therefore, the available energy suggested by Niu et al. appears to
be more reliable.Furthermore, Gonzalez, Rubio and MdI38] concur with Niu et al.,

reporting that the energy available from walking in their study was approximately 1.265W.

BODY HEAT 2.4-4.8 W
(CARNOT EFFICIENCY)

A A A A

EXHALATION 0.40 W
(1.0W)

BLOOD PRESSURE 0.37 W
O (0.93 W)

BREATHING BAND 0.42 W

(0.83 W)
ARM MOTION 0.33 W
(60 W)

FINGER MOTION 0.76-2.1 mW

(6.9-19 mW)
FOOTFALLS 5.0-8.3 W
(67 W)

Figure2-1 Starner's approximation of human enerfjy49]

Contrary to Howe® camdesign,Shenclkand Paradis¢143] developed an energy harvesting
shoe insole. Two designs are purposed and investigated: the first is a hexagonal sole made

from two stack® ¥ S A 3 K (k PYDF ercapsultinga 2 mm flexible epoxy; the second is
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a PZ™imorph[143]. The latter is made from a PZT layer appliesiiaungmetal and attached

to a metalplate. A second spring is applied to the opposite sitithe plate. Design one and

two both work by being compressed as the user walks, converting the mechanical to electrical
energy. The two designs are developed for different shoe types. The PVDirwasigpplied

to a pair of sports shoes, keeping weight to a minimum evimbintaining comfort for the

user.

On the other handthe PZT design was applied to a sturdy military boot sinderableheel

was needed. The P4limorph is actuated on heel stréds, converting the mechanical to

electrical energy. The resultsf the testing show that the PVDF sole would generate
approximately 1.3mW of power when walking at the frequency of 0.9Hz, while the PZT design
produced 8.4mW at the same impact frequefit¥3]. The PZT design produces less than 10%

2F GKS LJ2 ¢ SNJ 2 dzi LidziiHovwever, Shda@t v R 6t SH NJARMAAA 2RB3a ARS/a

compact and thereforemore canfortableto implement.

Shenckand Paradiso investigated the use of a small low power circuit to power a Radio
Frequency ldentification (RFID)) communication system, which could be used for keyless
entry to a motor vehicle. The system transmits a shrarige12-bit wireless signal that can

be picked up by a receiver. The circuit uses a rectifier to change the polarity of the negative
voltage peaks from the piezoelectric dimorph. This signal is then used to charge a capacitor
which powers the RFID transitat circuit, resulting in a wireless signal being generated and
picked up by a receiv§t43]. This design has many applications which could be very beneficial

to modern living such as smart housing, temperature controls and vehicle set8hgack

Nathan Counsell University of Hertfordshire Page22



YR t I NI RA a2 QAowaverlitls stivrelévanbeSpedaflyRs the use of low power
electronics is now an established area of research and smart houdagasning a highly
desired area to produce technology. Further research should be put into implementing bi
stable or fan PZT generators into shoe solbss has been suggested as research shows that

the use of these designs ressiih more significanimounts of output energy.

More recently, Gupta and Sharnia44] developed a shoe insert with a single piezoelectric
element made of PZT, shownkigure2-2. This sinlg element was then used to identify the
location of the point at which maximum mechanical to electrical energy conversion occurs.
The sensor was positioned in four places; the hieed,sole, the toes, and between toes and
sole. The results indicated that the area with the maximum energy output was the toes,
closely followed by the heel. When designing energy harvesting from sthese two areas

shouldbe consideredo obtaina higher efficiency PEH.

Harvesting circuit

Piezoelectric Inner shoe sole
Element

Figure2-2 Gupta and Sharma Piezoelectric energy harvesting glvby

Alghisi et al[145] developed a piezoelectric energy transducer used to harvest energy from
pre-fabricated piezoelectric buzzers. The fiabricated buzzers are mourdeinto a cube, in

which a steel ball bearing is placed. As the user walks the ball bearing moves, striking the
Nathan Counsell University of Hertfordshire Page23



piezoelectric buzzersihe impact results in an electric pulse being generated by the buzzer.
The ball bearing then ricochets off the buzzersksig yet another. This method of energy
harvesting has been chosen in this investigation slim@ar actuators previously developed

by other researchers are only efficient when they operate at their resonant frequency which

is usually significantly highéhan the naturally occurring frequencies such as walking. Alghisi

et al. furthered this researchby optimisingthe power management that is used to power a
temperature sensor. A voltage doubler is chosen for this design since energy losses are lower

compared to a full bridge rectifier.

Furthermore,the use of a voltage doubler allows for more voltage to be stored in the
capacitor. For smart energy managemeattrigger circuit has been usedhich allows
voltage to be stored to a certain threshold. Howee once this threshold is achievethe

circuit closes, allowing for the energy to be used in another circuit. Once the voltage drops to
the lower threshold the circuit opens, allowing for the charge to accumulate where the
process starts over again.vitas found that with the user running at 7km/h a peak power of
16mW was generated and that over 260s of walking at 2km/h enough energy was stored to

power the temperature sensor and to read and transmit the data.

Integrating PEHSs into shoes is an advantaigemethod of powering personal electronics.
However, another form of converting heel strike energy into electricity is to embed PEHSs into
flooring. Boby et al. [5] developed a PEH tile that integrateZT element mounted to a brass
substrate intothe flooring to reduce the size of the device. Using more than one PZT

component and point load actuator allowed for an increase in the amount of electricity
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produced from a user walking over the tile. It was found that a combination of series and
parallel PZTalyout allowed for an optimum amount of energy to be harvested. With the
device producing a maximum of 0.09W with a user with a mass of 75kg. Removing all
mechanical actuators has resulted in the reduced thickness of the flooring tilehdkisver,

leadsto i KS L2 6 SNJ LINBPRdzOSR FTNRBY (KS GAfSa oSAay3
affect the amount of electrical energy produced by the device. It is suggested that a
mechancal actuator should be used tmmcrease the voltage output and give a more

reproducible power output.

Sharpes et a[137] designeda PEHIoor tile that transmits a signal to smart erled devices.
In thiscase,a signal was sent to a light, which turned it on and off. The tile works using four
cymbal transducers. Sheets of steel were pressedamiear oval shapand bonded together

with the PZT transducers located in the aeraf thetile, as shown irFigure2-3.

[

S0mm

50 mm

Figure2-3{ KI LJISQa | aaSyoft SR O&Yolf GNIyY dzOS NJ OMH

Qax
puli

The PEH works bgducing a strain in thes; direction of the PZT, through the compression
of the curved sheets. These transducers were mounted into a tile so that all four could be
activated simultaeously. The peak energy harvested fromthe g | & H @ which Was b
not sufficient to transmit a wireless signadhus, a storage circuit was used along with a

Schottky bridge rectifier. However, it was identified that the diode bridge had a high leakage
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accumulate to the point where a signal could be sent and turn the lighting on and off.

Won et al.[152] developed a wearable energy harvester using poly(vinylidene fluoride
trifluoroethylene) (P (VDFrFE)). P (VBRFE) due to iteiocompatibilityand ability to form
adrotsS i LKIFAS ONBadlfa Fa 2LIL1R2aSR (#met £5C
form. The material was synthesised using solution spin coating. This method involved
dissolving PVDF and TrFE granules into a soliretitis case,methyl ethyl ketone (MEK).
Subsequently, the solution waeatedand spun through a nozzle walbeingsubjected to a

high electric field. The solution was then depositatio paper substrates. To achieve high
crystallisation annealing was used, it was stated that annealing close to the melting point
allowed for high crystallisatigihowever, slow coolingesulted in a porous structure. It was
found that quenching the material on chilled steel prevented a porstracture from
forming, resulting in dense piezoelectric material. The P {WHBE) and cellulose paper were
then attached to the back of a glovadtested. Under thexcitationof 0.25Hz and 2Hthe

single harvester produced 0.4V and 0.6V, respectively. To further improve upon this design,
the use of a rectangular square should be investigated. Furthermore, the use of thin fibres
would increase th amount of stress, resulting more significanamounts of energy to be

harvested.

Song and Yufl53] investigated the use of flexible PVDF to harvestrgndrom wearable
energy harvesters. The design that was investigated was of PVDF through silicone thread. The

system produces energy through stretching the PVDF over the silicone thread. When the
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device was stretched, the silicone treads created locasstion the PVDF, leading to larger
amounts of energy to be harvested. It was found that the thickness and amount of the PVDF
stripeshighlyaffectthe output of the device and that the optimum thickness was 3mm which
resulted in the power output of 425uW ¢ghe excitation frequency of 6Hz. This is a very high
power output even compared to PZT based energy harvesters. This high power output could
be attributed to the time at which the device was actuatedreality, the device would only

be actuatedat frequencies below 1Hz which would provide a more accurate assumption of

the power the device would produce realworld applications.

Yoon et al[154] have also investigated generating electricity from a skin mounted P-(VDF
TrFE) to harvest energy from an arterial pulse. Simply, stretching of PT(¢BJ-from the low
forces of an arterial pulse would not generate much energy, howevesutih the use of an
innovative window technique the theoretical energy generated was increased 45% when
compared to a sheet P (VBFFE) generator. Furthermore, the use of the windows reduced
the bending stiffness of the harvesters, increasing the sentgit¥the harvester. The window
technique works by increasing localised stress at the edges of the window, resulting in larger

energy output.

Yang et al[155] have investigated the use of PEHs for battiess wireless switch (BWS)
applications. They developed a harvester that produced 220uJ of energy. This was achieved
using a single actuation, meanititat there were two pulses, a positive and negative signal.
However, using smart power management 160uJ was delivered to the RF transwitiein

was enough to transmit a 4byte signal over 10m.
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Tan et al[157]investigated the implementation of a lopower and lowcost wireless sensor.

This was achieved using a pushbutton piezoelectric igniter. Results show that the igniter
produces 67.6(1J of energy per actuation which was used to transmit twebit Zignals. It

was suggested that the use of a hybrid system would be more suitable for an energy
harvesting switch. However, this would involve using a battery storage systhim
introduces naintenance into the system that is not desirable. Therefore, an investigation into

using other materials or actuation methods was suggested.

Ferrari et al[158]investigated energy harvesting from ambient vibrations to charge a battery
for wireless switch applications. Energy harvesting from ambienttitrs appears to be
desirable however, other methods of energy harvesting such as thermoelectric and
photovoltaic are widely available and generate more energy. This said the harvester is to be
placed in an environment where it is monitoring vibratidrwas found that using two passive
sensorsanda signal can be sent intermittently. Through further optimisation of the circuit
the harvester was able to transmit data wirelessly withoutr@asing the effectiveness of the

harvesters.

Paradiso and Feldmei¢t59] used a pieoelectric striker to produce energy to powen B
radio transmission. This was then applied to a phatton; however, it was found that the
striker applied too much force to the harvesters, causing maceeks to form in the ceramic.

The force was redied and different actuation methods were investigatethcluding

Nathan Counsell University of Hertfordshire Page28



hydraulics However, it was found that this would not produce enough energy to transmit a

signal. It was suggested that using multiple strikers would achieve a successful transmission.

In 2008 Potkay and Brook$71]produced a prototype piezoelectric energy harvesting artery

cuff [177]. The device is a cut cylinder that wraps around an ay@syshavn in Figure2-4.

The expansion and contraction of the artery as a result of blood being pumped around the
body causes stress on the piezoelectric matergenerating an electrical output. The
prototype cuff was designed considering its final application. It was designed out of
biocompatible materials to ensure medical approval. Unlike other researchees
piezoelectric material washosenbased on theneed to bebiocompatible andthis led to the

use of PVDF. The cuff was made out of silicone on which the PVDF was bonded to using
medical grade epoxy. It was then sealed using more silicone to ensurewkes®o exposed
electrodes. To achieve the cuthe silicone was stretched during curing. This device was
tested externally using a pressurised pipe, simulating an artery. It was found that the device
produces a peak power of 16nW. This was very little compared to other forms of energy
harvesting howewer, the non-intrusive and straightforwarddesign may allow for larger
devices of similar design to be implemented into the body to increase the power output to
YIGOK GKS wm>2 ySSRSR G2 LR266SNI I LI OSYI {1 SNW
around the mdy,the location of the cuff is not limited to powering a pacemaker, it could also

be used to power insulin monitors which can be located in the lower abdomen.
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Figure2-4 Artery cuff energy harvestefl77]

In 2009 Qi et a[178]investigated biocompable and flexible PZTs. It was identified that the
piezoelectric efficiencies of PVDF would not be enough to power implantable energy
harvesters. Efforts were then made to make a biocompatible and flexible PZT composite. This
was achieved through the usef @olydimethylsiloxane(PDMS). The process involved
depositing PZdnto MgO and then etching usirsplphuricacid after annealing. This process

was used to loosen the PZT from the MgO surface. A thin sheet of PDMS was then transferred
into contact with theloose PZT and rapidly removed. This resulted in the PZT staying in
contact with the PDMS as a result of Van Der Waals forces. The PZT was then poled for 12
hours at 100KV/cm, resulting indas coefficient of 101pm/VIt should be noted that this is

half of the coefficient of pure PZT piezoelectric matertddwever, this dsis still four times

larger than that of PVDRA further suggestion of this work would be to increase the poling
temperature and pressure duringolling through the use of hot plates nal contact
electrodes These techniques have been shown to produce higher piezoelectric coefficients

when optimised.
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Zhang et al[163] have investigated the use of an implantable device to harvest eneogy fr

the blood pressure in the aorta. Two tests have been conducted, one in vitro and one in vivo.
Simply a piezoelectric PVDF film was wrapped around a silicone Thbeube was then

inflated and deflated using an inti@ortic balloon pump which replicated the pressures of the

heart, allowing for accurate measurement of the energy available fitepulsing heart. It

was found that maximum power output was 681InW orSax¥ A 4 G 2NJ 2F ooam I YR
G2 mx FGSNI nn &adSO2yRA Teathg,the systerCwa®impliint®dk (i 2 NI
into a pig to confirm the findings of the first test. The results confirm the power output

observed in the initial tests and thektS a&ad Sy Oly OKHNHS | mp>C (

Dagdeviren et al[179] have investigated the application of PZT to harvest gndbr an
internal implant. The authors suggest that aluminium oxide does not generate enough energy
to power animplantabledevice such as a pacemaker. The dewes then implantednto
both acowandsheepwas found that the device produced a maximunweo of 1.2uW/cn,
which was five times larger than the predicted output of the harvedtegure2-5 shows the

energy harvesting system during operation a bovine heart.

Figure2-5 Energy in situ othe bovine hear{179]
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Lu et al[170] have investigated the use of PZT on a flexible substrate to harvest the energy
from heartbeats. The device was sutured to the heart of a swine and tekteds found that

the device produceé 3V peak to peak under excitation. Although the actual power output
of the device is not statedhe authors reported that there is enough energy to power a

pacemaker.

Deterreet al.[169] have developed an energy harvesting implant that gates energy from

the pressure of the heart. The device harvests energy using a ppitatned substrate with

PZT deposited on its surface. The harvester is placed into an isolated container and is actuated
by the compression of bellows. The device ibéglaced into the right ventricle of the heart

and harvests the energy from the pressure of the blood within the chantbgrerimental

testing of the device revealed thitte Y EA YdzY Sy S NA &codldbe hardemted> 2 k OY

this is less than half the preA OG SR 2 dzdi LJdzi 3[I86E SN 2F mMn>2 Kk OY

Another fam of hybrid energy harvesting investigated is pigrmtovoltaic (PPV) hybrid
systems. Solar or photovoltaic systems do not require any mechanical work to harvest energy,
unlike the electromagnet method, this allows for different applications, such asirilp. A

solar cell can produce a neaonstant voltage in the presence of direct and diffuse sunlight,
andthis energy can be used to charge a circuit. The piezoelectric element can then be used
to boost the signal for sensing proposes and efficiencyi €hal.[134] developed a device

that harvests both solar and mechanical eneg/shown irFigure2-6. The photoactive layer

is composed of P3HPCBM. In this setup ZnO is used for two primary purposes; the first is to
act as the electron transparent layer for the solar part of the device and the other it to

generate electricity due to piezoelectric nature of the material. A conductive anode and
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cahode are placedn either side of the device to harvest the generated electrical charge. It
was reported that the deviceotild power a microcontroller and several Light Emitting Diodes
(LEDs)LEDsvere used to shovthe signal from the solar part of theetice and two LEDs for

the piezoelectric part. The latter LEDs were used to show the amplitude of the force applied
as the device is pressed. It was found that the piezoelectric part produces between 20mV and
40mV depending on the force applied and thattBolar component would produce an
average of 0.546V. Choi et al. suggest that this type of hybrid harvester could be used for

mobile touch screen devices to improve battery life.

b Light Dark by a touch

150§

(2]

= Transparent polymer

— Transparent cathode
- 2n0 thin fim

~— P3HT:PCBM

— Anode

"~ Flexible substrate

Figure2-6 Hybrid energy hevester Choi et a[134]
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2.5 Cantilevered Piezoelectric Energy Harvesters

Sang et a[133]have developed a hybrid pieadectromagnetic generator. Four designs were
produced to implement the hybrid system shownHigure2-7. The design chosen utilises a
piezoelectric cantilevewith a permanent magnet attached to the tip which works as a mass
that reduces the natural frequency of the beam. It was found that using the combination of
electromagnetic and piezoelectric can increase the efficiency of the energy harvester up to

81.4%.This is a significant increase in the amount of energy harvested.
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Figure2-7 Vibrationbased hybrid energy harvestgr33]

Howells[150], has produced an energy harvesting hseike systemwhich can be attached

to shoes. The system uses four PZT bimorphs to convert mechanical energy toit}esd

these transducers are actuated through the use of a star shape asushown irFigure2-8.

When theheel strikegenerator is compressed, thedd screw causes the cam to rotate which

in turn causes the PZT bimorphs to bend following the shape of the cam. This mechanism
allows the PZT to convert the linear motion of the herb useable electricity. Tis work
aimedto produce 0.5 Watts, sufficient temall powerelectronics such as a GPS receiver.
Unfortunately,this was not achieved since on averatiee device produced 0.0903y¥50].
Although this may not be enough to powedavice,it would be enough to extend the life of

a portable device such as a pager dwa-way radio. Howells, by not directly actuating the
piezoelectric elements from the source stimuli has taken feint approach compared to
previous studies. This approach allows for a more controlled period when energy can be
harvested and a more consistent amount of energy being produced. However, the major
drawback of thisystem is its size. This device is largfean if the PZT was directly actuated

by the heel strikethis is due to the use of the lead screw and cam setupokturiately, the

size of the system outweighs any of the benefits achieved by using theactated system.
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Figure2-8 Howells novel method of generating power fr(L)m a heel st[]

Xie and Cdj142] reported that an amplification of the force is needed since shoe insoles
absorb and dissipate most of the mechanical energy generated during walking. This
amplification was achieved by using a triangle jig that forces tapezoidal plates aparas
shown inFigure2-9, causing the PZT bimorphs to be displaced. A spring then causes the plates
to return to their original pogion. This results in the PZT bimorphs to vibrate in the horizontal
direction. An energy harvesting circuit was used to evaluate the electrical energy produced
by a user who weighed 68kg and was 180cm tall. Testing was performeditat g
approximately 1,1.2 and 15Hz. Experiments were conducted to evaluate the effect of the

human gait on the performance of the energy harvester, concluding that the device causes a

H-Sliders
Framework
Clamper
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weight of 1069 per shoes may lead to increased fatigue.

Nathan Counsell University of Hertfordshire Pages5



Figure2-9 Xie and Cai's novel V shaped harvegid?]

Although many in shoe energy harvesting designs use a beam configuration, the main
shortcoming of this design is that the maximum deflection of the beams far exdbeds
dimensions of the shoe. Mateu and M{lK0] investigated the optimum beam of PVDF that
can be placed in a shoe, to achgemaximum output energy. It was reported that the use of

a triangular cantilever is superior to that of a rectangular counterpart, with the rectangular
beam producing 25 percent less strain than thangularbeam. Furthermore, it was found
that an asymmatric heterogeneous bimorph that is simply supported and is loaded with a
distributed force is required for optimum power generation. In additidrwas ascertained
that the maximum deflection plays assentialpart in the energy generation, the largdre
deflection, the greater the output. This knowledgeill help identify designs that have the
possibility of generating more power than others aiding in the evaluation of the designs

purposed.

Moro and Benasciut{il36] performed an investigation into the power harvested from heel
strike PEHs. Through the work that was perforpatdanalytical model and a prototype heel
strike energy harvester ere developed. The analytical adel allowed for acceptable
predictions of the power generated compared to experimental results. It should be noted that
after 0.3 seconds, the error in the model led to the results being out of phase, however, after
this time the voltage attenuated back tzero with the predicted power output being 6% less

than the achieved experimental results. Subsequentipdeling variablesuch as width,

Nathan Counsell University of Hertfordshire Page36



length, thickness and tip mass were evaluated. Using the analytical model combinations of
these variables were practed to optimisethe dimensions of the HSEH. It was found that

gKSY GKS aAy3atsS twnet NBO(I gpimizeditNdduld prodacBlhdk Q& R
F 9SNF 3S 2dziLddzi LR GSNI 2F opp>23 gAGK (GKS 2yf &
of the bimoiph. This was due to the increased strain at the clamped whére the tip mass

increased.

Furthermore, the natural frequency of the cantilever contributes to the largest effect on the
power output of the design. This was observed in simulations wharacrease in the tip
mass or length of the cantilever resulted in a peak in power. This peak was attributed to the
natural frequency of the beam. Using tip masses and increased beam Jehgthatural
frequency was reduced to the point where the heel srikould cause excess vibrations in
the beam, thus improving the output of the harvester. However, increasing the tip mass and
length beyond apecificlimit resulted in the natural frequency of the beam to fall lower than
the excitation frequencies, produtwy less power. This report has provided an analytical
function that can be used to model piezoelecttantilevers accurately. This is important, as

PEH systems can be assessed with minimal prototyping and experimental testing.

Pillatsch et al. deasloped a rotary piezoelectric energy harvester that produced a peak power

2 dz(i Lddz(i [25Z] Thiswagachieved throughe use of a rotating proof mass, permanent
magnets and a PZT bimorph. The PZT produced electricity through bending using permanent
magnets. This reduces the mechanical wear in the product, extertdmdparvesterdife.
Through the developmerdtage,highe outputs were achievedhowever, the piezoelectric
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element was overstressed and resulted in a dramatic reduction in the output of the harvester.
This was resolved by increasing the distance between the two permanent magnets, reducing
the repulsion forcethus eliminating the overstressing. The use of a proof mass allowed for
energy harvesting over thbroad spectrum of frequencies that human motion produces. This

is a simple yet effective way to harness linear and rotational energy from human motion.
Furthermore, the size of the product allows for it to be worn inconspicuously by the user or
incorporaied into existing designs which could be used to add extra features such as heart

rate monitoring, temperature sensing or as a GPS.

Jeong et al[156] designed a multarray energy harvesting switch. The switch produced
324.91J of energy from a single actuation. This was achieved using four piezoelectric
transducers (35mm X 35mm) mounted on a substrate (40BOmMm). This energy was used

to send an infrared signal. The elements were clamped together at one end and separated via
a spring at the other, creating a snapping mestable structure. This method of actuation
increases the output energy whiminimising the size of the harvester. However, due to the
signals being in opposite phase, futhve bridge rectifiers are needed for every two elements.
Thusthe number of transducers are directly proportional to the number of rectifiers, making
this method of eergy harvesting costly and not comparable to existing methods such as wire

push buttons.

Karami and InmafiL67] investigated the use of powering a cardiac pacemaker using PZT to

convert the vibrations from a heartbeahto usable electrical energy. It was stated that a
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harvesters. In thigwvestigationa zigzagged piezoelectric energy harvesteéigure2-10, was

developed andoptimised for harvesting energy at 39Hzvhich is aregular frequency

produced by the heart along with a high amplituéttigh amplitude is critical as this produces

higher stresses on the PZT, resulting in larger energy yields. Thagggd PZT was bonded

to a brass substrate using epoxy resin. At this poirghould be noted that neither of the
materialsisbiocompatble and thus must be encased irbeocompatiblematerial. Testing was
performed on the monestable PEH. When subjected to simulationrK St 91 LINR RdzOSR
which is ten times the energy required to power a pacemaker. It was found that a-mono
stable PEH igery dependent upon the input frequency, which is not desired for charging a
pacemaker, as heart rates vary affecting the input frequency. Another design was therefore
produced utilising magnets to make the structure sstaible. A bistable design allowor a
broadrange of frequencies to be harvested, increasing the electrical yieldstalile design,

when implemented into a PEldan produce more electrical energy than a mestable PEH

since it can be triggered by a broader range of frequenciesusé®f magnets increases the
complexity of the PEH and increases its.slherefore these should also be considered when

designing the PEH.

Figure2-10 Method of reducing natural frequendgy67]
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Ansari and KaranjiL80] investigated a technique of harvasg energy for an implantable
leadless pacemaker. They used a novel techniqdarefolded piezoelectric beamdhe zig

zag system has point masses attached to the end of each beam, the point masses cause a
reduction in the natural frequency from 50Hz16.18Hz, resulting in possible output power

2F MndPHN>2 P

2.6 Bistable Piezoelectric Energy Harvesters

Cao et al[37] investigated the effect of linear, monstable and bitable piezoelectric energy
harvesting devices. To identify the most appropriate energy harvesting technique, a leg
mount device was manufactured and tested shown irkFigure2-11. The device was used to

test the performance charactetiss of each energy harvesting method. Their results coincide

with that of otherswhere the linear typeof harvester produced m average peakower of
oPHM>2d ¢KAA ¢l a RdzS (2 GKS TF@llidadyri@dar 2 T (K
frequency. If the applied frequency is not close to that of the linear harvgsien the energy

harvested is minimal. feer introducing magnets to the design a mostable harvester was

produced, this is when the cantilever, much like the linear harvester, retirrmse single

state after excitation. The magnets amplify the frequerdythe cantilever causing high

excitah 2y > LINPRdzOAY 3 |y FfY2aG SljdzA@rtSyid LRgS
ALISSRa O2YLI NBR (2 (K Stabledvabvestet atthas@riedped8R. o0& U K
However, this was not the case for all other speedsich is what gives stable designs their

advantage for energy harvesting purposes. Athble design has two stable statesdrapid

switching will ocar when an excitation at any frequency is transferred to the system. This

rapid switching causesgnificantstresses within the cantilever, increasing the voltage output.
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Furthermore, the instability of having more than one location to settle causes exsev
damping effect, meaning that it takes longer for the system to reach an equilibrium state,
thus increasing the energy output of the system. lessentialto highlight thatthe energy

available is dependerin 1 KS agAy 3 | y3af S |aFthelfrégBenadd]S NDa f

BCcleration Sensor

Angle sensor

Displacement sensor

Figure2-11Leg mounted piezoelectric energy kaster[37]

Mathieu et al.[172] investigated the use of PVDF to power a pacemaker. In their research
the twisted piezoelectric polymer was used to harvest the energy from blood pressure within
the heart, this increased the stress on the material and essalt, produced higher voltage
outputs. Testing was done by placing the harvester in a sealed bag to which pressure was
applied. The output voltage was rectified using a diode bridge and stored in a capacitor. It was
found that 3V could be stored in thepacitor which could supply an LED with a constant

supply. However, the time limit for the LED to be illuminated was not stipulated and would
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allow for a better assumption on the amount of energy available to charge or power a

pacemaker per heartbeat.

A promising area of research is-&tiable piezoelectric energy harvestethese devices

achieve much higher output energy than conventional harvesters such as cant[2xeps

‘ ~ Potential energy

Displacement

32]. This is due to that fact that cantilever based harvesters have a narrow excitation band
and in most cases need to be directly actuated, which is ideal for applications. However, this
is not the case fothe majority of vibratioAbased energy harvesting applicatiogi81, 182,
253256]. As the name suggests, adbable syeem has two stable stateshowever, in
between these two stateshe structure ischaotic creating a snapping motion. This rapid
motion results in higher internal forcegithin an energy harvestethis has beerdepictedin
Figure2-12. There are three methodby which a bistable system can be manufactured;
magnetic repulsiorf33-37, 183] beam buckling38-41, 184, 185hnd magnetic attraction

[42-44].
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Figure2-12 Double well bistable a) innemvell oscillations b) chaotic mukvell oscillations

c) interwell oscillationg186]

As previously stated, there are two important properties that researchers have strived to
optimise in piezoelectric energy harvesters; reduction in the natural frequency arehse

in the bandwidth of the energy harvesting device. Optimisation of any or both factors results
in a significant increase in power output of the harvester. Li ¢18F]produced a bresonant
system made of two PVDF bimorph cantdesswith natural frequenciesf 15Hz and 22Hz.
Proof masses were attached at the ends of the dewers to reduce the natural frequency of

the system. It was reported that this system, when excited between 14Hz and 28Hz, resulted
in a power increase of 84 (0.35uW). The system vibration collisions between the two beams
were observed, spurring the beams to vibrate for longer and with greater amounts of stress

[187]

Passive systems have been further investigated) these are defined ypnot adapting to
changing vibrational inpufd.88, 189] Contray to this Lallart et al[188] performed research
onthe active turning of piezoeldric energy harvesig beams, Were a low power circuit was
used to change the structure of the harvester depending on the acceleration and
displacement of the system leading to a furthacrease inoutput compared to that of a

linear system.

Astandardmethod of creating bistable energy harvester is through the use of magnets. This
can be either through repulsion or attraction. Through the use of multiple permanent
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magnetsit is possible to create systems of two or more energy wells or stable poditigas

195]. The nitial system design was based around a piezoelectric cantilever with a proof mass
attached to the end of the beam. The proof mass was then made from a magnetic material.
The use of a single magnet of opposite polarity perpendicular to the cantilever vitoernd
create two zones in which the beam could come to {86{. Cottone et al[36] were first to
investigate this novel form of energy harvesting shown in befigure2-13. They reported

that the implementation of this system produced 400% to 600% more energy than a
traditional cantilever. It was this work that changed the development of energy hamgest
and turred the spotlight to piezoelectric energy harvesting over inductive and capacitive

energy harvesting techniques.
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Figure2-13 Cottone et al. novel kstable energy harvesting systgB6]

Jiang et al[25] developed a buckling beam that is driven by magnetic induced buckling, using
alternating magnetic poles PZT transducer snaps between an attracted and repulsed state.

l'd | NBadzZ 0 nop>e2I16R aNESNVS NI yi B LBk al. élidod a m
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studied the application of magnetic induced buckling to develop a harvester to identital

parameters to optimise harvesterusing stochastic Melnikov theo[$96].

An investigation into implementing linear and-diable energy harvesters for energy
harveging shoes and bridges ti@been performed by Green et 4lL97]. In theirwork, they
discuss the inaccuracy of using Gaussian white noise, to which realistic data was obtained and
used to model the two harvesting techniques. Their results showed that the linear harvesters
were more efficient than the props®ed bistable harvesters. This was attributed to the low
energy exerted on the model. The data revealed that there simply was not enough energy to
move out of one energy well to the other. In other words, the energy used to excite the
piezoelectric cantileer was not sufficient to push through the magnetic field of the
permanentmagnet to its second state. This was due to the repulsion of the two permanent
magnets in the systentowever, the implementation of strong magnets into small electronic
systems carmcause interferenceRurthermore, the complexity of the system is increagaf,

198]

The next area of bstability to be investigated is the Duffing oscillatthris nonlinear system
have been studied in detail both experimentally and trestically for many yeard his forms

the basis of most kstable and monestable systemq199-206]. Duffing based energy
harvesters show a broad resonance frequency whichlmafurther increased by changing
parameters based around; damping, input force, input acceleration, displacement, and

nonlinearity strength (magnet strength, spring stiffness or structural stiffness). Changing
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these parameters can result@significantncreasein power output for the energy harvester.
Furthermore, these resonant frequencies are typically far lower than that of a linear based
system meaning that they have better transference into reabrld applications.
Characteristically, a duffing béble system will have a snap throudiire event during its
operation This is due to the previously discussed energy well. The development of two energy
wells means that to switch between statesore energy must be transferred into the system

this extraenergy creates more stress in the system. Once the threshold energy jsh@et
system changes state, expelling the energy as erratic kinetic energy which is then captured by

the piezoelectric materials and converted into an electrical charge.

An areathat should be focused on is buckling energy harvesters or buckled beam energy
harvesters. It is this type of system that has a place in moedagnelectronics as it is simple,
compact, and develops comparatively large amounts of usable ef@2d@213]. Masana and
Daqaq[208, 209]have performeda detailed assessment of pebuckled beam energy
harvesters. Although they performed far better than a linear deviceias reported that a
return system was needed as the energy generated wasigotfieant enough compared to
other bistable systems. This is due to a single impulse of energy other than a vibration
cantilever. As the system can work at very low frequendias possible to use this in more
locations, enabling a potentially highe@mount of energy that can be harvested. This
observation made by Masana and Daqgaq appaarconcur with other researchers in the

field. It was hghlighting an area that could be built upon and investigated in more depth.
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Eltanany et al. investigated theffect of a PEH based on a buckled beam, with the view to
harvesing very-low-frequency vibration from a handshake using two 25mm X 10mm X

neonpyYY t %¢ GNFYyARAZOSNE ¢gKSNMB mn>2 2F SySNBHe@

Although there are demonstrated advantages oétable systemghere is still certainly room
F2NJ AYLINE @S YSy i ®[200]MdbrkizNGtratéd yhat mecfiariicay hack to the
system would help a system stay in a state where &thble system snaps between stable
states, generating maximum power output upon a single actuation. The downside of this
system is it relies on constant high amplituaetuatiors that cause detrimental damagto

the piezoelectric material, significantly reducing the life of the energy harvesting unit. Sebald
et al.[214] proposed aractive systenthat the output impedance changes depending on the
input impedance. However, the extra enerngyaken to power this active circuit results in a

system that produces less power.

2.7Mono-stable Energy Harvesters

A monaostablesystem shows the greatest benefit to modestay electronics. This is a system
that returns to its original position and produces large amounts of endrgwever not as
much as a bstable system. lis of intrestas it produces less stress within the mekectric
element without damaging the material. This means that the system can last longer as a
result. From the research performed was found that most monastable systems are a
piezomagnetoelectric system, which much like thestable system meanthat a magnet is

used to createa single stable stateThe power is extracted via a piezoelectric matefdl5-
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218]. Nasser et al[215] used two attractive magnets to creata buckling effect in a
piezoelectric beam. Their findings suggest that although the power output was lower than
that of a bistable system, the range of frequencies that could be harvested was found to be
much larger. This suggests that a wa#dced syeem could collect power from wind vibrations

of all speeds. Similarly, Fan et[2lL8]developed a model where their findings showed a 54%
increase in bandwidth and a 253% increase in the power output of the sybstajati and Kim
[246] investigated a clampedamped beam with a mass in the centre, this caused the beam
to sag and create mono-stable system which when excited with was able to produce double

the power output and increased the bandwidth of the systems.

Having performed a literature review on piezoelectric energy harvesters and acknowledged
the research landscape, it hasdreidentified that buckling of ceramic piezoelectric elements
has very little research. This has been attributed to the difficulty of ensuring that the
piezoelectric ceramic does not fail after a single or few actuations. Following the investigation
into bi-stable harvesters, buckling beam and formed bistable systems appear to be the most
effective method of produce a system that could have commercial appeal. This is due to the
compact nature of the system, the simplicity of the structures and the highgsneutputs.
However, for these methods to be employed for piezoelectric ceramissable systems
cannot be used, simply the forces involved in these systems are too great and are better
suited for piezoelectric polymers such as PVDF and it copolymstesadi) a proposal of work

that investigates monostable buckling has been performed. Monostable buckling although
generates less energy when compared to equivalent bistable systems. The forces involved are

sufficiently lower, this will protect the ceramimd ensure longevity of the power source.
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Furthermore, when comparing the charge developed from an applied force perpendicular to
the polarisation field (gk) the piezoelectric polymers observed in monostable and bistable
piezoelectric energy harvestersrche observed to have 20 times less power put unit of force,
when compared to piezoelectric ceramics. This work has potential to enable the replacement

of primary batteries (coin cells) in low power electrics.
2.8 Structural Modelling of Piezoelectric Energarvesters

Multiple theories have been developed over time for modelling piezoelectric elements,
however, two methods are key to the modelling of stresses within beams and plates. The first
being Euler SN} 2dzf f AQa o0SIY &KS2 MNEcantilevdét tyge hakvasteis@ LIA O
from this the top surface stresses can be obtained which is then inputted into the
piezoelectric equations to find the voltage and charge produced from an actuation.
Developing upon this Timoshenko beam theory has been apphies takes into about the

deflection of the elements and as a result produces a much more accurate stress, especially

with modelling dynamic loads [257266].

Ajitsaria et al [257], a comparison of the two beam methods was investigated, comparing

both the models they found an acceptable degree of accuracy with experimental data
O2ftf SOUSR® !aAy3d GKA& AYyTF2NXIGA2YT AG KlFa o
methods are an effective method of determining the voltage and thus the power outpat of
piezoelectric energy harvester. Throughout this report it was repeatedly highlighted that
comparison of buckling beams has been shown minimal attention. This has been attributed

to two reasons; the first is piezoelectric energy harvesting is dominatéid e@ntilever

harvesters, and the second being the complex modelling of bistable andbpokling
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behaviour that many authors overlook performing buckling on monostable systems through
Eule,. SNy 2dzf t AQa YR ¢AY2aKSy | 2 Qdto eltie@ StriskeS a = Y

which can be used to identify the power output of buckling monostable harvesters26J/

In addition to Ajitsaria, Ly et al [259], used both Euler and Timoshenko to optimise the shape
and resonant frequency of a cantilever, theirMd & SYLJX 28 SR | YAf G2y Q&
computed using the modal decomposition method. Their findings demonstrated that the first

modal response was much smaller than the first and generated significantly less power.

2.9Piezoelectric Polymer

PVDF can bgynthesised through multiple methods; hot pressing, extrusion, solution casting,
spin castingLangmuifBlodgett NTIPSNon-Solvent Thermatinduced Phase Separation),

TIPS ThermallyIinduced Phase Separation) and VIPS/dpourInduced Phase Separation).
¢tKSaS YSiK2R& LINPRdzOS GKS RSAANBR | wllkKl &8
investigate the methods of manufacture to establish areas in which resd@msmotbeen

performed whik producinga comprehensiveicture of PVDproduction

The first method that will be investigated is hot pretsgs method involves compressing PVDF

powder at extremely high pressures and elevated temperatures. This produssparent

film with low piezoelectric properties. The reason for the low peeotric properties can be
FGONROdz SR G2 | YAEGdzZNB 2F b | yR | ONEBAGI T a

FNE y2 FdzZNIKSN) YSOKIFyAayYa (2 AYyONBIFasS GKS |

of the polymer chains causing net polarisatadrihe overall material. Much likime hot press,
Nathan Counsell University of Hertfordshire Pages0



extrusion produces similar result$lowever, other researchers improved upon the first
technique by stretching the polymer and applying a high voltfge62]. The stretching
AYONBI SR (KS LISNDS 168, 64 The Hgh voltageiagross theQratgri@lS NB A 2
caused the dipole orientation resulting in a significant increase in the outpuiolild be

Yy2U0SR GKFG adNBGOKAY3 R2Sa y2G NBadzZdG Ay wmns
should be investigated such as solution casting. Solution casting is now the most commonly
practised method of manufacture; this is attributed to the easenwnufacture, and the

KAIKSNI LISNOSyY (I #S69pASER T2NJ i ONrRaidlfa

Stretching PBF has been known to increatee @ A St R 2F 1 ONRadlFt F2N
variables that have been investigated by researchers are; drawing ratio, drawing speed, and
GSYLISNI GdzNBd { GNBGIOKAY3 KFra | airx3ayAaAFAOlLyd §-
YSGK2R LINPRdzOSa adzOK | KA3IK @AStR RdzS (2 (K
chains get elongateda conversion occursvhere the transgauche trangjauche (TGTG)

OKI Aya OKI y 3-8ansi(BTTT) chaidlill 363 &l tF2 dzy R G Kk llave2 y OS

been stretchedy 20% nore than theiroriginal lengththey will transfer tothe | LK &S o

It should be noted that the optimum stretch is naholly agreed upon within the research
community, however, the consensus is that stretching PVDF at a ragher than 4:1 will
resultinsignificanty  LIK | & S 02 y @seaidheriehevestretéhivighbeyond theatio

mentioned aboves ineffectivel & G KS OKLF y3S Asyninimal GN&ntast) f O2y
20KSNAR &adza3sad dKFG Nrdaza dzJ 62 cYwm LINRRdzO

optimum drawing ratio is not agreed uppthe other variables such as drawing speed and
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temperature have been. The drawing speed is a critical variable to enh&eceutput of

PVDF. The faster the drawing rateK S KA IKSNJ 6 KS @AStR 2F i LKI
stretching speeds allow for the chains to move through the material resultingimmal

change in structure. The final variable to be discussed astéimperature at which the
YFGSNRAIFE A& a0GNBGOKSR® ¢2 I OKASGS (KS KAIKS:
KFra G2 0Si06SSi64, 66hkhe eldvafeR temperatire causes the material to

become more pliable and sofillowing it to reaclstretching raios of over 4:1. Temperature

is a critical mechanism for PVpfeduction

Poling can be described as the orientation of domains within a material. This is achieved
through theapplication of force and high voltage. This process is essential for inggesin
output of piezoelectric and ferroelectric materials, allowing fieore significanamounts of

energy to be converted from mechanical inputs.

The main factors identifiedffectingthe output of a material can be linked to variables during
the polingprocess, these are; mechanical strain applietheomaterial, poling voltage, poling
time, temperature and rate of cooling. These factors differ depending on the material

properties.

The poling process can be the same for each classification of matdaalever, when
compaing polymers and cerami¢c®ne vital process differs. For piezoelectric ceramics, the

material is usually subjected to a compressive strain, whereas polymers are subjected to
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tensile strain. Having said thiso material is the same atailored poling should always be

considered to improve properties.

The iterature on PVDF has been reviewed to evaluate what is known about the poling
process. This material has been chosen as it processes high piezoelectric constants dompare
to other materials, idJltra Violet (UV) resistant and is compatible with organic tissddese
properties make PVDF a desirable piezoelectric energy harvesting material, such that many
researchers and academics have investigated the material to harvest eimeagyariety of

applications.

There are two maimanufacturing techniques througivhich PVDRks produced; from melt

or solution. The most common technique for producing PiéDfelt draw. Much like injection

moulding, PVDF granules are placed into a hopaed a lead screw is heated to above the
YSEtdAYy3 LRAY(G 2F (GKS t+5C omtnanx/ uod ¢KS aONB¢
PVDF out of a nozzle. The material is then quenched by blowing ambient air over the material
[70] ¢ KAad OGSOKYAljdzS Aa aAYLIES IyR STFFSOIADS |

shownin

Figure2-14; however, the material needs furthgrost-processingi 2 02 Y GSNII " LK &

tothei LIKI aSo
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Figure2-14 Industrial PVDF stretching and polii7®]

The second manufacturing technique is solution base deposition; this technique has many
good attributes compared to melt drawing. The method of producing PVDF is achieved by
dissolving PVDF granules intdbase solution. However, to achieve a material wikiigh
FY2dzyda 27 Ii,dimdfaylfdBamideIVE) shouldide useds the base solution

(i.e. solvent]71]. The solution is deposited on a smopttean surfacendthen annealed to
evaporate any moisturerad DMFfrom the solution. Once cooled to room temperatuthe
remaining PVDF can be observed to bién  LIKHbwieSer, results have alshownother

ONEB &Gt fAYS LIKI amécrystalZorkatibnds depEndenton theyhealing
temperature and cooling rateAnother method2 ¥ LINR RdzOAy 3 | LIKIF &S t +£5
electrospinning. This method produces theost significad | Y2dzy G 2F 1  ONEal
The PVDF solution is placed in a syringe and spun at high speelasmall nozzle &ws

the solution to escape at very low speeds of 1ml per hour. A high volsdgen appliedto

GKS az2ftfdziaAzyd® ¢KS NBadzZ G Aa + YIFd 2F FAONBaA
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PVDF usually occurs instable form this is known agheh LK | & S ®e i¢ & dod  LIK |
FSNNR St SOGNRO ONRBAalGFtftAYS FT2N)O etfdrBationis T2 NY I
made up of trangyauche trangyauche (TGTG) chaif¥®, 73] These chains are arranged so

that the molecular dipoles cancel each other, witte resultant net mwlarisation of zero.
Piezoelectric characteristicd PVDF can bebtaineddo @ G NJ YAFSNNAY3I FNRY +h
2T Ala GKNBS 2 [63 Ihdsaidkplezodeitiic PVERIdbe ntdelup of any
combination of thesdour different crystalline states. To achieve the largest piezoelectric
coefficientst +5C ySSRa G2 o06S Ay Ada i LKFIaS ONRadl
the most significah coefficients due to its formatiowf all-trans (TTTT) moleculés2, 73]

this is highly desirable as this formation allows for all dipole moments along the chain to be

alignedin the same direction, resulting in large piezoelectric outputs.

Quenching can be described as rapid cooling of a material from an elevated temperature to a
lower temperature[58-60, 67, 7477]® ¢ KA & UGSOKYyAljdzS ¢l a FANRI
crystals in PVDF when manufactured frarelt. The process involves putting PVDF granules

into a hopperand under pressurerad temperatures abovehe melting point theyare turned

into a gel. The gel is then extruded from the hopper, where it is immediately quernictoed

plastic materialusing air.However, othermethods have been developed thetsult inan
increasedpiezoelectric output of PVDHeading tothe less frequent use of quenching
Quenchinghas recently been the focus of several investigatidiiss is attributed ta better
understanding of the Langmuilodgett techniqug77-82] where the interaction between

gl G§SNNA KeéRNER ISy -FloandsCause lthgrientation 3 €EQ& LK &S ONE

resulting in a material that does nogquire electric polarzation [68, 78] Furthermore, the
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NIPS (norsolvent induced phase separation) technique ftbie production of porous
membranes uses quenclgfB3-93]. This area is new and emergimg)eresolution cast PVDF

can achieve high piezoelectric properties witinsiderably lower production energy and cost
(a)

movable movable

barrier barrier
monolayer

air

substrate

(b)

movable maovable

barrier air barrier
monolayer

Liquid . .
substrate

Figure2-15 LangmuifBlodgett techniqug94]

A Digital Scanning Calorimeter (DSC) is often used to identify crystal formations within
materials A DSC takes a sample and weighsig then heatedat a set amp-rate to atarget
temperature, held and then cooled. The system measures the weight of the material and the
surrounding temperature continuously. This is then used to highlight any endothemmic o
exothermic peaks indicating crystal growth and crystal melting, respectihadye2-1 depicts

the test procedures, and associated crystalline formaiaentified by various authors.
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Table2-1 DSQest procedures and associated crystalline peaks

Digital Scanning Calorimeter

Author - 0

= -

e

m n

> o =) N =)

*< ~~ ~~ ~~

w3 — X x X

- - O O (@]

«N) «N
ELmezayyen et al 10 200 158.7 161 162.8
Ma et al. 10 180 162.6 165.1
Benz and Eule 10 175 157.9 165 161.3
[95]
Zhang et al. 5 200 167
Mohajir and 10 227 167 183
Heymang96]

Identifying peaks using DSC is a subjeatuich debate However, this technique can also be

used to identify the degree of crystallipi Ths is achieved usingguation2.1, where Hoo is

equalto 103.4JHF2NJ i LKl &S ONrRadlfta Ay t+5Co
Vi N4©)
© 70 pTH 2.1

Fourier Transform Infrared Spectromet(if TIR) i®lsoused to identify crystal formations
within materials Infrared light at differentwavelengthsare passed througlhe material

some of thesewavelengthsare absorbed while others pass through. A detector then
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identifies these wavelengths,dSLISY RAY 3 2y (GKS al YlHeSfcda ONE

wavelengthsshould be stronger than others. A comparison of literature can then be used to
identify not only which crystals apgesent but also their percentage of the overall structure.
Identifying the crystal formations within the polymer samples allows for an accurate
LINSRAOGAZ2Y 2F (GKS LISNOSyidlFr3asS ONRadlFftfAAal GA2
consensus on the egapointswhere crystals formTable 23 summarises thé=TIR and DSC

g KSNB ONEBalLlf &

L2 Ay (& foln inl PVDFY R ¢

Table2-2 Review of critical peaks within PVDF

Fourier Transform Infrared Spectrometer

~ Z, 2 Z, 2

Author

Elmezayyen el Absorbance

Parameter h 2 |

@S
(cn)

615, 764, 795

al.[97] 975

Kumar and Transmittance 764, 795, 973
Viswanath[98] 1183, 1211

Jia et al[99] Intensity 614, 764

Zhang et al. Reflectance | 762, 796, 975
[67] 1210, 1383, 142z

Sencadas et al Transmittance 410, 531,

[100]

Nathan Counsell

615
765, 795, 855

976

University of Hertfordshire

ki 2

Cup) Cup)

840, 1276, 1433 1433,

840, 1272

510, 840, 1234 840, 1234

840, 1234, 1275 776, 812, 833
840,1234

442, 468, 510

840

Pages8



Gregorio and Transmittance 408, 532, 614 444,510,840 431, 512, 770

Borges|[65] 764, 796 812, 833
Wang et al. Absorbance | 796, 764, 614 840,510 1274
[101] 532

Xiao et al[89] @ Absorbance @ 1211, 1149, 1275, 840

1069, 975, 854
794, 763

Ma et al.[69] Transmitance 796,764, 614, 840, 510, 445 | 813, 432
532, 408

Garain et al.| Absorbance | 1212, 976, 764 1276, 841, 510 1236, 841, 510

[102] 614, 532
Benz et al. Absorbance @ 1423, 1383, 1431, 1286 1234
[103] 1210, 974, 762

532,

Gregorio[104] | Transmittance 408, 532, 614 445,510,840 512, 431, 776
764, 796 855, 812, 833, 840
976

Cui et al[105] @ Transmittance 409, 532, 613 445, 470, 511 431, 512, 776

764, 795, 972 600, 840 812, 833, 840

Asshowniable2-2-3> (0 KS Y2ad O2yyz2yfteé FF3INBSR LISI1a T

and 1275. Howevemtherpeaks suggesd ¥ 2 NJ b [ yR + aK2dz R 0SS 02y

identify other crystals within the structure to either improve the piezoelectricity or reduce it.
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2.10Lead Zirconate Titanate

Unlike thepiezoelectric polymer PVDF, PZT is a ceramic. This means that prociictiarn
materials involves a different approaclihe most common difference between the
production of a polymer anderamic is theslevated temperatures ceramics take to form
Most polymers cannot withstand temperatures about 200whereas ceramics due tibeir
excellent thermal capabilitieand manufacturing processesan withstand temperatures
abovel00® [106]. Althoughsome ceramics calpe produced under melt conditions, most
are produced from power conditions. This can be broken down irftur stages;powder

preparation forming, firing and polinfL07].

Lead Zirconate Titanate Solid-state reaction

Mixing of PZT playsnaessentialpart in the production of high piezoelectric and dielectric
constants. Simplypoor mixing will resulin an inhomogeneousolution where complete
perovskite structure is not achievet later stages of productiarifo ensure a homogenous
mixture is achieved a vigorous motion must be used to break up any aggregates formed prior
to and during mixinglt is often recommerded to use a ball milfor mixing The next stage of

PZT productions calcinationCalcination is the use of high temperatures to achieve three
objectives removal of moisture, carbonates and volatile impurities; to react the mixture to
form a solid solution; ando reduce the proportionof the structure during final firing.
Problems with calcination and PZT are the use of volatile matesuals as lead oxide its
composition. Calcination at higher temperatures will result in teenoval ofthis core
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ingredientto achieve the perovskite structurélowever,higher temperatures are needdad

ensure reaction and bonding between the substances.

It was found that calcinatioat set stages reduces the reaction temperatuas a resultthis
consumes less energy anetains lead oxideln a singlestate reaction the temperature to
bond the three materials is in excess of 80@vhichis too high for lead oxide¢hus preventing
the formation of the piezoelectric perovskite structurk two-stage calcination method was
introduced which lowers the calcination temperature from above 890to 600 . The first
stage involves thealcination of ZTQvhile the second stage results in thalcination of ZTP
and PbO. Not only the vyielgs higher, but it alsocreatesfiner powders requiring less
processing Ths method is the most commomethod of PZTmanufacturein an industrial
setting, due to, low material cost, low energyonsumption relatively high yield of

piezoelectric PZT ant$ simplicityof production

Lead Zirconate Titanate Coprecipitation

Coprecipitdion is one of the oldest methods of wet depositjas discussed by Jaffeb]. The
method consists athe preparationof aliquid solution which when a precipitating reagent is
introduced causes the suspended product to be separated from the liglids can then be
collectedvia filtering and thermal treatments. Due to the product being suspendeanin
aqueoussolution, it is relatively simple toascertainthe perfect ratio of powderso achieve

high purity andsmall particle size at low cogt08-110].
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Lead Zirconate Titanate Solgel

A promising method ofPZT production is solution ¢ gel processing. Similar to the
coprecipitation method, the sajel method involveslissolvingthe components However,
with this method they are dissolved into an organic solveshiiring this phase of productign
an amorphous gel groduced The ontinued stirring of the solution reswdtn a homogenous
solution. Alsqg polymerisation g&rts to occur this is observed from the crodisking of the
metal oxides and salts, creating a thréenensional structur¢l111]. Subsequentlythe gel is
dried and heated to extract all the organic solvent, leaving onlypilme PZT mixtur¢l11-
116]. This method of production is excellent fomanufacturingthin-film PZT at lowr

temperatures of 200 [114].

Methods of forming PZT are the same as otle®ramics, includinglust pressing, casting,
centrifugal casting, extrusion, isostatic pressing and hot presgit§, 117] The most
common production method is to have the calcined PZT powdezdmvith an organic binder
which, when heated will evaporate from the ceramjgyieldingpure PZT. Depending on the

shape desiregeither hot pressing or extrusiocan beused.

Sintering is critical to the production proce¥ghich usually occurat temperatures between
700 and 1350 , thus creating a hard ceramic material that can then be finished by
polishing, grinding or cuttingOver recent years scientists have investigated methods to

reduce the sintering temperature, for two reasons; reduced synthesis energy and the ability
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to apply electrodes such as silveluring the sintering processThis results in reduced

processing time antbw resistance electrodeld.06, 118]

Doping iessentialvhen producing piezoelectric materiaknhancinghe dszand permittivity
coefficients thusresulting in highecharge outputs. Tiee types of dopantare used when
producing piezoelectric materials; isovalent, donor, and acceptor. An isovalent dopant is a
dopant that has the same number of cations as the material it is replacing or enhancing, fo
example; the lead (PB in PZT can be replaced with Bariunt{BiThis type of doping leads

to highe permittivity and a lower Curie temperatufd19]. Donor dopantsas the name
suggestshave amore significantnumber of cationsthis causes the materiab exhibit a
larger dzas there are more electrons present in the matetialcontrastthe acceptor dopant

has fewer cations present, compared to the receptor material. This lowers the permittivity

and causes and ion vacancy in the oxygen for peravskitictured piezeceramicq119].

It has been identified that poling copolymers of PVDF sucHPaly, (vinylidene fluoride
trifluoroethylene) or P (VDFrFE)equire less energy and manufacturing steps to achieve
piezoelectricity [120-122]. The TrFE causes the PVDFatmgn all domains reducing
randomised domain orientationConsequently,the opposing domain orientationalso
reduces further increasing the electrical output ttie material. However, the introduction
of TrFE alters the structure of the materiasulting in a less efficient mechanical to electrical

conversion compared to pure PVDF.
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Furthermore other materials can be added to the ferroelectric polymers to iaseethe

number2 ¥ 1 ONZE a ( Itliedoluffof. NIBis3dducds the afmount of mechanical work
YySSRSR (2 AYRdzOS | LIKFaS ONEBadlrt FT2N¥FGAzY
ydzOt SIFiA2y araidsSa F2NJ GKS i LIKIFaS ONeraidlfao

The conductivity of a piezoad&ric material contributes vastly to the piezoelectric properties
exhibited. Research has been performed on increasing the conductivity of PVDF through the
use of doping with conductive materials such@arbon Mnotubes (CNTSs), SilMdanowires
(AgNWs)and Zinc Oxide Nanowires (ZNWs).Although hese are the most common

research areas of doping, other arezfsdopinghave been explored.

Yu et al[123] investigated the effects of doping PVDF, from solution, using Mygtiled
CarbonNanoTubes (MWCNTSs). Samples of PVDF were then produced with 3wt%, 5wt%,
7wt%, and 10wt% MWCNT. Using etespinning, the solutions were thespin-cag at 18kV.

It was found that solutions with 3wt% and 5wt% induce thest substantial Y2 dzy' i 2 F
phase formation compared tpure PVDF. Much like TrFE doping, nanotubes act as a catalyst
Ay (GKS T2 NatdisiMbreoyer, thdy also caideIPVDFRatignin a more determined
orientation, resulting inthe better orientation of the PVDF chains. Therefore, less energy is

needed to produce a high piezoelectric response in the material.

Li et al.[124] investigateddoping PVDF with ANWs. Much like doping with CNTibe

percentage weight is critical to producing PVDF wittve significant Y2 dzy 6 & 2 F |
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crystals.Large amounts of dopamesultsin the PVDF moleculdsrming a tightly clustered
substanced KA &a Of 2a$8 LI O1Ay3 fSIFIRa G2 GKS TF2NXYIF G
opposedtothezig  33SR I LIKIFIasS ONraidlf OKFAyad ¢KS
that of Li et al. where the material is dissolved and electspun. It was found that a high
piezoelectric coefficienas achieved with a 1.5wt% solutid2®.8pC/Nthis is a 64% increase

compared to pure PVDE8.1pC/N. This technique yields a piezoelectric response equal to

that of P (VDHTFE).

The use of dopants can reduce the energguiredto produce a high piezoelectric response
from PVDF. Another factor that produces a high piezoelectric response is the interactions
between the GF bonds and the dopant. It is suggestidht an investigation should be
conducted to produce a comparison between different doparfisrthermore, another
investigation should be completed to identify a conductive material, which is cheap and

interacts with the @& bonds in the PVDF to productaege piezoelectric response.

2.11LeadFree Ceramics

The concern for public health has alwdygenparamount. In 2002, the European Uni(aU)
passeda directive to reduce, remove and replace heavy metals such as mercury, lead and
cadmium from electronic pa&s (EU Directive 2002/95/EQ)25]. This directive wagut in
place due to the increasing amount of electrical waste produced by the EU, increasing the
concerns of heavy metals poisoning the waterways and humans. The directive states that the

maximum amount of heavy metals used in a device should be 0.1 Wi%.said Lead
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Zirconate Titanate (PZT) is currently exempt in the EU due to lack of alternative substitutes.
However, PZT shall not be allowed to be used when a more suitable material with the same
or higher ds becomes availablgl25, 126] Therefore, research into leddee alterrative

piezoelectric materials has been the subject of many investigations.

A material identified for such a purpose as to replace PZT i€&&r, Ti)Oz (BCZT). BCZT is

a ferroelectric ceramic with a perovskite structure, much like PZT, which uadaimpoling
conditions can achieve a very higk donstant of 620pC/NiL27, 128] This dzis higher than
most soft PZT compositions, signifying the importance of this material. To achieysa d
high, researchers have investigated the effect of the system that sits between two or more
ferroelectricphases. An example of this would be cubic to rhombohedral. The point where
two or more changes occur is known as the Morphotropic Phase Boundary (MRBR7,

129, 130] The MPBcauses instability between different piezoelectric structures; this
instability allows for simple orientation of domains within the material, resulting in higher

piezoelectric coefficientfl27, 131, 132]

2.12Electronics

Piezoelectric materials are known for producing an electrical charge when an external force
is applied to themthe amount of charge produced depends on the mat&ial constants.
For these experiment®ZT (Lead Zirconaléanate) habeen used with ag of 374 pC/N. A
piezoelectric material behaves similarly to a capaciidhen a force is applieda sharp

voltage is achievechowever, overtime, the charge will return to zero, even if the force is
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kept constant. After removing theofce, the structure of the material returns to its original
position, resulting in an opposing signal to the applied force. Repetitions of this cycle will
result in a sinusoidal wave formation, known as an alternating current (AC). AC power is
problematicfor piezoelectric energy harvestesgicemost electrical devices and circuits rely

on a constant DC power. Therefore, the signal needs to be converted from AC to Dtiorm

is achieved through implementing a signal conditioning circuit. This circables the
harvester to power electrical circuits and devic&sgure 2-16 showsa flow chart that

illustratesthe transfer of energy frora mechanicaform to an external circuit.

Mechanical |:> Piezoelectric |:> Cor?é%inoagin |:> Useable |:> External
Energy Transducer Circuit 9 Energy Circuit

Figure2-16 Energy transfer i piezoelectric energy harvester

It should be noted thathe implementation of a signal conditioning circuit introduces further
losses into the system. Therefore, the efficiency of the circuit is critical for achieving enough
usable energyto power external acuits and devices. In thsection an investigation into
different methods of signal conditioning has been performed, with the weweducethe

electrical losses, thus increasing the available energy to power external electrical circuits.

Piezoelectic materials typically have a high input impedance, as a result of dhiarge
variation between the circuit impedance and that of the energy harvester will lead to

increasedlosses of electrical energy. This matching is comparable to the frequencygtunin
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performed for most cantilever based energy harvesters. The closer the impedance of the
loaded circuit and generator are, the smaller the losses of electrical enEmggtion 1.2

demonstrates how to calculate the impedance of the piezoelectric element.

<1 6 2.2

Where,; Z is the impedance of the piezoelectric energy harvester
. is the frequency of excitation for the energy harvester
0 is the capacitance of the energy harvester

Impedance isneasurel in ohms ¢ ) therefore, to match the two circuits, resistors must be
used. Usingesistorsin series will increase the value of impedance between the two circuits,
passively. However, because the frequency of excitation can aa@rgiderably especially
with broadband harvestersan active system is much more desirable. What is meant by this
is when the energy harvester is actuateéble impedance of the load will change with the
changing input frequency of the energy harvegt9]. An active method that can be applied

to achieve an active system is the use of maximum power point tracking (MP¥#sT)s an
effective method of generating an increased power transfart only when the energies
generatedare more significanthan that dissipated by the additional circ{@20]. Trade-offs

with using the MPPT systenmyvolvethe power consumed by the circuit, the speed at which
it reacts to thechange inthe signaland the accuracy that it can predict the maximum load.
The more accurate the circuit is, the more energy it will consume and dissipate. Therefore, it

should be noted that this system de not increase the net energy harvested by the
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generator. There areatnmonly two algorithms that have been investigated; hill climbing and
fractional opencircuit voltage. The former relies on a feedback loop that checks if the power
output has peaked, if this has not happened it will then increase the resistance furtkier un
it starts to drop, upon which the resistance is redu¢2@l]. The second methqdractional
opencircuit voltage works similarly; however, an open circuit is needed fdhe period of

operation, to ensure thathe optimum amount of power is being harvested.

The most common component used in signal conditioning circsidgdes. Diodes behave
similafy to one-way valves. A onway valve only allows fluid to flow in one directjcas
shown inFigure2-17; however, with enough forcehis can be overcomdurthermore, there
is inertia related to the amount of force it takes to open the valiieere are many types of
diodes; however, for energy harvesting purposgthree types have been investigated:NP

type, Schottkyand Supeibarrier.

Fluid Flow

Figure2-17 Oneway valve operation

A RN diode uses semtonducting metals that can be doped positively and negatively,

producing a positive and negative region in the diode, illustratdeignre2-18. The depletion
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zone gives this type of diode its properties when no charge is applied the depletion zone acts
as an open circuit, preventing any current from flowikigwever, when a charge is applied

to the anode, electrons buitdp reducing the dpletion zone. Once a certain amount of
charge builds up the depletion zone disappearsllowing current to flow through the
component. This amount of charge is determined by the dopants of the semiconductors.
Typically, a silicon diode has a thresholdtage between 0.71.2V, whereasa germanium

type diodehasa lower threshold of approximately 0.3V.

Depletion Zone

Figure2-18 P-N Junction Diode

Ideally, a diode will only allow current to pass in one direction, from anode to cathode.
However, this is noalwaysthe case. When enough current or voltage is applied to the
cathode the depletion zone is once again reddgereating a closed circuit thugh the diode.
This is known athe reverse breakdown voltage. It should be noted that the line before the
reverse breakdown voltage is achieved is not equal to zero. This meanthéhabltage is

being lost before the component fails. A component tdaes not do this would be ideal to
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ensurethe maximum amount of energy is harvesteligure 2-19 illustrates theregions

mentioned above

Current

Forward Voltage Drop
| e

Reverse Breakdown Voltage

— —\/oltage

Leakage Currentl

Figure2-19 Diode Characteristics

Schottky diodes are commonly used in electronttss isdue to theirlow voltage drop,
typically between 0.15 an@.4 V. Furthermore, these diodes have high switching speeds
[222]. These diodes are made with a semiconductoetal junction. The metal acts as an
anode and the semiconduct@sthe cathode, this reduces the depletion zpand provides

the fast switching characteristics. A fast switching diode with low forward voltage is ideal for
piezoelectric energy harvesting, as often the energy generated is over a short time and of
both positive and negative signOf course, these ddes do have drawbacks. A Schottky
diode has a low reverse leakagkis means that when loaded in the reverse directian
Schottky diode would allow more current to pass compared to a silicon diRRy. This is

because the depletion zone in the Schottky diogaauch smaller.
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Implementation of a super barrier diode rectifier is assentialstep in energy harvesting.
Currently, these types of diodes are not being usadeinergy harvesting purposeshis is
because it is a relatively new development. A super barrier rectifier (SBR) is important as it
possesses the good characteristics of both Schottky ahdtype diodes, these are; low
forward bias, high switching fregacies, high reverse recovery speeds, and high reverse
breakdown voltagg223]. This is achieved using the metal oxide semiconductor channel

which is created just below thgate oxideas shown irfFigure2-20[223].

poly :
[ gate oxide .
N+ :
P channel
N-
lcurrent
N+ subsirate

Figure2-20 SBR structur§223]

For the power generated by the energy harvester to become usable, energy harvesting circuit
must be employed. These circuits can be separated into four differensareeesearch, AC

DC, Twestage, synchronised switch and synchronous charge extraction. Most commonly
used is a fully way bridge rectifier, which relies on diodes to switch negative charge to positive.

This then allows for charge to be stored on to theaxtor for later used as a DC source.
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As stated previously, a piezoelectric element generates an alternating current (AC), typically
low-power electronics depend of direct current (DC) to work. Therefore the first stage of any
piezoelectric energy harvesg circuit involves ADC rectification251, 252] Continued
research has lead to the development of tstage piezoelectric energy harvesting circuits.
Taking the first principle of rectifying the AC to DC, and then storing into the charge generated
into a capacitor. Twatage energy harvesting then utilises a buck converter or step down
converter to take the high voltages generated, which are not ideal for logic components, and
increase the current. This system allows for better utilisation of the gngemerated. This
system is limited by three factors; the diodes switching and forward bias, the storage
capacitors leakage, and the buck converters conversion efficiency. Therefore when put in a
position to select a circuit it can be more efficient toess&zcapacitor purely for storage which

will lead to greater useable energy.

An area of great promise is synchronised switch harvesting on inductor (3&31249,

250]. The energy harvested from a piezoelectric energy harvester can be significantly
increase through the use of this ndmear technique. It is based on the resonant circuit
created between the capacitor like behaviour of the piezoelectric transducer and an

external inductor, this enables the energy, which otherwise would have been losigiriv

the bridge rectifier to be stored and then captured with a considerable reduction wasted
energy. When compared with a bridge rectifying circuit what can be observed is charge
returning to the opposite pole, short circuiting the piezo and reducing thegy out of the

piezo on. The SSHI circuit surmounts this problem in a conventional circuit by using a switch

and an inductor. The switch opens when the capacitor voltage reaches maximum in the
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opposite polarity, to result in the flipping of the capacitexdtage. This enables the circuit
to use the power stored into the capacitor to prime the diodes and enable greater power to

be harvested.

There are two methods of employing an swiidductor circuit that is with them in parallel
with the rectifier or in series. It can be observed that both methods increase the power

output.

The final circuit to be discussed is the Synchronous electhieafe extraction (SECE) circuit
[247]. Unlike the previous method the power generated by this circuit does not rely on the
load, meaning that load does not affect the efficiency of the circuit. This said, the used of a
control circuit is needed. The systeoperates when the rectified voltage meets the control
circuits threshold, this then opens the gate on a MOSFET allowing the charge to transfer to a
coupled inductor, once all of the charge transferred to the inductor, and the control circuits
lower threshold it met, the gate is closed. This then allows all of the charge to transfer from
the inductor to the storage capacitor. This type of energy harvesting circuit highly depends

of the control circuit. Ideally, this circuit will consume very little enehgyyever, in practice

this is not the case and simply is not as efficient as a simple rectifier circuit.

Nathan Counsell University of Hertfordshire Pager4



2.13Conclusion

From all of the work reviewed, a theory has been formed that will allow for large amounts of
power to be generated without complex mechams, magnets and damage to the
piezoelectric element. This will be done through blending metable and bstable system
thinking and developing a system that buckles in a mstable manner with the power

output of a bistable system.
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Chapter3 ¢ Methodology

Summary

Within this chapter established methodologies relating to bungkand piezoelectric theories

are exploredand discussed to direct the researahd build upon existing theories.
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3.1 Mechanicalg Bucklingintroduction

Buckling has been langestablished area of research. All lebdaring structures will fail
given enough force is applied to the structurdowever, this is determined frommany
characteristics; structure type, load type (dynamic or statiopterial properties, and

bounday conditions (pinned or fixed).

The simplest form of buckling is that of a column that is long and slender, as illusinated
Figure3-1. When a loads placel in-plane with the structurethe member will compress until

a critical load has been achieved. It is at this stage the structure will cease to be horizontal
and will bend perpendicular to the axis that the load is applied. The beam has noveduckl

under the load that has been applied.

a) P

Figure3-1 First buckling mode for a perfect beam

An excellent example olis phenomenon is the buckling of cylindrical drinks €athenthe

can has namperfections,is open and empty, it is possible that the thin walfsthe can
structureare able tosupporta forcegreater than the yield stress of the material, which it is
made from However, when an imperfection is introduced to the wade can wil collapse

and plastically deformThe importance of this observation is that structures can be designed
to withstand stresses far beyond a materials yield stress, the point at which a material

plastically deforms, causing permeate deformatioh the strucure. This research has

Nathan Counsell University of Hertfordshire Pager7



investigated the effect of buckling structures on piezoelectric energy harvesters, with the
view of creating a buckling structure that elastically deforms and returns to its original

position, whik generating stressesigher than any cantilever system can induce.

To demonstrate an ideducklingcolumnFigure3-2 has been produag Is it is made of two
rigid bars of equal length that are connected with a pin and rotational spitingthe spring
that the elasticity of the model will be focused. Theubdary conditions of the system are
then connected to pins with one end fix and the other on a roller bearing. Finally;@ana
force is then applied to the columihis then causes the column to rotate around the;pin
reality, the beam would be awed, however, this simplified design demonstrates that same

principle.

A

Figure3-2 Ideal column sucture for a perfect beam
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Assume that from the buckled position is in equilibrium with the applied force, this creates

anangleo ‘ imvihich point B is oubf-plane with points A and (f.the system was to then
be subjected to a largdprce, a larger will be observed This meas that as ifplane force
increass, as does the angle of curvatuge). ¢ 2 Y S S i thirfl v & nga@tion force in
the rotational spring will be observed. This creates a moment tlaiss the curvature
increags If the applied forceo the columnis reduced it will tend towards its original
postion, this isknown asarestoring moment This behaviour can be used to describe stable
and unstable conditionsA stable system would be one that when the load is removed from
the systemthe restoring neoment will cause the structure to return to its original position.

However, if the ifplane force is too greathen the angle of will continue to increase until

the structure completely fails, creating an unstable structure, known as lateral buckling.

3.2 Mechanicalg BucklingCritical Load

Theforceat which asystem switches fromatable to unstable is known as the critical buckling
load represented ascP The critical buckling load can be fouranhake a free body diagram

of the simplified system.

D€ aQe o 3.2
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Where Kk is the rotational spring stiffnessjs the angle of curvature and M is the moment
about the cente of curvature for the columnAssumingthat the angle of is small the

following equation can be use

3.3

Where L is the length of the beaiBumming the moments about the ceatpoint will result

in the following equation

, —U
0 O — T
C
34
Where P is equal to theeaction force of the beam.
Which is equatio
cQ 00 .
G
35

Therefore, when the angle is equal to zgliftere is no observed defection within the system.
If the above equation was then solvéo find P, the critical loadauld be found wth the

resulting equation.
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C

3.6

The above equation can then be used to identify the critical buckling load of the system.
Simply this is the limit of the stable system if any more fas@ppliedthe system will become
unstable and buckle. Through observation of the above forritia clear that o factors

play a significant patin the critical buckling load; stiffness and length. As the length of the
structure increaseghe systey Qa 6 dzO{ t A y Janél the- oPposReScANN\aE dbbsebred

for the stiffness of the structure.

0 0 YOoO®OaQ 3.7
0 0 VYEiowOnaQ 3.8
To demonstrate the effect 6f | ¢® — £ i0 have on the stability ofin ideal column

the below graphFigure3-3) has been produced.
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It can be observed that whergQ  — is equal to zero a plateau appears, showing the

system to be neither stable nor unstable. This point is known as the bifurcation point.
Bifurcationcan be explained as the point where two or more equilibriums can occur. The
bifurcation point occurs at the critical buckling point for structures. It is from this point two
outcomes can occur. When force is applied to a structure deformation occursedsrtte
reaches the bifurcation point, two equilibriums can occur, either force and be continued to
be applied to the structure without change or the structure with chaotically kaéxtends

both positively and negatively as the curvature of the bezam curve in any direction. The
neutral equilibriumline islimited and can only be satisfied wheqguation 33 “ is equal to
zero. In summary, the structure can be in three states; stable, neutral and unstable. A stable
state has oe singular final positionThis position can be likeedto a ball being drop into a
bowl, and it will always return to itsingularsettled positon at the bottom of the bowl A

neutral systemis wherethe ball in this example is statiebwever, any input to the syem
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could caus it to become either stater unstable. It is in this state where the system is
extremely chaotic Thisbehaviourcan be likened to the balancing a ball on anothed,bal

where the outcomecould be a number ddtates for exampledoes it fall left or righ?

To validate these statethe applied force must be compared to the critical buckling |Gdwck
simplest method if to evaluate using the below equatioB4;1, 3.12, and3.13. Theserelate

to the moment, shear force and loaill 2 .| 2 dzy 3 QF | aNod&¥ldetionza

e &1 OAA
oy 3OOAOO  TORA
° 300AET #EAI QX COE
/| OECEAIACOE 3.9
o @

pC 3.10
o O 3.11
om & 3.12
(6)) n 3.13

The simplest solution can Heund using the bending moment equation. Where M is the
bending momentp is the deflection of the beam in the lateral axis, V is the shear faoe

g is the load.

Where
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0 00 mCOH 0 0 3.14

Which is then equal to

O ovVL T 3.15

Introducing in a new constar®@which is equal to

- 0 o 0
o6 ? oo 3.16
) 0 T 3.17
0 6 OEQw 6 Al @ 3.18

Whered andd are constants from integration that are linked to the boundary conditions
of the system. Now evaluating the equation for the deflection is equal to zero. This can only

occur at two positions where the column/beamsisnply supported

w TEQ 0 3.19

O TWE WO ] 3.20

The first condition this yields,@qual to zero, therefore:
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0 6 OEQwm 3.21

And the second condition:

6 OEQD T 3.22

To evaluate tesetwo zero equations two cases will be considereg;0CandO EQD 1t

If the constant €equals zero, then the deflection is also zero given by equati@®1, and
therefore the column has no observable curvatule a resulequation 3.22can be any value
whichis the same for the applied load (P). This is known as the trivial solution which gives the
behaviour of an ideal column that is in equilibrium and straight from the compressive load.
The second state thaatisfiesequation3.22is known as the buckling equatiofhis equation

identifies the shape in which the ideal beam has buckled.

O EQa m 3.23

This equation is only satisfied if it is equal to: 02" and so onWhenO EQd& 1ithe applied
load is therefore also equal to @ndthis means that for valid solutions this answer will not

0S O2YyAARSNBR yR 2yfeé gKazdnSdergddzyo SNE 27F LJA

vo ¢&°“ 3.24

Using the previous equatio®24 and putting this into equatior3.6, the following equation

can be written.
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C

3.25

This the buckling equation that can be used to observe the crhigeltling load where
n = to the buckling mode of the structure.
E = Elastic modulus of the column
| =the Second moment of Inertia

L = is the original length of the column

It should be noted that for larger buckling modes to be observed webs ocgrstiff must be
put into place along the columrThis form of buckling is known as Euler buckling, which

predicts the critical load for an ideal long/slender beam.

After analysisof the column for it critical loadthe critical buckling stress can be cdhtied
by dividing the critical buckling load by the sssectional area of the columnjwing the

following equation

0
"5 B 3.26
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Introducing the radius of gyration, this is the equation which describes that distribution of the

crosssectional area around its central axis.

. 0
| -
0 3.27
Where
r = radius of gyration
| = second momnt of inertia
A = crosssectional area of the beam/column
This when applied to equation 3.2@jves:
[13 ‘O
” i‘)
T 3.28
Where
Ya Qe QQi ® chi)a
|
: 3.29

The slenderness ratio is a dimensionless ratio that is related to the dimensions of the
column/beam. The greater the slenderness ratitre lower the critical stress for the beam

to buckle.Converselythe lower the slenderness valuhe stiffer the beam, thus the greater
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the critical stress needed for the beam, note that thlasticlimit for a given material is the

limit for this buckling theorem.
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3.3 Piezoelectricityg Introduction

A basic understandg of piezoelectricity is needed to understand applications for energy
KFENPSaGAy3Id ¢KS was deRveddrbdthE&D RE$ 1S OYithlBndS, fhasQd
piezoelectricity meaning electricity from pressuii@4]. This name was first used to describe

this effect by Hermann Hankel in 18R], as stated in the previous chapter.

Y

N

/u‘ \\5',/ /«J
- v -

Figure3-4 Perovskite Bucture for piezoelectric Lead Zirconate Titanate

What makes the phenomena of piezoelectric materials so intriguing for energy generation is
the ability to produce an electric charge when a material subjected to an external force. This
is knavn as the direct piezoelectric effect. It should be noted that the reverse is also possible.
Applying an external charge to a piezoelectric material would then cause the structure to
deform. This is known as the indirect piezoelectric efféayure 3-4 describesthe basic
characteristics of a piezoelectric material that has no external load applied. From all
directions,the material is electrically neuwf. This is due to the positively charged atoms and
negatively charged atoms being equally distributed throughout the struckigere3-5 A;
illustratesa piezoelectric material that hasiaxternal compressiviad applied. It can be

noted that under compressigmolarisation occurs due to thenbalanceof atoms.Figure3-5
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B; displays a piezoelectric material that has an external tensile load applied; this again shows
an unbalance of atoms. If electrodes were to be placed on the surfaces perpendicular to the
external forces and connected in a closed circuit via a voltmeter, a voltage could be registered.
Depending on the composition of the material and load applied the voltage may be seen as

positive or negative.

A- i B. I
Figure3-5 A. Piezoelectric material withcompressive load applied. B. Piezoelectric material

with atensile load applied.

3.4 Piezoelectricityc Important Constants and Terms

As with all fields ofesearchthere are constants assoced with piezoelectric materials. It is
AYLRZNIOFYG (2 dzyRSNEGFYR (KSasS O2yaidlydad 91
subscripts identify the direction of polarisation for the material and the direction of the

applied mechanical or electric&brce, respectively. It should be noted that polarisation is

usually stated to be coincidental with theaZis.Figure3-6 [224] shows that forces in the X,

Y and Z direction are denoted as numbers 1, Bespectively. Torsional forces about the X, Y

and Z axis are denoted as 4, 5 and 6 respectively. Understanding this system ladlawssit
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to identify the most appropriate application for a piezoelectric material to optimise the
output of a given device depending on which direction a material produces the strongest

output.

t SNYAGOAGAGE 2 NJ). RermfitliveyGsihélAbilty fQ 2 fidldctricymaterial 4o

L2t NA&S dzyRSNJ Iy SEGSNyLIt St

appliedvoltagel YR (0 KS W2Q &Adz0 aONRLII akKz2ga ([RB{G GKS

larization =
Po e |

Figure3-6 Constant Direction Diagram by APC Internationa[22d]

The IEEE defines that PZT is a transversely isotropic material, therefore a piezoelectric
material exhibits symmetric the-8xis, which as previously described is the axis in which the

material is poled.

The field variable is the stress component¥ |, strain components™ ), electric field
components O ) and the electric displacement component® J. It is then possible to
evaluate a piezoelectric system with two of the four variables as independent variables. These
equations can be writteas equations (30) and (331). Where equation (3.29) is the actuator

equation and equation (3.30) is the sensor equation. The latter is of use for this work as it
Nathan Counsell University of Hertfordshire Pagedl

OGNAOI Tt @2f (I :



determines the electrical displacement, dependant on the stress applied to the piezoelectri

material.

Yo Y Q ©O 3.30

o Q %Y - © 331

Where: S is the strain
i is the elastic compliance of the material under a constant electric field
T is the stress applied
dis the dielectric constant
E is the electric field
- is the complex permittivity
Superscript t is the transpose of that matrix

These equation8.30and 3.31 can then be written in matrix form that becomes:

uY r]l, I l T[

a ‘ ‘ n nl"r;YFl o Y

1 IYl’l H ! ! n n T 1 IY|°| i n T Q 'O

I“I i ' i i n n T[I:I |"IY|’| T m Q p O

I'iYﬁ : : T T T i TT Tt :,: |'iYI,I (I 0 T e

l']Yl’l Umo oTm om T Ty ”Ylil lQ mn omon

WU yn om om oo WYy ooV 3.32

3.33
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To simplify the below equation can be used to identify the charge produgeddiezoelectric

material.

In the case of this work the force is always applied in®hedirection and therefore no other

directions are needed and can be neglected for this work.

O Q ” 3.34

Where: ‘Q is the dielectric constant of a piezoelectric material whose units are C/N.
. is the applied stress to the piezoelectric materials units Nfmm

To further simplify the electric displacement D can be equated to.

3

O:| C
(@)

3.35

Simplifying further results in.

v Q O 3.36

Where the charge produced by the piezoelectric material is equal to the dielectric constant

multiplied by force applied. Experimentally charge is difficult to measure and identify. A much
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easier method is to measure the voltage produced by the piezoetectaterial. Therefore
the equation3.35can be arranged to break charge down into its respected components which
is capacitance multiplied by voltage substituting this into the equa8@®6 results in the

below equations.

6 w Q O 3.37

W 3.38

If the capacitance was to be turned into its components that final equation can be observed.

5 - 0
5 3.39
S 3.40

’ ,Q ”
W o 3 341

Where:

‘Q is the tangential piezoelectric charge constant

- is the relative permittivity of the material

» IS the stress applied to the piezoelectric which in this case is tangential to the

polarisation field

t is the thickness of the piezoelectric material
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Where— is equal to another piezoelectric constant.glrhe piezoelectric constantayvill be

used throughout this work to identify the voltage, thus the power output of the energy

harvester.

w Q O 342

The piezoelectric charge constanf)(is the most important constant for energy harvesting
This identifies the amount of charge per unit of force a material will produce. The units for
this constant are Coulombs per Newton (C/N@wever,the amount of Coulombs produced
areminute and are known as Pico (1) and can be seen in thext as pC/N. There are three
maindj constants usepdss ds2 dz1. The most commoisdss. The subscript identifies induced
polarisation parallel to the dition that the material is polarised with mechanical stress

being applied in the same directi¢d25].

O 0Q ” 343

The g coefficient is the voltage constant for piezoelectric materials. It can be defined as the
voltagegenerated per unit of mechanical stress. Much like the other coefficignssfollowed
08 (g2 adzo aONRLII A WA Q | ydrisstisra the drdcdKof RS FA Yy S

applied stress to the material.
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The k coefficient can be argued the most important factor for energy harvesting. This
coefficient defines the efficiency that a piezoelectric material converts mechanical inputs to
aneli NROFf 2dziLdzi® ¢KS | Aa whed theidtSkbscapt (0 4 2
indicates the direction that the electrodes are applied to a material and the second indicates

the direction of the applied force to the material.

To identifywhat material should be used for energy harvestitite k;j coefficient should be
taken into account. This is important as it may make materials with loywawefficients more
appropriate to be used when designing energy harvesting devices. An example watild be
the input force is low and thefere, a material with a high k coefficient would be more
appropriate and that of a material with a higlpand a low k coefficient. Ultimately a material
that possesses a higlh; of 500pC/N and a high k factor woula what is desired for a

piezoelectric energy harvester.

A domain can be characterised as a small region within a material whezleattic dipoles
follow the same direction. Within material,there are countless domains, all in varying size
and orientdion. Due to the randomised naturef domains,it is usually found that a
ferroelectric material shows little to no polarity. The effect of no polarity is caused by positive
to positive or negative to negative domairibis orientation leads to the cancely of charges

when the material is stressed, with a result of neutral polarity across the material.
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As with all materials, ferroelectric materials possess different properties at different
temperatures. The most important to acquiring the highest piezokic constants would be
the ferroelectric staggin this temperature rangghe material possesses the highest possible

LIAST 2SSt SOGNRO LINRPLISNIASad ¢KA& NIy3aS Aa dzadz
YI GSNR It . BigiS heheficialor erlergy harvesting proposes as the materials need
not be cooled or heated to harvest optimum amounts of enengyroving the efficiency of

the devices.

Following the ferroelectric stage is the paraelectric stage. When a ferroelectric material is in
its paraelectric staget is still able tgoolarise spontaneouslyHowever, due to it occurring at
higher temperaturesthe more internal energy is present in the material, this causes some of
the orientation of the domaingo reverse resulting in a redtion in the net polarisation of

the materials.

The Curie point is the temperature where all ferroelectric mateii@ée their spontaneous
polarization. This is because there is too much enengthin the material and causes all
domains tabecomedisorgansed leading to the cancellation of charges. The result being zero

net polarisation of the material when an applied strain is present.

The glass transition point or (GTP) is a critical temperature where a polymer transfers from a

hard, brittle material ike glassto a soft, flexible material like rubber. Piezoelectric polymers
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need to be heated above this temperature to maintain the desirable characteristics needed

to harvest energy.

3.5 Piezoelectricityg The Poling Process

Poling can be described as thaemtation of domains within a material. This is achieved by
the application of force and application of a high voltage. This process is essential for
increasing the output of piezoelectric and ferroelectric materials, thus allowing for larger

amounts of eergy to be caverted from mechanical inputs.

The main factors identifiedffecting the output of a material can be linked to variables during
the poling process, these are; mechanical strain appligdeonaterial, poling voltage, poling

time, temperatue and rate of cooling. These factors diffepdading on material properties.

The poling process can be considered to be the same for each classification of material.
However, when compared polymers and ceramice vital process differs. For piezoelectri
ceramics the material is usually subjected to a compressive strain, whereas polymers are
subjected to tensile strain. Having said tlme material is the same and tailored poling should

always be considered to improve properties.
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3.6 Piezoelectricityg Identification

The relationship between dielectrics, piezoelectricity, pyroelectricity and ferroelectricity can

be likened to Matryoshka dolls (Russian nesting dellsre the largesgroup contains all

other groups This can be related to dielectrj@s shown byrigure3-7. The dielectrics group

Ad YIRS dzLJ 2F onw OflFaasSa 27F ONdertréof syndmetyk S Of |
theaxs2 ¥ NRBUOIF GA2Y S YANNRBNI LI IySa |yR YRE6HALI S (
The nextgroupis piezoelectricity. The piezoelectric group make2upf the 32 classes of
dielectricmaterialsand can be identified by being naentrosymmetric. In othewords,the

crystal must not be mirrored through itsentre. The nexiayeris pyroelectricity only ten

crystal types of the 21 neoentrosymmetric gystals show signs of pyroelectric{B26]. The

final groupis ferroelectricity. Ferroelectric crystals show spontanepakarization when an

external forceor charge is applied. Ferroelectricity issabclassof both piezoelectric and
pyroelectric classes because of thitsexhibits both piezo and pyro characteristi@25]. It

should be noted that ferroelectric materials exhibit the highest piezoelectric charge

coefficient (d3). However, this can only be achievegorientating the domains of a material.
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Piezoelectric

Pyroelectric

Ferroelectric

Figure 3-7 Relationship betweerDielectric, Piezoelectric, Pyroelectric and Ferroelectric

classification

Having identified that for a material to exhibit piezoelectric propertiésmust be non
centrosymmetric, it becomes easier to identify materials that would be piezoelectric by
recognising their composition and structure. The first structure to be discussed is the

perovskite.

The perovskite group can easily be identified. pheovskite structure generally follows the
formula ABQ@[226], for example Barium Titanate is a perovskjtand its chemical structure

is BaTi@ Perovskite can be more comiglatedthan just three elementsAn example of this

Ad t%eo t BetQa OK SN PZTHhoddudesz ery highypiezbalectric 0
constant. Many researchers have tried to increase the output by modifying the composition

of the material by altering the ratio of Zr to Ti and doping with other materials. The Perovskite
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structure can be observeddm the network of 6 oxygen atoms making the shape easily

identifiable, as shown iRigure3-4.

Due to the electromechanical properties of piezoelectric materials, both mechanical and
electrical analysis will need toebperformed to assess the performance of the proposed

systems. To ensure consistency the following chapter 4 will investigate passive signal
processing and storage. This circuitry has been used throughout the work to validate the

proposed structures.
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Chapter 4 ¢ Energy Harvesting Circuit

Summary

In this chapter, the energy harvesting circuit has been investigated. This circuit has been
optimised and used in later chapters to validate the power produced by the two novel
piezoelectric energy harggers. This work focuses on two passive energy harvesting circuits,
a full wave bridge rectified and a voltage doubler. These have been compared using multiple
diode types to achieve the most efféat method to extract energy from the piezoelectric
energyharvester. Findings show that a full wave bridge rectifier using 1000V Schottky diodes
is the most effective circuit to use. Further to this,uEOtantalum capacitor is the most
effective form of energy storage; this is due to large amount of energy gtanel very low

leakage.
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4.1 Introduction

A series of tests hee been performed to identify the signal conditioning circuit with the

lowest energy losses. This is to ensure that the maximum amount of useable energy is
extracted allowing for higher powempplications. Firstthe impedance of the energy
harvester must be identifiedusingadatasheet for the piezoelectric transduceitsvas found

OKFG GKS AYLISREYOS 27F | &aA(TaHd49), ad tHé hardeRtdrO S NI &
uses three transducelis serieghis was multiplied by Jjiving a total impedance ofi2 n n m

OHON I MmO P ¢2 O2y FanhyseriiCRMas Beenlusédprbdvidid§re Foowirky

Hgure 41. This works by calculating the resistance of a circuit through transmitting an AC
single and measuring the change in resistance, which is derived from the voltage and current

of the signal.

Figure4-1 identifies the power dissipated by the resistaro achieve the maximum power
from the harvester, the impedance obth the transducer and conditioning circuit should be
equal. To show thisThe maximum of the graph identifies the matching input impedance,
where the impedance matches and maximum power is achieved. The power dissipated in the
load resistor was calculated using the following equatidh Where; Rad is the resistance

Omo 2F GKS aA 3y, band i tieRdlitage cxods yha load redstodzA {

5o rzm\' d)
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Figure4-1 Impedance vs Dissipated Power

Following the identification of the ideal load resistor, different passive signal conditioning
circuits have been tested both open circuit and withdd@othing. The following circuits have
been identified as passive signal conditioning circuits:\vaife rectifier Figure4-2), voltage
doubler Figure4-3), fullwave bridge rectifierKigure4-8) and MOSFET fwllave rectifier
(Figure4-5). Further to thisa comparison ofilicon (P-N), Schottky and supdrarrier diodes

has been performed forull-wave bridge rectificationWhere equation4.2 was used to
identify the efficiency of the conditioning circuit. Whereuyu: is the AC signal observed

across the load resistor andw)is the AC signal generated by the harvester.

0TGN i O @
w 0 —— TT TT
o o P 42

However, to identify the efficiency of a circuit that has implemented a storage capa@i®r
input voltage must be converted to an RM8adt mean square) value. This is done through

the following equatiord.3, which can be simplified tequation4.4.
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Figure4-2 Halfwave rectifier

zk@DE +

Figure4-3 Voltage Doubler
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Figure4-4 Full Wave Bridge Rectifier

®

W) W

+_/\/\/\_—

Figure4-5 MOSFET Full Wave Rectifier

4.2 Method

Six diode bridges have been tested to optimise the energy harvesting citlceigte are;
1N4148 Switching Diode, Fairchild 1N4003, Germanium, Bourns GB23200, 100v

Schottky chip and a Vishay BZ&8/45 The details dthe diodes have been displayedliable
Nathan Counsell University of Hertfordshire Pagel06



4-2. A buckling piezoelectric buzzer (BPB) was used as the source of energy, which was
actuated by hand. Therefore, to remove any statistical anomadsh circuit was tested with

a minimumof 100 actuations of the BPB as sholy Figure4-6 with a signal shape displayed

in Figure4-7. Furthermore, the circuit was tested with and without two 10uF series storage

capacitors.

Schottky diodes are commonly used in energy harvesting; this is because of the low voltage
drop, typically betwee®.15 and 0.4 V. Furthermore, these diodes have high switching speeds
[222]. These diodes are made with a semiconductor metal junction. The metal acts as an
anodeand the semiconductor the cathode; this reduces the depletion zone and provides the
fast switching characteristics. A fast switching diode with low forward voltage is ideal for
energy harvesting using piezoelectric materials, as often the energy geneésaiedr a short

time and of both positive and negative sign. Of course, these diodes do have drawbacks. A
Schottky diode has a low reverse leakage. This means that when loaded in the reverse
direction, a Schottky diode would allow more current to pass wbempared to a silicon
diode[223]. The depletion zone in the Schottky diodes are much smaller, meaning that less
reverse voltagesi needed until voltage can flowherefore,they should only be used in low

power situations.

A fullwave bridge rectifier is commonly used to harvest energy for piezoelectric devices. This
device is made of four diodes in the shape of a diamond. Avete bridge rectifier corrects

a snusoidal waveform into only positive peal@27]. This, when used in conjunction with a
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capacitor, can provide smoothedDC voltage, which in turn can be used to power circuits.
For this part of the experiment, Schottky diodes have been chosen for thevdult bridge

rectifier for the high reverse vafe, quick switching and low forward bias.

Nathan Counsell University of Hertfordshire Pagel08



Voltage (V)

1A0E+02

1.20E+02 &

1.006+02

B.00E+01

6.00E401

A.006+01

2.00E+01

0.00E+00
0.0
2.00E+01

+00 1.00E+01 2.006+01 3.00E+01

Time (s)
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Figured-7 Average Peaks with Standard Lxion for Single Actuation of BPB, silicon rectifier

Voltage (V)

circuit

Table4-2 Diode Properties

Diode Name Diode Type Peak Forward Voltage ¢/ Maximum Reverse
@ 200mA Peak Voltage
(VrRrM
1N4148 Silicon 1 100
1N4003 Schottky 0.8 200
Germanium
CD2326B11000  Schottky Chip 0.8 1000
Schottky Chip
Vishay B2ZME3/45 Silicon 0.85 200

To comparea bridge rectifier circuit to a voltage circuit, storage capacitors must be used. The
voltage doubler circuit uses two capacitors in serieerefore, testing will be completed with

two 10 pF capacitors in series for both the fulive bridge rectifier ad voltage doubler
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circuits. A singléuckling piezoelectric transduckias been actuated and the energy stored
in two storage capacitors for the-IR, Schottky and Germanium fullave bridge rectifiers
(Figure4-8). The results of which will confirm theest choice ofliodes for a harvesting circuit

as well as a comparison to the voltage doubkg(re4-9).

£:+

)

Figure4-8 Full Wave Rectifier Test Circuit

@i p——

Figure4-9 Voltage Doubler Test Circuit

4.3 Results:Open Circuit Full Wave Bridge Rectifier

A piezoelectric material has similer characteristicsmuch like a capacitor. Therefore, to

analyse the open circuit energy, produced by tneckling piezoelectritransducer(BPT),
equationd5Ydza G ©0S dzaASR® W/ Q A& GKS OF LI Gihisis yOS 21
40nFF YR W+Q Ada (GKS Yl EAYdzy @2f Tdbl84s, Figing-RodzOS R @
andFigure4-11 suggest thathe silicon signal diode has the highest efficiencyt @gsaduced

Nathan Counsell University of Hertfordshire Pagelll



the largestamount of energy. This has been attributed to a lower forward voltage than the
other bridges that have been tested. However, when a comparison betweenthg/pe and
Schottky type rectifierst is found that the Schottky rectifisrallow for more energy to be

captured.

0 w
@]
C
4.5
Table4-3 Fullwave bridge rectifier results.
i S —
Diode type < c S c
=) =) o = =)
g 8 8 8 =t
S > S > g
> a 5 > a 2 S
2 T 2 S T 2 2
O < > [ ] > L
X © ol X © 2 —=
© S @ © S ) [
8] +— c 5] +— c o
o n L o n L [
Silicon 93.64 6.35 175 93.07 7.25 173 348
Schottky 93.23 4.68 174 93.5 4.17 173 347
Germanium 90.12 3.68 162 91.87 381 169 331
Silicon Chip 88.39 190 156 92.39 2.57 170 326
1000V Schottky 93.25  3.95 174 94.12 3.74 177 351
Schottky chip  91.49  3.96 167 94.00 3.45 177 344
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Figure4-10 Peak One Open Circuit

Error has been obtained from one standard deviation of the average voltage measured.
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Figure4-11 Peak 2 Open Circuit

4.4 Results: Full Wave Bridge Rectifier and Voltage Doubler Circuit with Storage Capacitor

Following the open circuit testinghe full-wave bridge rectifier and voltage doublerere

then evaluatedwith two series capacitors. It is clear from thesults that a voltage doubler
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givessignificantly lowemutput than a fullwave bridge rectifier, as shown rable4-4 and
Figure4-12. The results suggest that implementing a voltage doubler over the use of a full
wave bridge recfier would result in a 67.2% reduction of the energy captured. Furthermore,
the silicon signal diode rectifier has been found to store 8% more energy, when compared to
the Schottky diode fullvave rectifier. This is attributed to the lower forward biastioése

diodesand faster switching between positive and negative signals

Table4-4 Bridge and Doubler Results

2 S A

! s © -

] > =)
o 5 8 Q@ Q\,
= = > - M 3
~ i) L = Z c
2 3 E c g0 5
3 £ g 9 g > £
=) (@) < < n o &)
Schottky Bridge 157 3.06 0.16 23.44 67.3
Schottky Doubler 101 1.75 0.04 7.65
Germanium Bridge 179 3.15 0.18 24.82 69.08
Germanium Doubler 222 1.75 0.09 7.67
Silicon Bridge 104 3.18 0.16 25.% 65.17
Silicon Doubler 144 1.88 0.14 8.82
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Figure4-12 Bridge and voltage doubler comparison

Tantalum capacitors have been chosen for the storage capacitor far tber leakage
properties, ensuring that the maximum amount of charge is stored, with minimal losses
during signal capture and storage. Using the same experimental setup as before a buckling
buzzer was actuated multiple times to reduce any statistical aniesad produce reliable

data. To identify the best storage system, capasitof various sizes were tested. Results for
1uF, 2.2uF, 4.7uF, 6.8uF and l@pédisplayed inFigure4-13. Following this, the signal was

captured and used to calculate the energy that is stodtbwn inTable4-5.
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Figure4-13 Storage Voltage

Table4-5 Storage Energy

1uF Capacitor

0.50 1.00

Time (s)

10uF Capacitor

2.2uF Capacitor

2.00 2.50

4.7uF Capacitor

Capacitor Size (UF)

Average Voltage (V)

Average Energy (uJ)

0.1 78.06 £ 1.727 304.668
0.34 41.58 +1.272 285.268
0.47 32.81+1.051 252.977
1 17.5+0.369 153.125
2.2 8.7 +0.198 83.259
4.7 4.35+0.311 44.468
6.8 3.4 £0.0947 39.304
10 2.16 + 0.0646 23.328
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4 5Discussion and Conclusion

It is clear from the results that using a fulve bridge rectifier is théetter techniquefor
capturing energy from piezoelectric devices when compared to a voltage doubler. Initially, a
voltage doubler appeared to be a more appropriate method of harvesting endrigywas
attributed to the use of fewer diodedurthermore, a larger voltage spikeould allowfor
more energy to be stored iao a capacitor. However, this was found not to be the cdbe.

energy harvester outpus approximately halhat of the fullwave bridge rectifier.

In conclusion, a fulvave bridge rectifier usin@000V Shattky diodesshould be used to
improve the efficiency of an energy harvesting circuit. Furthermore, when characterising the
samples produced, a more accurate assumption of the energy avadablde achieved
However, there are still improvements that che made to the testing circuit. This can be
achieved using operation amplifiers (@mp). The high impedance of an-amp provides
greater accuracy of the signal being produced from a piezoelectric delese circuits can

be made simply and adapted depaing on input voltages they can also be purclihse

commercially.
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Chapter 5 ¢ Buckling Piezoelectric

Elements

Summary

Within this chapter and investigation into the two methods of buckling for piezoelectric
energy harvesting has been performed. The first to be investigated is dquneed mono

stable piezoelectric energy harvestethe second is a preloaded energy harvester. Both
methods havebeen shown to significantly increasefficiencyof a commercially availdé
piezoelectric transducer, creating an opportunity to produce -lmgt power units for low
power electronics. To validate the findsghree methods have been performedumerical
evaluation, simulation and experimentah diaphragm structure can inase both efficiency

and power output with an increase of efficiency from 0.522% to 3.765%. The observed power
output increase from 191.684 to 644.1fJ. The findingsfor the preloaded structure
demonstratethat efficiency can be increase from 0.522% ta818% while achieving a
greater power output from 191.688 to 208.57jdJ. Furthermore, this work identifies that a
monostable structure as opposed to a bi or mslible structure can significantly produce
higher power outputs, whilst achieving long lifgthin a small compact area. This work
contributes to a peereviewed papelit 2 4 SNA Yy 3 f A IKG & GHaivdsting A ST 2 S
Ft22NRAE LJdtoef joutndlSEhergyh Yechnology.[236]. One world patent
W02020095064Alimprovements in or relating to engy generation in a piezoelectric

switch. Published in May 2021 with a Priority date DB2018.
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5.1 Introduction

Recently, the demand for wireless sensors has gained significant interest from researchers;
this has been attributed tdevelopment ofthe intemet of things (IoT[155]. A sefpowering
wireless switch is the most desired device as this will elmsinthe need for regular
maintenance yet collect information that can allow systems to be optimj$dd 155, 158]
Furthermore, a selpowering unit will allow for placement anywhere within the Mbuil
environment without the need or restriction of electrical wirif228, 229] thus, allowing
buildings to become more versatile for disabled users. As a result, sehawes been
developed that recharge batteries through the use of thermoelectric or photovoltaic modules
[230, 231] however, batteries have a limited number of chargescharge cyclefl4, 232]

This is not ideal for long term use. Within this chapter, research has been pedoom
preformed and preloaded buckling piezoelectric transducers. This work pagstiatt to
achieving a mongatable structure that buckles under a low load. This is a highly desired
characteristic for an energy harvester as this replicates a ‘buston, allowing for easy
integration into existing systems. This has been broken down $eteen sections that
investigate numerical, simulation and experimental methods for both preformed and

preloaded piezoelectric transducers.

5.2 Material identification

To ensure that the correct material properties are used throughout this wbkkmaterial

properties of themetallic substrate and piezoelectric ceramic have been investigated.
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A 3 meter is used to determine the amount of charge for a known force applied to the
material. The charge is then measdrgiving units in pC/N. The data from ugia ¢z meter,
shown below Figure5-1), and the product specificatiofor the piezoelectric ceramic was

found to be PZBA (350pC/N £23p33].

Figure5-1 D33 meter by Sinocera

The product specification states the material dstor the substrate is brasslowever, the
properties of brass such as elastic modulus vary from 99GPa to 1XBdPahrough the use
of a scanning electromicroscopethe exact composition cabe found.Theimages below

(Figue 5-2) showthe results of the testusing the rule of mixtures it was possible to identify
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that the brass wasnade from65% copper and 35% zinc. Using this data, the elastic medul

was found to bel12GPa an®oh a a éatyb e 0.34[234].

crledax32\genesis\genmaps.spe 20-Jul-2018 17:20:13
LSecs : 167
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Figue 5-2 Scanning electron microscope image and material identification of brass substrate

for the piezoelectric energy harvester

5.3 Manufacture

In this section of thechapter, the manufacture methods for the buckling piezoelectric

elementsare explained

5.3.1Preformed Piezoelectric Element

Through experimentation during the developmewof described in thegrevious chapted on

St SOUNAROFE OANDdzAG&>E Ad sl & F2dzyR GKIFG AF |
substrate was to buckle, a bistable structureutd form. The result of this is a significant

increase in the piezoelectric power outpuitowever, this was athe cost to the lifetime of

the piezoelectric ceramic. To gain a deeper understanding of this mechahisrfollowing

work has been performed to identify how to achieve a meatable device that causes no

damage to the ceramic.
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To achieve a controlledreformed structure the best method is to use a punch a die system
that forms under uniform pressure. This is a common method of forming metals, most notably
with vehicle bodywork such as car panels. To achieve the formation of the piezoelectric
energy havester, the piezoelectric transducer must be first placed into a die and clamped.
Following this, a punch is used to compress the transducer into the die, shaping the structure.
Commercially available piezoelectric transducers have been purchased frodHgapionics
(product number: 517481) The dimensions have been displayed belovrigure 53 and

listed in Table &..
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Figure5-3 Piezoelectric transducer dimensions
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Table5-1 Piezoelectric Transducer Properties

Piezoelectric Transducer

Substrate material Brass

Substrate Diameter 50mm

Substrate Thickness 0.23mm

Piezoelectric Material PZT (Lead Zirconate Titanate)
Piezo Diameter 25mm

PiezoThickness 0.2mm

Capacitance 40+30% nF

Impedance ynn¥K

The transducers have then been formed in a die showRigure5-4, creating a buckling
mono-stable structure shown ifrigure5-5. This structure amplifies the mechanical stresses
within the PZT, thus, producing a significant increase in energy produced over a single
actuation. The design allows for the structure to bleckhowever, once the force has been
removedit will return to its original state, allowing for the structure to be actuated multiple
times without the need for complex mechanisms, once again reducing the cost of the product.
Didomenico and Nussbaum sugtgesthat the maximum poking force exerted by a human is
45.95N with a standard deviation of 17.§R35]. Therefore, themean force needed to

actuate the switch will be 28.15N.
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As discussed previously, the piezoet@ctransducers have been formed using a punch and

die, to achieve a monstable buckling structure. This is the most desired structure as it
enables the structure to return to its original position after actuation, critically, the stresses
associated withl KS & 0 NUzOG dzZNBQa o0dzO1tftAy3a INB o06St2¢ G
means that the energy harvester can be actuated multiple times in comparison tstalbe

system. It was found that a mechanically actuateeiihi 6 f S &d@aGSYQa &l NI

significant to achieve repeated use without damage to piezoelectric ceramic.

Figureb-4 shows the setup of the pundnd die. It has been mounted die tensile machine

so that the forces and displacements can be monitored for the different parameters. A soft
compressible surface is plate the centre of the punch. This is to protect the piezoelectric
ceramic from abrasion or doming. From over 500 tegitsvas found that a maximum
displacement of 2.0mm +0.1mm and a minimum displacement of 0.6mm =0.1mm would
achieve a monostable buckling transducer, showirigyire5-5. The lower limit is important

as anything less thmethis, and the stress is not enough to achieve plastic deformation of the

flange.
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Figure5-4 Punch and ie setup

Figure5-5 Before forming(left) and postforming (right) piezoelectric element

5.3.2Preloaded Piezoelectric Element

To manufacture a preloaded piezoeleclementthe previous piezoelectric elements where
used. Howeer, to make them easier to clamp and smaller they were processed using a
bespoke guillotine, creating uniform 25 by 25mm elements, this not only reduced the size of
the elements making it easy to fit with other applications but also lighteyure5-6 depicts

the tooling used to produce such items.
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Figure5-6 Manufacture of preloaded pieioélé/étric elements

Through further development of the monostable energy harvesterew method of buckling
was investigategdwhich involvedsimple supportinga piezoelectric transducer between two
wallsand applying a preloadhis resulted in &ignificantly more times increasmergybeing
extractedwhen the two methods are comparg@36]. To achieve thjsa flat piezoelectric
transducer is plaatbetweena moving wallnd a fixed walthe distance between them can
then be adjusted, whickompresgsthe piezoelectric until it buckleg\t this stage a curved

piezoelectric transducer can be observed such &sgnre5-7.

Piezoelectric Activation
element force

Holder
Figure5-7 Preload piezoelectric element using solid walls to create a buckled transducer.

N\
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It was found that movement in the walls was essentialdonieving a long last piezoelectric
element. However, this movement caused the walls to fail due to large stresses associated
with the buckling of the pieo. To avoid this, multiple iterations of the harvester were

desigred and tested these can be obserddn Figure5-8 a and b.

| g

- —

Figure5-8 a. Buckling test equipment Bhe prerAunit 25mm by 35m.m‘ and 3m‘m thick)

Figure5-8 a. Shows aiece ofbespoke equipment that was used to create the buckling
structure and test for initial buckling forces. To achieve an optimised structure as shown by
Figure5-8 b. the bespoke clamp compresses the transduggingM1.8 bolts which are
threaded though the edges of the clamp to M1.8 nuts. This ensured that the piezo isedount
correctly that with a low pitchof 0.35mmexcellent control of the walls can be achieyed
meaning that one complete revolution of the bolt will result in the clamps moving 0.35mm.

This provides accurate control over the curvature of the structure.
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5.4 Theoretical Calculations

In this section of the chaptemumerical calculations have been performed gove a
benchmark to validate both the simulation and experimental aspects of the work. Structural

equations have been used to evaluate the buckforges, forming forces and energy output.

5.4.1Preformed Buckling Element
To ensure that the piezoelectric element doest tweak during the forming procedbe
limiting drawing ratio (LDR) has been used. This is a ratio between the size of thpieaark
veraus the size of the punch, shovn equation5.1[243, 244, 245]
00oY g YO TROE &1 i €8

Q 5.1

The substrate of the transducer is a copper alloy (Br#ssjefore, an LDR of 2.4 will be used,
to ensure that the substrate does not cause any failure. Further tottlesmaximum punch
force has been evaluated to ensure that during the forming prqcees substrate is not

damaged. This can be found using equa&ah[243, 244, 245]

o , 0“0 TQ 5.2

'O ¢ p @BxY 5.3

Nathan Counsell University of Hertfordshire Pagel28



Therefore, to esure the repeatability of the forming procedte punching force will not
exceed 2162.987N a safety factor of 2 (1081.494N) will also be used to ensure that the

structure is not close to the failure force.

To calculate the force needed to cause the staue to buckle, two methods have been
Ay@SaidAa3ariSR GKS FTANRG YSGK2R Ayg@gSadswalr idSR
this forms the foundation of buckling diaphragms. The buckling shear force needed to achieve

the bucklingof a simply supported platean be obtained using the below equatibm.

TQ 1] 'O
P

Where
Tt is the critical shear force needed to achieve buckling
Qis the buckling coefficient defined by the boundary conditi{288].

7 A L A

OAa ,2dzy3dQa Y2Rdzf dza 2F GK addz0 AG NI GS
'AAd t2A4a2yQa NIYGA2 F2N) GOKS &adzoaidNF asS

ois this thickness of the panel

"Qis the web height of the panel
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Completing the above equatidn4, the buckling force of the diaphragm is found to be equal

to 18.228N

¢tKS a4SO2yR YSGK2R 6KAOK KIFa 0SSy239 #ASed A I (S
most suitable method is the buckling for a simply supported diaphragiich can be

described by the below equation.

0 Mo 8 0 Tw 55
o Qo

D¢ 5.6
o ‘00

q 57

Where
0 is the buckling shear load per unit length
ais the length of the diaphragm
i is the total length of the diaphragm
ois the thickness of the diaphragm
‘Ois the Second moment of inertia/area of the diaphragm

OAa ,2dzy3Qa Y2RdzZ dza 2F (GKS adzoadN) GS
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The belowFigure5-9 can be used visualise the design and geometry of the diaphragm. The

labeled parametershave beerthen used to calculate, dand ‘08

A
(@]
v

il
ﬁ

The below equations.8and5.9K | S 6 SSy dzaSR (G2 ARSYy(dAFe LI NI

i ¢ O & vna 5.8

& T @ d 5.9

To complete the calculation of the buckling fortlee second moment of area must the by
calculated. For thighe diaphragm was broken intixrectangular squares, where three are

used due to symmey of the structure depicted by Figurel®.

Nathan Counsell University of Hertfordshire Pagel31



Figure5-10 Diaphragm second moment of area assumption and breakdown

o & o ™ ¢ @ T &
pC pC 5.10
o 29 aoii o oe C TBIPpT Q& Y
P C 511
Q oy .
TI8T C W @
pC pC ¢ 5.12
5.13

O 0 0 'O TWIL YULDD @

With all unknowns calculatedt is now possible to calculate the buckling force for the

diaphragm.
0 0o a ®
0 C ¢ @ C 514
, 00
) 5 P c8p X X 515
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.0 8% © WX & T 0p

A small differencé® | y S 20aSNIBSR 0SisSSy (GKS ¢AY2aKSY

Q1

(0p))

TKAd KlFa 0SSy FGGNARO6dzGSR 2 GKS AYyONBIFaSR ai;
These findings will be used to verify the simulation model of the preforinedkling

transducer where the percentage error can be calculated. This iderstihe error between

the two methods the below equation has been used.

P& XPPECY
P&ECUY

Ol ipé i

pnintePp wb 517

The error observed between the two methoddisplaysa good fit for both methods of

modelling and evaluating the diaphragm model.

With the buckling force calculated, the below equation can be used to predict the voltage

produced by piezoelectric material dog buckling.

T Q@ O o

w o) 5.18
@ Q% T @Wu 5.19
@ U@ X @T 5.20

Nathan Counsell University of Hertfordshire Pagel33



Where
F is the force acting over the whole element
t is the thickness of the piezoelectric element

"Q is the voltage constant for PAR

Assuming that the piezoelectric element returns to itggo@l positon a half the energy is
lost during this pocesscan beincreasel by 1.5 providing LIS+ { G2 LIS 1 @2t at

FYR ¢AY2aKSy 192.024 andss B resgectigely.

To evaluate the energy that is being produced the below capacitor equation can then be

implemented.

o Ow
C 5.21
) TEHEOWPCQT o
@) P @8 X'GU 5.22

pTEBDT‘(pL,) 5.23
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The result of the energy calculatiohgyhlightsthat a smalldifference in the actuation force
canlead toapproximately two times the errdn the energy calculation. Therefore, any model

developed to predict this behaviour mutit be highly accurate.

5.4.2Preloaded Buckling Element

To enhance the power output of a piezoelectric transdu@eicurved structure must be
produced. In the case of this research commercially available piezoelectric transducers have
been purchased and cut to 25mm by 25mm squaresiagathe piezoelectric material, using
a bespoke punch and die set. To creaturved structure, a clamping force is applied to the
plate. Initially, thestructure is stable, howevewhen a critical force is achieved the structure
buckles into its first mde, as shown b¥figure5-11 a), the second buckling mode by b) and
the third c). To identify the critical force for the three different buckling mqdies Euler
SNy 2dz £ A Qa  Sépplkdias shon Bygaatiod 28, yWheret is the mode
number. It should be noted that other buckling modes can only be actiidgw®ugh webs
within the structure therefore, this application will onlydcus on the first buckling mode for

a simply supported, pinnedinned beam.

MP
MP
£ N &

Figure5-11 Buckling modes (1,2 and 3) for a perfel@nder beam
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Euler. SNY 2dzf £ AQ& SljdzZ GAzy OFy

using equatiorb.24.

eb “ 0O

‘l ”

TOFTWWOoO@ UL T

Where

0S

dz

a

S

P

5.24

5.25

5.26

5.27

Qeffective length factor that is determined by the clamping conditions

L is the length of the beam

®is the breath of the beam

Qis the depth of the beam

“Gs the second moment of area

0 is the crosssectional area

i is the radius of gyration

Nathan Counsell University of Hertfordshire
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‘Ois the elastic modulus

, Isthe yield stress

“ 00
Qa 5.28

Where
(s the effective length factor that for ansply supported structure is equal to 1

a is the original length of the beam.

To achieve the first buckling mode, a compressive force of 16.66N anbstvethis which
correspondsto 3.332——. As the force increaseshe different buckling modes can be

observed at 66.64N and 149.94N. Although these buckling modes resemble the modes of
buckling for the harvester, they are not applicable as the forcejdane with the structure

This @id, the clamping force must be between 16.66N and 66.G#MN\with a stress of
3.332— and 13.328—, respectively to achieve the correct shape for the higher output

energy of the harvester.

Once an initial structure has been calculated the secatage of calculations can be

LISNF2NYSR G2 ARSYy(GATe GKS F2NOS ySSRSR G2

method has been usel@37] shown by equatiorb.29 and Figure5-12.
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Figure5-12 Hinged Hinged shallow arctvith uniformly distributed load

The belowTable 52 has been used to identify the critical buckling force for a hingeded

arch the results of this showtke minimal change to the buckling force will be achieved from
AYONBI aAy3 GKS KSAIKG 2F (KS I, iNddIuEionGagNIS I G dz\
been calculated for fixefixed inplane loading using equatios.30 with results shown in

Table 53.
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Table5-2 Hinged hinged loading of a shallow arehith uniformly distributed load

5 S 5 ~
& < < B
© 2 5 S
- S < —
2 E o E T E 2 5
r £ = £ z £ < o°
0.6 130.108 24.961 0.192 1.184
0.8 97.522 24.931 0.256 1.578
1 77.958 24.893 0.320 1.972
1.2 64.903 24.845 0.385 2.366
1.4 55.569 24.789 0.449 2.760
1.6 48.559 24.724 0.514 3.153
5 '3"00 [237]
QY p
5.30
0 (CAMOXTCCTOMINMGTETPHWOCMWIT — [237]
pgotpuvpmn— pPpAIOCYwQMT — 5.31
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Table5-3 Fixedfixed inplane loading of a shallow arch

E S
S < =)
S 5 £
: : s

T < =
£ c o <
2 o £ Is) =
) < c c ]
I - = < X o
0.6 130.11 0.19 20.98 0.56
0.8 97.52 0.26 20.95 1.32
1 77.96 0.32 20.93 2.57
1.2 64.90 0.39 20.91 4.45
1.4 55.57 0.45 20.89 7.08
1.6 48.56 0.51 20.87 10.58

The results fromTable 52 and Table 8 show that the buckling force for thistructure is
equal to 1.9 for a Imm increase in height. From this buckilatashown and the equations
5.18 and 5.21he energy output of this form of buckling energy harvestable 54 visualises

visualises the power output of the system dependimgize curvature of the harvester.
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Table5-4 Energy output othe preloaded buckling piezoelectric transducer

()

) 2 k5 S k5

=) = X < S

= T i T T
o T S 3 & o
< 8‘: £ g = Q
© £ T o T z
- T o o 5 =y
e (0] (] (@) o
k=) o O S b o &
T 2 2 S S (T (0
mm N N \ \ 8] VN
0.6 1.184 0.555 2.012 28.314 0.08L 16.034
0.8 1.578 1.317 4,774 37.750 0.4% 28.501
1 1.972 2.573 9.327 47.178 1.740 44.516
1.2 2.366 4.450 16.131 56.603 5.204 64.078
14 2.760 7.077 25.654 66.021 13.162 87.174
1.6 3.153 10.584 38.366 75.431 29.439 113.796

5.5NumericalSimulation

The use otomputeraided engineering tools has allowed engineering to technology to grow
rapidly. To understand the need for this study, first, an understanding of finite element
analysis (FEA) is needed. Using compatéed design (CAD), a structure or geometny ba
produced. This should be an accurate representation of the object or structure that is to be
evaluated; this being said, the use of symmetries can be used to reduce the size of the
component. This model can then be inputted into the solver. For thaskwCOMSOL

Multiphysics 5.3a has le& used. Once imported, the material properties and boundary
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conditions for the systerare defined. Following thighe mesh should be defined. Mesh is a

critical aspect of any FEA study.

A mesh is made up of small doms. These domains are known as elements; these break a
large object down into smaller parts and are used to approximate governing equations. The
dependency of mesh is linked to the size of the elements used and their location with regards
to the criticalaspects of geometry. Increasing the size or number of elements increases the
accuracyof the analysis. However, this comes at the expense of computational power and
time. Therefore, particular attention should be paid to mesh when analysing and validating
models. For this researchne simulation model has been producechich uses two varying
geometries. These have been evaluated with respect to the critical buckling force and the
stress generated during the buckling phase. Using the results, it is gossipredict the

power output of a piezoelectric energy harvester theoretically. The buckling force method
can be used to calculate the actuation force. This is critical for applications involving human
motion, such as finger actuation, as low forces aguired to enable a broad spectrum of
dzASNBRE® t NEOA2dzd &0 dzRA SiK NRIHAK ¢ A \o-gt80m dysagidi 2R
This method of energy harvesting generates a single pulse of energy and occurs due to the
instability between the system swhing phases. The scope of this work is to focus on the
mono-stable region, in which, kstable buckling beams return to their original position. The
use of this monestable region is an effective way to generate electrical power without
damaging the piezdectric element. The theory behind the mostable buckling is that two

pulses of energy will be created equal to or greater thanstdlle system. Furthermore, the
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use of low buckling forces will ensure that the piezoelectric elements are not damadked, w

the desire of ensuring that the harvesters havierg service life.

To ensure that the models provide accurate predictions for the buckling behaviours and
stress, careful consideration of the geometry must be made. This includes; dimensions, the
height of curvature (G KA O1 Yy S & &z PoZadayediEnEpring stiknezls, ddaniping

conditions, force application, mesh type and mesh size.

5.5.1Preformed Piezoelectric Element

To create an accurate simulation model of the preformed piezoelectrimeté. CATIA V5

was used to draw the geometry used in the numerical evaluation of the preformed element.
This was achieved through surface modelling. Surface modelling was selected over solid
modelling for its ease of use when creating tskinned items sth as the substrate of the
element, plastic containers or objects with complex surface profiles. The profile of the
diaphragm was modelled using lines and poirfeggre 5-13). Following thisa revolve
operation was ued to create the completed modeFigure5-14). This was then saved as a .stl

file allowing it to be imported into COMSOL Multiphysics.

Nathan Counsell University of Hertfordshire Pagel43



Figure5-13 Points and lines fothe buckling piezoelectric element

Figure5-14 Full revolved model ol preformed buckling element

A linearzed buckling study has been perfoed on this structure to identify the critical force
needed toachieve the structure to buckle. This is a predefined study that is made of two
steps. The First is a stationary solver where a load is applied to the centre of tineadyap

and the secondtep is a1 eigensolver that is used to identify the a¢cal bucking load.
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This simulation works by solvifgr a stationary load known loadF(based on the stiffness of

the structure. The following equation can be used to identify

Le ULy 0O e 3 5.32

Where
U is the total stiffness of the structure
U is the linear stiffness of the structure

0 is the nonlinear stiffness of the structure

A relationship between the linear and nonlinear stiffness shiws be proportional to the
stress in the structure due to an external load (F), therefore if the linear part is solvettian in

value for F can be obtained. The nonlinear problem can then be written as

v L o e _5J 5.33

Where
_is the load multiplier

For the first step tdbe completed the equation must become sintar, at this stagethe
displacement tends toward infinity. Thalue of F at this value is then usedthe second
study step where the eigenvalue problem can then be salvVer _.
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0 U ¢ e T 5.34

The output of this study shows a value fdwhich is a load multiplier for the load applied
giventhe boundary conditions. This is a factor to find the critical buckling force of the
structure.If _is larger thanl then the applied load is smaller than the buckling forE¢he
force is applied in the opposite directiorwill become negative. Siply mutiply the applied

load by_ will provide the critical buckling load for the structure.

Boundary conditions for the prefmed harvester show simple support on the internal ring of
the flange with a point loadct in the negative -direction at the centre of the diapragm

shown byFigure5-15.

> X
Figure5-15 Boundary conditions fathe preformed piezoelectric element
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5.5.2Preloaded Piezoelectric Element

Beforegathering data and solving, computaided design (CAD) must be used to generate a
structure that represents the structure of the piezoelectric transducer that is to be tested. In
the case of tis study, various geometries have been produced for two models of a
piezoelectric transducer. Models for the 25mm by 25mm transducer have been generated in

CATIA V5 using surface modelling.

Surface modelling is the most appropriate method of generatingliable import file for
COMSOL. As this system only uses point and lines, the resulting imported mesh is accurate,

thus increasing the accuracy of the simulated model.

To create the geometry, a circle was drawn with a dependant radius. This is asttbal only
known length is the original length of the piezoelectric transducer, which is equal to 25mm.
From the centre point, three construction lines are added to thestical drawing ong
intersecting the circle and to that are mirrored either sidetos axisFigure5-16). On these
lines, points are added that coincide with both the circle and the mirror lines. From this, the
outer part of the circle is removedeaving only an arc. A horizontal line is now added to the
drawing to measure the arc height. This will then be used to control the geometry for later

designs.
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==
Figure 5-16 CATIA V5 modelling of the arc witkference dimensions and controlled

dimensions.

Figure5-17 Extruded quarter model, creating a complete curved arch
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This method of design has been chosen as it allows simple adaptation of geometry,
furthermore, the desired modelling technique in COMSOL has used a shell structure that can
only be generated in the generative shape design module of CATIA. Using this geometry, it is
possible to ensure the length of the product does not change in keepitiga physical
specimen, where one was limited to 25mm. The above figufggire5-16, Figure5-17 and
Figure5-18 demonstrate the geometry dical to the analysis. Various heights have been

generated and saved as .stp files to ensure thay can be imported into COMSOL.

To solve a problem like thia stationary study has been performed with a nonlinear solver.

The solver selecting usethmped Newtonian method. This can be written as

Where
"Q"Y is the residual vector
"Yis the solution vector

This method works by selecting an initial solutionr COMSOL then producetirsearized

model usindY as the linearized point. Giving the formeafuation5.36 for a Newton step of

1Y

i LR by 5.36

Following thisa second iteration is performed that introduces a damping factor
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= _= 5.37

-l

Where
_Is a damping factor lieveen 0 and 1

The next step ithen used to gimate the error from the new iteration in comparison to the

previous. This is completed using thelow equation5.38

I T O . T 5.38

Where E is the difference between the previous step, this enables a visualisation of the
convergence of the solvdf.the error calculated is larger than the error previouslycuokted

the software continues to reduce the damping factor )( trending towards zero and
recomputes forY. This continues until a solution is smaller than the previous error or when
the minimum damping factor is met. If the later is achieve termination of the caatjpn

will occur. If a smaller error is fountthe computationmoves on to the next Newtonian step.

Once imported into COMSOL, the boundary conditions for the simulation can be defined. This
includes the clamping and test setup. To ensure repeatapditytests have been performed
under the same conditions. The below image depicts that original conditions where a point
load is applied to the centre of the curved structure, which is also the highest point. The two
parallel edges are simply supportedtive Z direction allowing for the structure to move in
both the X and Y axis, however, due to the location and direction of the point load no
movement can be observed in theditection, this setup can be observed froigure5-18.

A final condition represents the hyperelastic material, which for this simulation is Silicone
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rubber. The purpose of this material is to behave like a spring, in which, resistance to travelling
in the Y diredbn is achieved creating both the sndiprough at a higher input force, more
importantly, a snagback motion desired for energy harvesting. It was found that if this
material is too stiff or the structure is clamped, it becomes too stiff prevents a snapack
motion that is most desired as shown by the belBigure5-19, where the blue line shows

that a reduction in force to approximately 1.3N will result in the snapback of the structure.
However, withthe orange line, a pulling action is needed@6N is needed, meaning that no

return will be observed.

Figure5-18 Imported model of buckling arc with boundary conditions applied

Nathan Counsell University of Hertfordshire Pagel51



4.5

4
Low Stiffness
35 : .
High Stiffness
3
.25
<
o 2
o
o 15
L
1
0.5
0
05 0 0.5 1 1.5 2 2.5

Displacement (mm)

Figure5-19 Demonstrates howuckling force related to the stiffness of the structure. High
stiffness increased the buckling force, resulted in athbe system, however with elastic
walls simply supportystem is transformed into a morstable systemthis can be observed

with the blue plot.

The simulation uses a 1maurvature heigh25 X 25mm piezoelectric transducé&ollowing

the orange plot for which in this case is a ridged be#dman be observedhat the stiffness

of the structure is increask this is attributedto the increasedyradientprior to the critical
buckling force (@.5mm displacement). The first peak observed on the plot shows that critical
buckling force for the structure. This cars@lbe observed to be more significant when the
stiffness is increased. Following this phase, a steep decline is observed.7®umn
displacement). This gradient shows that the rate of the stiepugh of the beam. If this is
too steep damage can occur ihet piezoelectric element. The minimm point of the plots
shows the force at which the sndgack of the beam will occur. If this point is greater than

zero, enough energy is retained into the system for it to return to its original position,
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however, if theforce becomes negative a second stable state has been reached, causing the
mono-stable region to cease to occur. To ensure that the stiffness is represented
appropriately for the simulation modgéxperiments have been performed on Silicone rubber

to idertify the compressive properties which have then been used to inform the model

correctly.

Through integrating (operatointopl) the centre pointfor the givendisplacement of the
modelit is then possible tadentify the force being applied to the structithroughout each

of the time steps and then generated a plot of the buckling behaviour.

The edges of the simply supported system were clamped along the edge, this then prevented

any inplane translation of the structure under load.

A nonlinear methodfor solving the problem has been applied. The method used is the
Newton method. This was used for the highly nonlinear behaviour of the model. To control
this method, three constantan be used; initial damping factor, minimum damping factor
and restriction for the stegsize update. The initial damping factor is the value used for the
first Newton method. This was set to 1:@EThe minimum damping factor is used to specify
the smalést allowable damping factor that is was set to X8Restriction of stesize update

is used to limit how much the damping factor can change in an iteration and was set to 10. It
should be noted that if the solver was to get stuck, resulting in no agevee of the system

a recovery damping factor should be used. This allows the solver to recover the damping
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factor and continue to solve the equation with extra steps with the view of the solution

converging; this was set to 0.75.

As stated previouslyhe mesh of any FEA is critical to the validity and accuracy of any results
obtained. As a result, a mesh convergence study has been performed. A mesh convergence
study involves reducing the mesh size until the results converge; it is then a matter of
identifying a point where results are close vendttill maintaining a fast solution speed. This is

a particularly effective method when using computers with low processing speeds.
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Figure 5-20 Mesh optimisation for buckling preloaded piezoelectsquare element a.
12.5mm(4 elementsp. 2.5mm(100 elementsg. 0.625mn(160 elementsyl. 0.4167mn{200

elements)

Using a 25mm model imported from CATIA V5 as a .stp file, a mesh convergenceadudy

performed using mapped meskhere a sweep from 4 to 200 elements in steps of 4 was
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performed, this is equal to a maximum and minimum element size of 15.625tm
0.0625mm?. A mapped mesh was chosen as the object; in this case, the curved structure is
reasonably rectangular; it is a solid unit. Therefore, there was no need to change mesh around
holes within the structure, the shape of each of the four domains are egodlthe use of a

H5 aKSff Y2RSt Fft2ga | FlLad FyR FOOdzNI &GS LN
It can be observedn Figure5-20 that as the number of elments increases as does the

curvature of the structure, thereforethe higher the number of elementshe higher the

accuracy of the analysis.

The results of the study have been displayed belBigyre5-21). It canbe observed that as

the number of elements increases the closer the result, this is the convergence of the mesh.
It has been identified that the most accurate and fastest mesh geometry is 1600 elements.
Therefore, to ensure that reliability and repeatatyilof results, this is the number of elements
that will be used throughout the further studies to be performed on the curved buckling

beams.
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3.5
Mesh Convergence (Force vs Displacement for 1

Preloaded Piezoelectric Transducer
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Figure 5-21 Mesh convergence study results for a buckling beam piezoelectric energy

harvester.

5.6 Experimentalg Introduction

To validate the numerical and simulated results, experiments have been performed that
collect data on the perfanance of the buckling piezoelectric element. For tlaigensile
machine and oscilloscope have been used to collect data relating to mechanical and electrical
forces. The tensile machine that was used was a Tinus Olsen R&Shas an error of 5%
during capture with sample rates at 20Hz. The Oscilloscope used to capture the voltage
output of the piezoelectric transducer was from Keysigkeysight MSOX3014 T ue to the

speed that the signals generate a high sample rate of 1GHz was used this ensoneatla s
capture of the signal with minimal loss in the peak voltage due to sampling. Both pieces of

equipment have been calibrated by the manufacture and were within date during use.
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The setup for the system involved using the tensile machine in comprestiere a bespoke
adapter was used to create the structures of the piezoelectric element and later actuate them

to generate power. This can be observadrigure5-22.

" N ~

(A |

Figure5-22 Tensile machine testir'igA éﬁdipment

5.6.1Preformed Piezoelectric Element

This section has been broken down into three subjects; the first is the experimental method
that investigated the formation of the preformed piezoelectric element. The secontukis t
data collection of the force rezled to actuate the preformed piezoelectric element. The third

is the data collection for the power output of the piezoelectric elements.

During the initial stages of this project was found that buckling piezoeleatrharvesters

produced significantly greater amounts of energy than commercially available counterparts.
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However, most methods of creating a buckling structure wreontrollable. Therefore, the
manufacturing method of pressing has been investigated to pcedrepeatable and
reproducible buckling structures that can be used commercially for energy harvesting. This

initial involved designing a punch and die shown by the bélmure5-23.

Figure5-23 Punch and die set up on tensile machine ready forforming

To form the piezoelectric elements, the top plate is remavetlowing this the element is

placed ceramic side down into a milled hole with a tolerance of 0.1(Rigure 524).
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Once secure, the top plate is returned to its original position. Toggle clamps are then applied,
applying pressure to the elementhich prevents warping of the edges of the piezo. The
belowFigure5-25shows both a clamped and unclamped piezoelectric element, on the edges
of the piezoelectric element wrinkling can be observed. This is due to a low clamping force of

the flange during pressing.

Figure5-25a. Clamped piezoelectric element b. unclamped piezoelectric element

The procedure used to evaluate the optimised structure of the pratm piezoelectric
element nvolved pressing ten different elements to the same distance ratlder thana
target load Due to the speed of the operation 20mm/mibhwas found that the use of the
micro switchset on the tensile machine would ensure safe and repeatable production of the

elements. The belowable5-5 displays the findigs of this experiment.
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Table5-5 Preformed piezoelectric element diaphragm height and buckling behaviour

Displacement (mm)

Buckling method

0.2 NA

0.4 NA

0.6 NA

0.8 Monostable (minimal)
1.0 Monostable(minimal)
1.2 Monostable

14 Monostable

1.6 Monostable

1.8 Monostable (strong)
2.0 Monostable (strong)
2.2 Bistable

2.4 Bistable

2.6 Bistable

2.8 Bistable

3.0 Bistable (structure too stiff)

Findings from this experiment show that when téieucture transitions from its monostable

region into a bistable regigithe energy store is significantly higher, this was observed from

ceramic béng shattered and thrown off the brass substratln contrast,the monostable

region showed no signs of tresen after 100 actuations.
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To further test the setup and the structures being formed tests were datnen elevated
temperature, using a heat gun and with various punch heads. The findingdsmp&rature
does notaffect the structure through heatingand that symmetry or ssymmetry make no
difference to the structures monostable region thatdtseen formed. However, the use of a

sloped punch head such as the one showrFigure5-26 e. created a larger monostable

region; however, failure of the piezo was found to occur within 100 actuations.

Figure5-26 Punch heads used to press piezoelectric elements into monostable structures a.
original punch head witla missing notch to prevent solder damage b. male and female
forming cup ctwo-notch symmetric punch head dhreenotch symmetric punch head e.

Slopedpunch head
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Having identified fronTable5-5 a region in which buckling can occur without damaging the
piezoelectric ceramic the experimental method has nt@ identify the force needed to

actuate the buckling struatre and the corresponding power output of the system.

During this stage the ten piezoelectric transducers were actuated 100 times each, this is to

reduce any statistical anomalies that may occur during testing.

To produce this data, the die layout usedFigure5-24 was adapted, where the steel plate
was removedallowing the element to buckle freely. To cause the element to buckle a point
load that is electrically isolated from the tensile machine has been used. To replicate a
scenario of someone actuating the piezoelectric element the speed of approach waseet t
700mm/min, once the system buckles the tensile machine then returns to its original position
at a speed of 1200mm/min this ensures that the point load does not interfere with any data
capture. At the same time as thisingle capture and save had beget on the oscilloscope

that captures the voltage being generated by the piezoelectric element allowing for the

results to match the actuation force and the power output of the element.

5.6.2Preloaded Piezoelectric Element

To produce a valid numerical astmulation model, experimental data has been gathered.
This section has been once again broken down into three sections; the first is in the initial
buckling force of the piezoelectric element, the second is on the actuation force for the

preloaded elementand the third is on the power output of the piezoelectric element
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To identify the initial buckling force tiie piezoelectric element the tensile machine used in
compresgnwas used in conjunction with a bespatpep that clamps the elements to ensure
that stay vertical and are comparable to themerical and simulation methods as they show
in Figure5-27. The tensile machine was used at 10mm/min, creating a egtastc test to
identify the forces needed tactuatethe piezoelectric element. To ensure the reliability and
repeatability, this was repeated 20 times, thus reducing any statistical fluctuations that may

occur during testing.

The bespoke holder clamps the piezoelectric element vertically and uses twlor@tiseto
guide the compression of the piezoelectric element. This experiment was repeated with and
without silicone rubberKigure5-27), to show the effect of damping the silicone has on the
initial buckling of the @ment. It was found that the buckling force did not change for the
element however, the displacement did. This has been attributed to the silicone compressing

due to the pressure of the element.

Figure5-27 Pinnedpinned initial buckling sétup iJsing a bespoke holder and point load
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Once the initial buckling force was achieyedlibrated electronic callipers were used to
identify the height of curvature compas¢o its original position. It was this distea that was
controlled in later experiments that allowed for the identification of an optimised structure

that produces large amounts of power at a low actuation force.

To identify the force needed to actuate atite power producedy the piezoelectriclement,

the below set up us# It is an adapted vice that bolts to the tensile mach{R&gure5-28).

This ensursthat the system stable, minimising and deflectiorttve holder. Through using
only one bolt complete control of the clamping conditions can be achievedM8 bolt has

been used with a pitch of 1.25mm, meaning that per revolution the vice closes 1.25mm. A
lock nut has also been used to mitigate any playhi@ system. The holder is made of
aluminium with a slot insert for silicone rubbélhis is used to store energy which enables a
greater amount of energy to be harvested, it also minimises the amount of stress in the

system, thus prolonging the lifetimd the element.
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Figure5-28 Preloaded piezoelectric element clamping device for evaluation of curvature on

structural stiffness and power output.

The tensile machine was then used to identify the heighthefflat piezoelectric element

This acted as the datum to evaluate the height of the amg this was found to be more
reliable as the system did not movd@herefore the same systematic error was kept
throughout the experiments to reduce any statisticalrors this was repeated with 20
different piezoelectric elements. The below results showTable5-6 the findings of the
curvature test, highlighting the monostable region in which safe buckling can occur without

damage to the piezoelectric element yet yield a high energy output.
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Table5-6 Preloaded bucklingiezoelectricelement parameter optimisation arch height

Arch Height (mm) Buckling method

0.0 NA

0.2 NA

0.4 Monostable (minimal)

0.6 Monostable (minimal)

0.8 Monostable

1.0 Monostable

1.2 Monostable (strong snaghrough)
1.4 Monostable (strong snaghrough)
1.6 Bistable

1.8 Bistable

2.0 Bistable

To identify the power output of the piezoelectric element conductive copper tape was used
instead of soldered joints this was to reduce stress concentrations on the ceramics surface,

thus increasing the service life of the piezoelectric element.
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5.7 Results

This section has been separated into four parts: Initial buckling force for preloaded shape
generation, buckling force for the preformed and preloaded elemethis power output of

flat, preformed and preloaded elements and power output into various CHpis.

5.7.1Unmodified Piezoelectric Element

To understand the performance and efficiency of the new structusasnitial investigation

was conducted on the performance of unmodified piezoelectric elements. This will act as a
benchmark in which the other sictures will be compared. This evaluation will justify the
work that has been performed. In this section, the force versus displacement of unmodified
piezoelectric elements has be explored. Using the asne experimental setup as the
preformed piezoelectd element ten unmodified piezoelectric elements were actuated to
achieve a target displacement of 1.6mm. This value was selected as it was found to be
comparable to the energy needed to displace threformed piezoelectric elements, thus
providing a reliale prediction for the input energy. To identify the efficiency of the harvester,
this input energy has been calculately integrating the area under the curve using the
trapezium rulethis provides a more accuragediction of theinput energy to the sstem.
Equation5.390F y 06S NBTSNNBR {ahd5H4ais imegraliorfoc@dersné S i K 2 R

displacement.

O b OO0 ©Oa 5.39

5.40
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Where
F is equal the force applied to the transducer in Newtons
D is the displacement of the transducer in meters.

Both the force and the displacement of the input has been identified from the tensile
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Figureb-29 Flat piezoelectric element force vs displacement
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Figureb-29, theaverage peak force of 79.38 +6.15N and displacement of 1.65 + 0.2 have been
identified. Subsequently, the input ergyr was calculated using equatid0. It was found
that the average input energy was found to be; 130mJ for the unmodified piezoelectric

element.

(0] O@ wa@ 5.41

To confirm this finding, the data has been average and integrated finding the energy under

the graph using the trapezium rylevhich is equal to the energy in the system.
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With the input energy identifiedthe study continues with the identificationfdahe power
output of the piezoelectric element. These readings were taking the same time as the force
versus displacement. Using the capacitor equations discussed in the previous sgdton
possible to identify the amount of energy outputted by thewwdified piezoelectric elements

The below image portrays the average power output for ten unmodified piezoelectric
elements. A very close voltage can be observed from this data showing repeatability and
consistency during testing. An average peak to peak voltage of 106V + 2V was dalcolate

the data presented ifrigure5-30.
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Figure5-30 Open circuit voltage for ten unmodified piezoetec elements

To calculate the power out the capacitance of the elements must be calcuyltdtsdwas
achieved through the use of a multimeter that was set to read the capacitance of the
elements. Readings were taken at three different poiotsthe element and averaged to

provide an accurate prediction for the capacity. This can then be used for calculating the
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energy output of the element. For the total number of unmodified elements tested an
average capacitance of 3414R was found. This information will then be used in the next

section to identify the energy output pf the unmodified piezoelectric elements.

Using the equations in the numerical sectjdns possible to identify the amount of energy

produced by the umodified piezoelectric elements.

. 6w o®€E&Opme o
) c c p we You 5.42

Completing the calculation# can be observed that 191.6880f electricity is produced. To

calculate the efficiency of the system thelow equation5.43 has beerused

W

P W Yo
T[—

—, T TT T® b
O@Q)(U(P’p CQ

pm 5.43

It has been found that this system has an efficiency 6284 meaning that 991% of the
mechanical energy is lost. This is a very inefficiency systeththerefore any improvement

to the efficiency will increase the likelihood of this technology being adoptedhetmdustry.

5.7.2Preformed Piezoelectric Element
The first structural modification that has been explored by this work has investigated the

effect that a preformed diaphragm rsicture has of the actuation force for a piezoelectric
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element. This has been broken into three sectioasg the first is simulation predictions
which have been made using COMSOL Multiphysics. The seconaof pfag section is the
experimental results fothe actuation force needed to actuate the diaphragm. The final
section is the comparison of the simulation, numerical and experimental results for the force
needed to actuate the diaphragm. This is a critical piece of work as it identifies the amount of
force needed to actuate a preformed piezoelectric element and the reliability of the

numerical and simulated work.

Following the simulation setup described in the previous chapatgreformed piezoelectric
element with a 2mm height haseenmodeled, ard simulatedusing CATIA V5 and COMSOL
Multiphysics. A 2mm height has been selected as this is the region that is closed to a bistable
system yet still in the monostable region. It is predicted that as the structure becomes more
stiff, due to the increasingeight, the more force needed to actuate increases. Therefore, for
the largest yield of powera preformed element closest to the bistable region will produce
the largest amount of power. Within COMSOL a linear buckling study has been performed
finding acritical buckling force of 20.487N is need for the structure to buckle. The image
below Figure5-31) was taken from the study. It is clear from this image that the two clamping
locations from the point load anboundary clamping conditions that this is the location of

the highest stresses in the structure.
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Figure5-31 Linear buckling analysis of a preformed piezoelectric element

Within this sectionthe buckling force for the preformed piezoelectric element has been
AYy@SaGA3IrGSRe it GSadAy3da KIFa 0SSy LISNF2 NS
procedures. The results for the buckling force have been averaged out for each of the
actuations firing a consistent buckling force of 20.6KM.4N, shown byrigure5-32. It can be

concluded that from these results that the forming process is highpeatable and

consistent.
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Figure5-32 Buckling force for preformed piezoelectric elements

Further analysis of this work has been performed to identify the error between the methods

used. The results for the buckling force have displayed good agreement between the
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simulation and experimental method with an error of (%%equatiorb.44). This shows that
the simulation model used it highly arcuate at predicting the buckling force needed to

accuratethe preformed piezoelectric element.

5 PMIIT® L P 5.44

Further to this the efficiency of the system has been calculaté@dis is to identify ifby
changing the structure of the piezoelectric element it is possible to improve theeeitiy,
thus producing an increase in the power output in relation to the input energy. To identify
the inputenergy equation5.45 have beerused.The results from the graph shoavbuckling

force 0f20.6 +0.4N with an average displacement of 1.65 + 0.08mm.

O PR PTWP 5.45

To verify this @econd method shown by equati@y5, which integrateshe area undeusing
the trapezium method This method is more accurate as the graph is highly-liveear, and

therefore a more accurate power prediction will be obtained.

During the capture of the buckling fordle voltage was alscecorded whereeach element
was actuatedentimes. The overlaying results Figure5-33show very good consistendyis
once again shows theliability of the manufacturing method for the preformed piezoelectric

elements. In total, an average peak to peak voltage can be observed of 183178V.
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Figure5-33 Open circuit voltage fathe preformed piezoelectric elemest

Using this data, it is then possible to cdéta the energy output of the piezoelectric element
shown by equatiorb.46. Once again, a multimeter has been used in the same manner to
measure the capacitance for the elements that have been preformed elements, finding the

average capacitance to be 38.8nF.

. 0w o® YEmo p YF @ L
O c c @T&E p'gu 5.46

From thisthe efficiency of the system can then be calculatsthg equatiorb.47.

eTa& p'QO

pﬁﬁ)pvmpnnoa(pup 5.47

W
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Through altering the structure to a preformed diaphragm, it is possiblentoeasethe
efficiency of the system t8.763%from 0.522% Furthermore, a significant increase in energy
output can be observettom p wd Yug to 644.414J This means that for every preformed
piezoelectric elementit would takethree piezoelectric elements to achieve a comparable

energy output. This is a significant step to achieving batlesg electronics.

5.7.3Preloaded Piezoelectric Element

Within this sectionthe results and comparison to numerical calculations for the force neede
to buckle the preloaded piezoelectric element into its curved staperesented Following

the test procedures described in the previous section (experimemeatloaded piezoelectric
element) the following results were collected. The findings shdattafter 20 tests with
different elements the initial buckling force of 16.533N can be observed with an errar of
1.14N. This can be found in the belé&gure5-34. The data was found to have an error of
6.89% thisg acceptable due to the error associated with the load cell used on the tensile

machine.
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Figure5-34 Initial buckling force averaged over 20 elements
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Figure5-35 Comparison of initial buckling with and without silicone walls

It should also be noted that the buckling load of the element did not change between silicone

and none silicone test setups. However, a change in the displacement data can be observed
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due to the compression of the silicone depictedrigure5-35. Therefore, it can be concluded
that silicone wallsdo not affectthe buckling force associated with the structuhis is

0SOlFIdzasS AU R2Sa y20 | FFSOG (GKS StSyYSydaqQa aida

To verify the work performedh comparison of the experimental buckling force and numerical
calculation has beeoompleted. Using equatiof.48, the percentageerror between the two
values has been found. The results from this show excellent conformance with a calculated

error of 0.762% between the numerical and experimental results

) ? P T QCP 5 43

Where
U is the observed value
U is the calculated value

1 Is the percentage error between the two values

A simulation model of the preloaded piezoelectric energy harvester with an arch height of
0.8mm has been modelled within COMSOL Multiphysics the results have been shown in the
below figure, Figure5-36. The results show a very close fit between averaged testing and the

simulated model. The maximum displacement point identifies the point of the graph there
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the snapback occurs this has been marked to idgritie maximum stress produced by the

buckling structure shown blyigure 537.
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Figure5-36 COMSOL Multiphysics results for 0.8mm arch preloaded piezoelectric element
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Figure5-37 Buckling stress of a 0.8mm arch height preloaded piezoelectric element

The monestable buckling structure of the harvester generates significantly higher amounts

of stress upon actuation compared to the force appli€derefore,equation5.18 can beused
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to identify the voltage produced by the morstable buckling piezoelectric elementhich
considers the stress applied to the piezoelectric material rather the force appliedQThe
constant has been taken from literature, which was found tabe p ™ @ 6f0 [241, 242]

The stress used for this calculation has been taken from the simulated stress vs displacement
data shown in

Figure5-37. A polynomiakrend linehas been fitted to the simulated dataguation5.49, to

identify theinduced stress as a function of displacemeqtation.

, C@&op YBMPp PpYsHw TEIPT Q 5.49

Where
x is the displacement of the preloaded piezoelectric element

» 1S the stressnduceddue to buckling to the piezoelectric material

The resultslisplayedn Figure5-36 shows that the maximum displacement occurs at 2.11mm
which corresponds to 255.699MPa of induced stress due to bucKliregefore, the peak

voltage was found to be 53abfor the initial pe of the monestable buckling element.

< Q0 L Q0
6 — 6 — X

O —p—c ° m P”P*PLC 0 550

Where

C is equal to theneasuredcapacitance of the piezoelectric element.
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t is equal to the thickness of thgezoelectric element

Through the appliation of equation5.50, the estimatedoutput energy of 112.87uJ has been
calculated.Simulations for 0.6mm, 0.8mm, 1.0mm abh@®mm arcles have been performed

and compared to experimental results. The results of these simulations show good conformity
for the buckling force needed to actuate the preloaded piezoelectric eleméhts can be

observed inFigure5-38.
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Figure5-38 Simulation results compared to experimental results from COMSOL simulation of

the preloaded piezoelectric element

Having identified the initial buckling conditions of the preloaded piezoelectric energy

harvester, the force needed to actuate the structure has been investigated. Following the
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procedures documented in the experimental sectitime piezoelectric element was testing

at 0.2mm intervals, starting 0.2mm and concluding at 1.4mm any further inerieaarch
height resulted in a bistable system and therefore was not of use for this study. The results
from the testing can be observedtime belowFigure5-39. The 0.2mm arch can be seen with

the blue dotted line, following the shape of this graph shows no instability with only a linear
deflection of the beam. The 0.4mm shown to beddid orangdine shows a slight instability

this can be seen due to a plateauing behaviour seen between 0.4mm and 1 mm displacement.
This can also be said for 0.6mm. At 0.8mm arch height, clear bucklingibehaan be
observed this is the same until 1.4mm where the graph trend changes again, a significant
force reduction can be observed tending towards a negative force. It is at this crossing point
that a bistable system can be observed. In addition, thtgirioading is nonlineathis is due

to the silicone walls absorbing the energy being applied to the system, allowing more energy

to be stored and reducing the stress on the piezoelectric ceramic.
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Figure5-39 Experimental force vs displacement data of mestable buckling structures with

different arch heights

Using this empirical data, a theoretical model can be developed to estimate the energy output
for a given arch height for the energy harvester.sTihaviour can be seen kigure5-39,

which shows the effect of arch height on force vs displacement characteristics of the buckling
structure.In orde to predict the buckling load accuratelhe following empirical relationship

has been developedrhis relationship is nonlinear to due the use of hyper elastics silicone
walls. These walls deflect and change the profile of the graph. However, indbehange

the buckling force needed to actuate the structure. For this reaadhird-order polynomial

can be used to describe the buckling force of the preloaded piezoelectric elenidémgscan

be observed in equatiob.51, where the constants are equal to equatiob$2, 5.53, and

5.54.
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Where
wis the displacement at the cerg of the buckling harvester

"Qis the arch height of the harvester

Using the above equations and the appropriate values of constants A, B amakBeen
calculated and plottedn Figure5-40. From this workit is possible to predict the buckling
force (i.e. the actuation force) needed for the preloaded piezoelectric element to buckle as

shown.
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Figure5-40 Predicted force vs displacement of preloaded piezoelectric element buckling

structures with different arch heights
Differentiating equatiorb.51 yields the following expression

w 00w cOw o 5.55

By finding the roots of it is possible to find the maxima and minima of the force vs
displacement graph which correspond to the critidalckling and return force of the
preloaded buckling structure, respectively. The points at which the lines cross-dkis x

signify the real rootsThe belowFigure5-41 displays the first derivative of the buckling data.
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Figure5-41 Plots of force vs displacement tlerivative for monestable buckling structures

with different arch heights

The real roots othe mono-stable preloaded structure of different arch heights have been
identified and listed imable5-7. Using the information obtained from the rogisis possible

to calculate the buckling and return forcasing equation%.55, as showrin Table5-7.
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Table5-7 Buckling and return force calculations fthre preloaded buckling element with

different arch heights

Arc Height (h) Displacement (roots) Buckling Return
Load Force
(mm) + (mm) - (mm) (N) (N)
0.5 0.607 0.811 0.872 0.861
0.6 0.609 1.014 1.122 1.040
0.8 0.683 1.396 1.705 1.328
1.0 0.753 1.785 2.418 1.401
1.2 0.835 2.060 3.535 1.794
14 0.949 2.565 5.749 1.759
15 1.006 3.384 7.616 -3.445
1.6 1.049 6.156 10.228 -60.769

Table5-8 compares the measured and predicted buckling and return forces. Although the

percentage error for the arch height of 0.60mm is 10%, it remains within +5% for other arch

heights which confirms the validity of the predictive model.
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Table5-8 Comparison of the predicted and measured buckling and return forces

Number this equation 6.8 and 6.9

New Model Experimental Error
Arc Buckling Return Buckling Return Buckling Return
Height Load Force Load Force Load Force
(mm)  (N) (N) (N) (N) % %
0.60 1.122 1.040 0.960 0.933 -14.455 -10.280
0.80 1.705 1.328 1.688 1.288 -1.017 -2.992
1.00 2.418 1.401 2.406 1.449 -0.465 3.422
1.20 3.535 1.794 3.395 1.699 -3.971 -5.285
1.40 5.749 1.759 5.770 1.779 0.367 1.114

The results from this work show accurate predictions for the buckling force of a preloaded

piezoelectric energy harvester. This information is vital for developing commercial power

units as it allows the manufacturer to develop technoldgyythe useiQ @eeds.

To identify the efficiency of the system tivgput energy has to be computed, this is done by

taking the distance to the peak buckling force shown by equdtrating the rootsfollowing

this it has been verified by integrating using equatiofl results shownn Table5-9 depict

the input energy using both methods for the various arch heights.
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Table5-9 Input energy calglations for preloaded piezoelectric elents of varying arch

heights

Arch height Trapezium rule
(mm) (mJ)

0.6 0.4113

0.8 0.7612

1.0 1.2406

1.2 2.0090

14 3.6922

To calculate the energy output of the piezoelectric energy harvester voltage data was
collected at the same time as that of tharce data. This was repeated ten times per element

with the averaged results displayedhigure5-42.
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Figure5-42 Voltage output of different arch heights for a preloaded piezoelectric element

To create a predictive model for the power outpor the preloaded buckling piezoelectric
elements, the following empirical correlations halseen derived to predict the maximum

and minimum output voltages.

W J@BWAQ ococWm® T CRC Qp T 5.56

®  pYQes 557

Where

h is the heighof the ard between 0.4 and 1.8mm

Nathan Counsell University of Hertfordshire Pagel91



Using the above equations, it is possible to predict the power output of a rstadue

bucklingpreloadedpiezoelectric element as a function of arch height.

In Table5-10, below the peak to peak voltages and error can also be observed for the differing
arch heightsBeforetesting a multimeter has been used to measure the average capacitance
of all ten elementsthe findings show an average of 38.2nF this will be used to calculate the

output energy of the preloaded structure.

Table5-10 Preloaded piezoelectric element voltage and energy output

Arch height Peak topeak voltage Error Output energy
(mm) (V) V) (W)

0.6 70.4 1.2 94.663

0.8 94.5 2.2 170.568

1.0 104.5 14 208.577

1.2 108.8 3.6 226.095

Using the information inrable5-10, the efficiency of the system can be computed. Once
again this will be completedising equatiorb.45. The results for the efficiency of the system

have benlisted in the belowlrable5-11.
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Table5-11 Preloaded piezoelectric element energy efficiency

Arch height Efficiency Trap
(mm) (%)

0.6 23.016

0.8 22.408

1.0 16.813

1.2 7.206

The results show that through using a preloaded piezoelectric element with a silicone wall the
efficiency of the energy harvestean be significantly improved throudhis a combination
of the low buckling force need and the increased power causeihcrease stress due to

buckling.

The belowTable 512 has been used to compare experimental results from the work that has

been performed.
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Table5-12 System effiency and power output

Unmodified Preformed Preloaded
0.6 0.8 1.0 1.2
Trapeziunmrule () (%) 0.522 3.765 23.016 22.408 16.813 7.206

Energy Output iJ) 191.686 644.416  94.663 170.568 208.577 226.095
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Chapter 6 ¢ Conclusion

Summary

This chapter ipresentsconcluding remarks regarding the work that has been performed to
further the area of knowledge regarding piezoelectric energy harvesting and buckling

structures which increase the power output of lesast commercial piezoelectric elements.
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6.1 Concluding emarks

Throughout this projectan indepth literature review has been performed, to develop and
understand the unique ideas, applications and developments within the field of
piezoelectricity. This reviewommenceswith an outline of the historyof piezodectricity,
giving an insight into major contributors since its discovery in tHe dehtury until the late
1990s. Following this, the review investigates the properties of piezoelectric materials where
an understanding of constitutive equations has beeutlined, laying a foundation of
knowledge to the enhancement of piezoelectric energy harvesting (PEH) outputs. To further
develop upon this knowledgean investigation into recent developments for PEH was
performed, identifying bstable systemssan exellent method for enhancing the power
output of a PEH through the use of buckling. This knowlddgéed to the investigation and
development of theknowledgethat a monastablebuckling piezoelectric elemeid capable

of producinglarge amounts of eneggwithout the need for push back actuatiomcreasing

the efficiencyof the system.

This work initiated with the development of a preformed buckling structdieis was found

to generate large amounts of streshus increased power outputlt was foundthat the
diaphragm shapegdreformed energy harvester was able to create a mgtable system that
produces three times the power of commercially available piezoelectric transducers.
However, it was found that this novel method of energy harvestida criticalbucklingload

that was high, reducing its industrial applicatiéturther to this initial forcga significant noise

is generated that would not be desirable for magiplications On the other hangthis work
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demonstrated that increased efficiemaould be achieved from 0.552% energy conversion of
an unmodified piezoelectric element to 3.765% for the preformed piezoelectric transducer.
This increased efficiency has resulted in enough power to enable wireless communication

using radio signals.

Following the development of a preformed buckling harvestar novel piezoelectric
preloaded piezoelectric elementwas produced. It was identified from work performed
previously andhe literature that a preloadectlementwould involve little modificatiorto
the piezoelectric transducers. Further to thssgnificantly more energy can be generated at
lower buckling forces and withowtamaging the piezoelectric ceramleurther investigation
into this method of energy harvesting identified that thechheight plays a significant role in
the generation of energy and return snap for the mestablepreloadedstructure. An arch
that is too high generates a-btable systemwhich requires a push back mechanism
contrast, a low arch causes the system to behdike a cantilever. Using the obtained
experimental data, it was possible to develop two equatitrest can be used to predict the
buckling force of a preloadezlementand the power output of théuckling energy harvester
Thetheoretical models have beewerified usingboth experimental and numerical results
Through the use of COMSQtlwas possible to generate a finite element model &#5mm
square. These models were theum using various arch heightgiving an accurate prediction
of the buckling drce and stresses generated in th@ono-stable buckling structureUsing
established equations, it was then possible to predict the power output of a given geometry.

A single preloaded piezoelectric energy harvester how shown to incteasdficiency fran
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0.522% to 22.408%-urthermore it is possible to stack the elementnabling higler power

output and efficiency.

A critical part of any energy harvester is the circuit used to harvest, rectify and store energy.
This work has investigated different circuits that can be useddovert the alternating
current to direct current. Through review of existing work, it wadetermined that the use
of passive components would ensure that the circuits are simple and therefore easy to
implement into existing products and structures. Two cirewere identified;a full-wave
bridge rectifier anda voltage doubler. The tests perimed identified that a fullvave bridge

rectifier allowed moreenergyto be captured.

Moreover, an investigation into the diodes used for this circuasperformed once again
this was to ensure that the optimal amount of energy could be harvested fiosingle
actuation. It was found that Schottky diodes achieved;tthigs was attributed to the high
switching speed and low forward biggnally, storage capacitors where investigated. The size
and composition play a major part in how much energy candptured and the time that it

is stored for. It was found that as the capacite of the capacitoreduces more energy can
be stored however, the time that it can be stored for also reduces. Furthermore, the
composition of the component changes these @weristics. From testingt was identified
that a Tantalum capacitor stored energy for the longastiod oftime and size between

and 1QuF provides a good tradeff for discharge and energy.
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Finally, through the course of this researatpatent ha been developed and applied for. This

shows he novelty of the work performed and one published papért 2 ¢ SNA Yy 3 f A 3K
piezoelectricenergydK | NS a G Ay 3 Ff 22NERE LldieIcjaddkeRorldy 9y S
patent WO2020095064A1 Improvements in or relating to energy generation in a

piezoelectric switch Published in May 2021 with a Priority date DB2018.
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Chapter 7 ¢ Recommendations

Thepresented researclwork has operd new avenues into piezoelectric energy harvesting,
which providesan opportunity to replace disposable batteries within low power electronics.
To continue this research, optimisation of the hyperelastic walh be performed. The
purpose ofthis work is to relate the wall stiffness to the curvature of the harvestewal$
identified during simulation that the wall stiffness is closely linked to the buckling force and

power output, thus the energy in the system

During the development of the patent and the preformed piezoelectric harvestevgas

found that stackingpiezoelectric transducers generated significantly more energy. Simulation
and experimental worlcan be performed on multilayestackedpiezoelectric transducers,
coupledto the electrostatics module of COMSOL. The behaviour such as buckling force and
power output can be identifiedfor various arch heights geometriesand hyperelastic

materials

Finally, an investigation into an ulttaw energy radio transmitter circugtanbe performed
to develop a batteryless transmitter where a human interaction such as a finger press can

generate significant amounts of energy for smart home devices.
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-, Powering Lights with Piezoelectric Energy-Harvesting
« Floors

Nathan Counsell

Onoriu Puscasu,*™ " Nathan Counsell,®! Mohammad R. Herfatmanesh [*
Richard Peace " John Patsavellas"! and Rodney Day"!

The present work introduces a new technology for convert-
ing emergy from steps into electricity. Tt starts with a study of
the mechanical energy available from steps in a busy corri-
dar. The subsequent development efforts and devices are
presented, with an iterative approach to prototyping. Meth-
ods for enhancing the piezoclectric comversion efficiency
have been determined as a part of the process and are intro-
duced in the present article. Capitalizing on these findings,
we have fabricated energy-harvesting devices for stairs that

Introduction

Harvesting energy from steps is an exciting and equally chal-
lenging scientific and technological undertaking. Seveml ef-
forts have been made by the scientific community and com-
panics, leading to energy-harvesting devices with varows
form factors and power outputs. Work has been performed
using two main approaches: inserting energy-harvesting com-
ponents into floors or shoes. Some authors proposed devices
that can be attached to human imbs In the present project,
we focused on generating energy from steps by using active
floors as a joint effort between academic research and a
floor covering mamifacturer.

Research into energy generation with steps has led to the
development of several techniques, with heel-strike energy
harvesting being the most commaon. In 1996 Starner pro-
posed one of the firg estimations of the mechanical power
available from heel strikes™ Tt is calculated that 67 W of
power are generated by a person walking at a pace of 2 steps
per second, with the possibility of extracting 5W by using
piezoclectric shoe imserts Nin etal. estimate the useful
cnemgy available at l.'!.d—lJ'stcp".'?] They predict that the
maximal electrical power extracted from heel strikes would
be 2 W for a user walking at 2 steps per second. Shenck and
Paradiso have developed energy-harvesting soles based on
polyvinylidene fluoride (FVDF) and lead zirconate titamate
(FZT) piezoclectric materials™ The test results show that
the PVDF sole generates approximately 13 mW of power
for a strike frequency of 0.9 Hz, whereas the PZT design pro-
duced 8.4 mW. In both cases the generated power & dissipat-
ed in resistors. The authors have also tested storing the
energy to power a mdio frequency identification (RFIDY)
transmitter circuit embedded in the shoe

Various other shoe- or limb-mounted devices have been
designed, exploring different foree tramsmission techniques.

Enewgy Technol. 2018, 6, 506 576
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power embedded emergency lighting. The typical working
unit comprises an energy-harvesting stair nosing, a power
management circuit, and an embedded light-emitting diode
that lights the tread in front of the wer with an lluminance
corresponding to emergency standards The stair nosing gen-
erates up to 17.7 mJ of weful electrical energy per activation
to provide up to 10.6seconds of light. The corresponding
energy density is (149 per meter square and per step, with
an §.5mm thick active layer.

Howells investigated a mechanism with lead screw and cam
that activated piezoclectric cantilevers™ while Alghisi ex-
plored the activation of piezoelectric membranes with a
metal ball that was free to move in a cavity Xie designed a
device that used an amplification mechanism with siders to
gencrate high strain in piezockctric bimorphse™ Studies on
nonlinear techniques for piezoelectric energy harvesting
from human motion have previowsly been proposed by
Green™ and Cao.™

Investigations on energy-hanesting floors have been con-
ducted by rescarchers from academia and companies. Shar-
pes designed a tile based on PZT cymbal transducers capable
of powering wircless signal tranamisions™ and Bischur pro-
posed using PVD'F-hased modules™ Motable efforts have
been conducted in developing electromagnetic energy-har-
vesting tiles ! For energy-harvesting stairs, a study has been
proposed by Puspitarini ™ Tt is focused on collecting infor
mation on the user's needs to define a sustainable stairway
cancept.

Orur research efforts have been foosed on developing an
encrgy-harvesting floor based on piezoclectric technology™
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This choice & due to the readily available materials and the
thin form factor that piezoelectrics allow.

As our goal B to convert the mechanical energy from a
walking person into electrical energy, we started our research
by evaluating the former. In parallel, we built our first devi-
ces and evaluated the electrical enemy recoverad wsing PET-
based piepoclectric materials Once aware of the gap be
tween the available and recovered energy, we started a pro-
ces of enhancement that allowed us to increase significantly
the power output and efficiency.

The technaological choices during the development joumey
and the reasoning behind them are described in the following
sections.

Results
Mechanical energy per step

Previous workl'® shows that while stepping a person devel-
ops a vertical foree pattern that resembles the letter M. Our
own gait analysis recordings confirm this, as reflected in
Figure 1. The two peaks correspond to precise moments of
the gait cycle. The first peak is reached when the foot finish-
es landing and is in full contact with the floor. It comes at
the end of the gait phase also known as the heel mcker,
when the foot revolves around the hed ™ A valley follows,
with the force diminishing generally to approximately 50%
of the peak, while the other foot swings forward. The subse-
quent increase in force culminating with the second peak is
due do the acceleration of the foot in preparation for “take-
off”. The sccond peak & reached just before the heel starts
rising. Thiz is the end of the phase called the “ankle rocker™
when the dominant movement is the rotation of the leg
around the ankle.

In the measurements presented in Figure 1, the average
peak foree is 1143 N for a subject weighing 87 kg, Thi is
33.9% greater than the body weight. The average local mini-
mum in the valley is 44% of the peak. These ratios ame close
to data found in the literature "

1 2

Faorce /M

Eilt

2K

06
Tima

Figure 1. Fores developed duning stepping. Measuremenis for e left and
right foot afthe subpes are presenied, respecively, 2s recorded wsing a foree
plate. The sub et vweight was £7 kg
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The peak forces while walking are generally 20-30%
greater than the bodyweight, this being the first input into
the cakulation of the mechanical energy that is genemted.
The second input should be the displacement induced in the
floar surface. While a person walks the flooring is subjected
to some degree of deformation. Simple physics shows that
thie mechanical energy stored in an object depends on its de-
flection and the forces involved. The same can be applied to
the portion of flooring on which a user steps:

E,=f'F+d.:

in which E_, represents the mechanical energy, F the vertical
force exerted on the floor, and 7 the average deflection
under the foot.

As precise force versus deflection measurements are not
trivial, we chose to make an estimation of the energy by -
suming a lincar increase. With this in mind, the peak me-
chanical energy hecomes:

1
By =5 P #

im which F_ is the peak force and 4, is the peak deflec-
tiomn.

In the case of an energy-harvesting floor, the maximal de-
flection will be the one allowed by design. Indeed, we would
want to protect the active piezoclectric eements by limiting
the amount of strain subjected to them. This allows estimat-
img the mechanical energy that one can generate per step in
a typical case:

E. =%+m+ ged_ =047]
for atypical weight of 765 kg and 1 mm floor deflection.
Without surprise, the higher the force imvolved, the higher
the mechanical energy that can be converted into electricity.
Roughly 0.5 T of mechanical energy is generated by an aver-
age person on a floor that allows | mm of deflection. This
amount will imerease to 141 T for 3mm deflection, and to
2.35 J for 5 mm. Although this is an estimation relying on the
assumption of a linear variation of force with deflection, it
gives a good understanding of the order of magnitude of the
cnergy that can be genemted while walking. Therefore, it is
safe to say that this order of magnitude & of 1 J per step.
The contribution of the deflection to the enemy & worth a
more detailed analysis. According to the expression above, a
floor that deflects more will store mome energy than a floor
that hardly deforms, for the same wser. In the second case
the energy will be stored elsewhere: shoes, legs, joints of the
user, or vibrations of the substrate, and will be dissipated
through thermal effects. Therefore, to maximize energy gen-
eration we will have to allow for some deflection, enough to
harvest the desined amount without compromising the com-
fort of the wer or reaching the strain limits of the flooring
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materials. This concluson & valid independent of the energy
conversion technology employed. The latter will detemuine
the amount of electrical energy in the output by its efficien-
cy.

Energy in a busy corridor

The mext step of the study & calculating the amount of
energy that can be generated per day in a busy corrdor
ingde a public building. This will give an idea of the upper
limits of energy harvesting from steps as a solution for pow-
ering lights and building systems

We used optical counting to monitor the number of wers
in a portion of a busy university corridar. A camera connect-
ed to a data processing system was installed in a corridor
with high traffic, and counted the number of users over
3 months’ time. The complete satigics are shown in
Figure 2.

Ome can notice the weekly cyweles, with maxima reached
during working days, and low traffic during weekends and
the winter break. The maximum traffic on the portion of the
corridor under study was 4613 users per day. Considering
that the average stride length of a person is Them, an
enemgy-harvesting floor with the same length will harvest
4613 steps per day. F this flooring allowed 5 mm deflection,
the wers would generate 11500 T per day, or 3.2 Wh. Suppos-
ing a harvesting technology with 50% mechanical-electrical
conversion efficiency, 1.6 Wh will be stored as electrical
enemgy for we. This would amount to 210'Wh per day with
100 m length of active flooring, or 77 kKWh per year with sus-
tained high traffic every day.

Knowing the price per kilowatt-hour of clectrical energy it
is easy to determine that energy-harvesting flooring will
probably not be a cost-effective solution for powering the
primary lights or other building systems such as heating or
air conditioning, even in a busy corridor.

FULL PAPER

The main conchision of this sudy & that energy hamvesting
from steps is mone suitable for low-power applications. One
can cite building monitoring and safety: place and forget en-
vironmental sensors, intrusion detection, mequiring just one
alert per event, ar low-level lighting. The latter, and more
preckely powering emergency lighting, is our application of
choice that we decided to develop further, as described in
the next sections.

Design of an energy-harvesting tile

We built our first step energy-harvesting devices uwsing com-
meercially available piezoelectric membranes. Elements such
as the ane presented in Figure 2a were employed. They have
an outer diameter of 30 mm. The first representative proto-
type consists of an &= T matrix of circular piezoelectric mem-
branes, connected to the same output through conductive
paths (Figune 3b).

Conductive tape was wsed to collect the chage generated
by the piczoelectrics. All of the elements in the matric were
connected electrically in parallel. Conductive paths below
the membranes were in contact with the ground electrodes
and a second set of paths run above the top electmde (Fig-
ure 3¢). Each set of paths was then directed towards the
common output. An air gap was left below each piezoelectric
(mot shown in Figure 3) through an incision into the sub-
strate. This allowed each piezodectric element to deflect by
| mm upon actuation. The surface supporting the asembly
acted & a mechanical stop to limit the deflection of the
membranes. A spacer was placed at the center of each piezo-
electric element to transmit the effort coming from the foot
of the user.

A rmigid top plate was wsed to distribute the walker's force
acros the piezoelectric matrix. Here we wsed a (L9 mm steel
sheet. To complete the asembly, the entire device was cov-
ered with aslip resistant flooring layer and two light-emitting
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Figure 2 Traffic ina busy university amidor, as remeded using an optical counting system.
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of the energyh g tie aane lyer: 3) commexcially
pezoek 4 as used in $ie assembly; b) active matrix of
&x 7 elements on 3 fexible substrate; ¢} structurd detal. Spacers am used
for actuion purposes. Air gaps are left below the piezndectric membranes
0 alow for deflaction (nat shown).

Figure 3. Stn

dabd

LED strips

Figure 4. 50x50 cm’ enesgyharvesting tle with embedded LED strips. The
total thickness, induding the ship resictant upper layer, s 7 mm

diode (LED) strips were applied onto the edge, to be pow-
ered by the prototype (Figure 4).

Performance of the energy-harvesting tile
The energy-harvesting tilke was tested under real conditions,
with consecutive steps taken on it. The output signal is pre-
sented in Figure 5a, as measured with a 10MQ probe. The
average voltage rise for each peak was approximately 50 V.
The shift in the signal is due to charge flow through the
probe, as its impedance is not infinite and it does not ensure
open-circuit conditions.

To store the generated energy, we connected the tike to a
diode bridge and a 10 yF capacitor. The result is presented in
Figure 5b and shows that the capacitor charged in two stages
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Figure 5. 3) Oupur signal of the S0x50 cm’ sle & measureduznga 10 MQ

pmbe; b) Charging of 2 10 uf capacitor with one step through a diode
bridge.

up to 13 V upon taking one step on the tile. The initial rise
was due to the user stepping on the tile and the second was
due to the foot being lifted.

We estimate the stored electrical energy wsing the capaci-
tor formula:

v

E.=%5

=084 mJ

The electrical energy generated with one step & thus slightly
below | ml An electrolytic capacitor rated at 63 V was used
for the experiment. The main reason behind this choice is
the large storage woltage limit, allowing for comparison be-
tween varous energy-harvesting modules.

As confirmed by visual observations, not all of the piezo-
electric elements were well deflected in this configuration.
The thin steel sheet bent on the edges. and failed to actuate
as required for peripheral membranes. To enhance the actua-
tion, an 18 mm thick wooden tile was added to the sandwich,
under the steel sheet, as presented in Figure 6. The new total
thickness was 25 mm, with the active layer accounting for
4mm.

Figure 6. Energpharvesting tle weth an addmonal 18 mm wooden slab.

Measurements were performed once again under similar
conditions. The output signal, and the capacitor loading are
shown in Figure 7. The average woltage rise for a peak was
82V, significantly higher than in the previous case. As for
the storage voltage on the same capacitor, it rose to 22 V per
step. This comesponds to 244 mJ of electrical epergy, a
threefold increase compared to the previous configuration.

Enegy Technol 2018, 6, 906 916
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efficent actuation; b) 10 uF capacttor charging Srough a diode bridge.

This study shows the impartance of trarsmitting the force
efficiently to the active elements It was visible with the
naked eye that peripheral piezoelectrics in the tile had mini-
mal deflection when the user stepped on the center. There-
fore, increasing the thickness of the actuation layer has
proven to be an efficient approach to address that. When ac-
tivated at a pace of lstep per second this configuration
would produce 2.44 mW of power.

Fatigue study

A useful piece of information that flooring manufacturers
collect is the fatigue behavior of their products for quality
and warranty purposes. Slip-resistant flooring must show re-
silience in heavy traffic areas and therefore manufacturers
perform tests upon production to ensure a suitable quality.
Usual tests involve performing 1 million walking cycles on a
sample of flooring and observing the changes in texture and
color.

Within this in mind, we conducted a study on the fatigue
behavior of the piezoelectric elements used in the energy-
harvesting tile. A membrane was mounted onto a rigid frame
and actuated with a cylindrical head for a large number of
cycles. The test machine used was the Instron ElectroPulse
E3000 system. The main elements of the setup are shown in
Figure 8.

Up to 10million repetitive compression cycles were per-
formed on the piezoelectric element with a 10 Hz actuation
frequency. The deflection at the center was set to | mm, as in
the tile itself, and the open-circuit signal was recorded. A
sample signal is shown in Figure 9, with maxima reaching
64V and minima —43V, for a peak-to-peak amplitude of
107 V.

The evolution of the signal maxima and minima is present-
ed in Figure 10. The results of the first and last half of a mil-
lion cycles out of 10 million are included. Little variation in
the value of the peaks was observed. Indeed, the initial
peak-to-peak signal amplitude was 109 V and the end ampli-
tude was 110V, A slight floating of the peak values was also
observed, and it was most likely due to changes in the ambi-
ent temperature of the test room, for the duration (several
days) of the tests
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Figure 9. Sample prezoelectric signal during fasgue tecting.
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Figure 10. Evolution of the positive and negative pledodectric peaks over
10 millon fatigue oydes. The first and last halves of one milllon cycles are
presented. Littie vaniation in the signal is obsenved, with a shight floating,
mast probably due to ambient tamperatum variaton,

These results are highly encouraging for our technology
because they prove the reliability of the piezoelectnic ele-
ments well above | million fatigue cycles, the usual mark in
the flooning industry.
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Intermediote discussion

These results conclude the first part of the audy. To summa-
rize, an estimation of the energy that can be recovered in a
busy corridor has been provided, and an energy-harvesting
tile with commermcially available piczoelectric clements has
been fabricated and tested. Also, fatigue tests were per-
formed.

We have concluded from the busy comidor study that har-
vesting energy from steps is not an optimal sohtion for pow-
ering building systems, such as main lighting, heating, or air
conditioning. Building monitoring applications with low-
power sensors and powering low-level lighting are suitahle
due to their lower energy requirements In this context,
cnergy-harvesting flooring will bring the benefit of atono-
my, without the need for wiring to the main electrical supply
of the building. This, it will become possible to power devi-
ces in situations whemne the mains eectricity fails, & too ex-
pensive to connect ta, or is not available at all.

Aiming at providing a benefit to the user through energy
harvesting from steps is a more reasonable approach than
aiming at generating energy for wse at will. Rather than con-
necting encrgy-harvesting floors to the grid, one would hene-
fit from powering applications with low energy requirements,
tailored to the generation capabilities of the flooring.

By wing commercially available piezoelectric elements as-
sembled into a 50«30 cm® tile, we genemte a fow millijoules
of electrical energy per step. This is sufficient for powering
RF tramsmitters and allowing for the use of the energy-har-
vesting floor & part of a presence detectionfalamm system,
for example. Additionally, this study shows that the rigid tile
format is desirable. Moreover, the thicker the top actuating
plate, the higher the energy output.

With thee conclusons in mind, it was decided to direct
the reseanch towards devices for staircases, to power cmer-
gency lighting. This is to capitalize on the tile format, while
providing a benefit in an area that is eritical for the wer. To
address the new use case, we decided to start by improving
the efficiency of the piezoelectric elements This was necessa-
ry to achieve compact devices that can provide enough
power for emergency lighting.

Enhancing the power output with bstable piezoelectric ele-
ments

It has previowsly been observed that when a piezoclectric
disc is subjected to high deflection, it reaches a state of plas-
tic deformation. Initially the authors investigated this hehav-
ior and its impact on the performance as a damaging mecha-
nism. After a series of triak it was found that under special
forming conditions a piczoelectric disc reaches a bistable be-
havior, similar to that of a push button.

An example of bistable piezoelectric membmane is shown
in Figure 11. A concave shape is reached through contmolled
loading cawsing permanent deformation. Contrary to expect-
ations, it was found that the output signal was significantly
increased with mespect to a flat disc operating in the elastic
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Figure 11. Piezoelectric disc in its oniginal shape and formed disc showing bi-
stable behavior similar to & push buston.
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Figure 12 Signal of a bismble pezoslennc dement.

zone. An example & presented in Figure 12. Here the actua-
tion frequency is approximately 1.5 Hz, with a negative peak
value down to —60 Vand a positive peak value up to 124 V.
The realting peak-to-peak voltage amplitude was 184V
which & sgnificantly higher than the signal of the flat piezo-
electric membrane (107 V). The abrupt riee in voltage at
each cycle corregponds to snap action. The actuation force
required is 19 M, as measured with a mechanical testing ma-
chine. This & similar to the foree applied on a flat element to
reach 1 mm deflection.

Far from being damaging, the forming process yvielded pie-
zoclectric cdements with increased voltage for a force similar
to that applied to a flat element. The signal was also repeata-
ble, making it possible to integrate formed piezoelectrics into
cnergy-harvesting devices for stairs.

Design and performance of a device for stairs

When a person walks on stairs, they tend to step on the
edges of the stair treads Usually these edges are protected
or at least highlighted with a stair nosing. Typically they
come a5 L-shaped prafiles that wrap around the edges which
can be made of metal, plastic, or a comhination of the two.

The stair nosing has the role of providing slip resistance,
visual contrast for the wer, and protecting the edge of the
tread. As msers tend to step on the edge of the treads we de-
cided to design a device that fits perfectly in this area.

We usod a metal holding plate with circular slots, in which
we placed bistable piezoelectric elements, realizing that it
was possible to stack them for increased power output. Four-
teen piezoclectric elements were wsed to build the device

9
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Figure 13. Energy- hareesting dewice for stair nosings (40 omx & ome: 1.2 omj.

presented in Figure 13. They were placed on seven slots, each
containing twostacked piezocectrics with an actuator on
top. The army is covered by a steel top plate that transmits
the fomrce from the wer's foot across the whole surface.

The resulting device had a size of 40 cm=<6em=12 cm;
having a thin profile, only 12mm thick, it could be essily
placed under existing stair coverings. Capacitor loading tests
were performed to assess the electrical output. As previowsly
for the energy-haresting tile, a circuit consisting of a diode
bridge and a 10 yF storage capacitor was used. A scroenshot
of the capacitor loading with one step is presemted in
Figure 14.

Tirm &

Figure 14. 10 pF apacitor kaading per step with the stair nosing device.

The vaoltage reached was 225V, corresponding to 2.53 mJ
of electrical enerpy. This is slightly higher than the energy
supplied by the encrgy-harvesting tile with a wooden slab on
top, and a total thickness of 25 mm. Momover, the surface
area of the stair nosing device was 10 times smaller, and only
14 piezoeclectric elements were wsed, as opposed to 56 for the
tile. This corresponds to an increase in energy per piczoclec-
tric by a factor 4, proving the advantage of forming pieso-
clectric membranes.

Integration into a staircase to power emergency Tghting
The new device is ideal for integration into a staircase. To
capitalize on its thin form factor, it was fitted to a set of
steps built for this purpose, as presented in Figure 15.

The demonstrator was composed of two steps and an addi-
tional rfser (Figure 15a). The energy-harvesting nosing was
placed at the edpe of the first step (Figure 15b). A power-
management circuit was placed close to the next riser. |t was
composed of a bridge rectifier connected to a capacitor fol-
lowed by a direct cument (DC—DC converter. A vaoltage
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regulator allowed setting the output to the desired
level The power-management circuit rectified the
signal coming from the harvester to power the com-
ponent of our choice. Here, we used a 500 K white
LED, with an adapted resstor. The LED was
chosen for its high efficiency, and it was placed at
the top of the last riser, as shown in Figure 15a.

Figure 15. 2] Smirgse with emb edded enengpharesting nosing and a high-
efficiency LED; b) enengy-harsesting device placed under the stair mening;
] light generated vath one shep.

Palyvinyl chloride (FVC) stair coverings were placed on top
of the steps. They provided slip resistance and concealed the
cnergy-harvesting system.

When the wser steps on the fisst tread, the LED turns an
and lights the second one. The light output is shown in Fig-
ure 15¢. With this particular energy-harvesting device, 009 s
of light were generated per step. The iluminance created
was approximately 1 hox, which corresponds to the level ne-
quired for emergency lighting on staircases ™

This is the first complete demonstration, containing all the
parts required for an energy-harvesting system. It is capable
of providing a benefit to the wer, one step being sufficient
to trigeer emergency lighting.

Although the functionality of the system and of the
formed piezoclectrics has been proven, we decided to im-
prove the energy output further. This next step involves min-
imiring the passive area of the piezoclectric elements

Preloading piezoelectrcs to improve performance

The authors decided to reduce the passive brass area that
surrounds the active piezoelectric ceramics. To do so, square
patterns were cut around the latter, keeping the brass surface
close to the necesary minimum, as depicted in Figure 16.
This allowed for an overall decrease in surface area by a
factor of 3.14.

As forming & not practical for the new elements, it was de-
cided to preload the membranes latemlly to provide them
with a 3D} shape. This was achieved by clamping square ele-
ments on the sides and applying lateral force inside a
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