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Abstract

In recent years, piezoelectric materials and structures have gained significant attention for
energy harvesting purposes. This attention can be attributed to the enhancement of low-
power electronics and the high energy density of piezoelectric materials compared to other
forms of energy conversion and transduction. This work explores the recent contributions to
the field of piezoelectric energy harvesting, contributing two novel methods that can be

implemented to improve the power output and efficiency of a single piezoelectric element.

The methods that have been investigated in this thesis are based on the buckling of
piezoelectric material. The initial method examines a diaphragm preformed piezoelectric
element, where numerical and simulation model has been carried out. This work has then
been validated through experimentation, where empirical data has been collected verifying
the COMSOL model and future optimising the manufacturing process of the diaphragm. This
work contributes to a peer-reviewed paper “Powering lights with Piezoelectric energy-
harvesting floors” published in the journal Energy Technology. This work shows that
employed a diaphragm structure can increase both efficiency and power output with an
increase of efficiency from 0.522% to 3.765%. The observed power output increase from

191.686p) to 644.16.

The second method investigates a preloaded piezoelectric curved structure with elastic walls.

The use of nonlinear materials is critical to the development of a buckling structure, allowing
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energy to be stored upon actuation while reducing input stresses. The result of this is a
reduced buckling force, with an increased energy output and efficiency for the whole system.
The findings of this work demonstrate that efficiency can be increase from 0.522% to 16.813%
while achieving a greater power output from 191.686 to 208.577J. Furthermore, this work
identifies that a monostable structure as opposed to a bi or multi-stable structure can
significantly produce higher power outputs than conventional methods, whilst achieving long
life within a small compact area. A COMSOL simulation of the mechanical behaviour coupled
with the constitutive equations has been developed to enable future optimises to structure
and design and validated using the empirical data. In additional, two equations have been
developed using empirical data to aid in selection of buckling force and power output for an
energy harvester. This is to enable developers of low-power electronics to select the
optimised system for their application reducing the need for primary batteries within

electrical devices.

This work contributes to a peer-reviewed paper “Powering lights with piezoelectric energy-
harvesting floors” published in Energy Technology and one world patent W02020095064A1:
Improvements in or relating to energy generation in a piezoelectric switch. Published in May

2021 with a Priority date 09-11-2018.
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Chapter 1 — Introduction

Summary

This chapter consists of three sections: the first section provides a clear argument for the
need for this research, through addressing the need to reduce carbon emissions and
electronic waste. The second section outlines 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 19t century, a Swedish chemist named Svante Arrhenius put forward the notion

of climate change that is due to more significant amounts of solar energy absorbed by gases

in the atmosphere, leading to increased global temperatures. However, it was not until the

1960s, where scientists identified the trend between Carbon Dioxide (CO;) concentrations

within the atmosphere and global temperatures, this data when plotted, Figure 1-1, is known

as the Keeling curve [1]. The solid line depicts the average amount of CO, measured 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
| | L
i i e ] 17 { Anlh it 360 S
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I | ()
Fossrsesssss ettt AR T ¢ d e T e S 350 2
' o
: O

______________________ A | Cycl

nnual Cycle 340 g
X
(]
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310
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Figure 1-1 Keeling curve of CO; (Parts Per Million) versus time (Years) [1]
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The increasing level of CO, within the atmosphere can be attributed to a range of factors.
These include; growing population, Gross Domestic Product (GDP), and demand for energy.
These factors are closely linked, with the demand for energy being increased through either
population growth or increased GDP. Conversely, through an industrial revolution, the need
for energy increases, resulting in more CO; production. However, it enables the population to
grow and increase GDP, creating a knock-on effect where the increased population demands
more energy and as a result, more CO; is produced. This effect can be observed in countries
such as Brazil, India and China. Therefore, research must be performed to change how energy
is generated to break this cycle and dependence on fossil fuels. Figure 1-2 demonstrates the
amount of CO; emitted by Organisation for Economic Co-operation and Development (OECD)
countries, Non-OECD countries and the combined global emissions. The results show that

non-OCED nations currently produce over 61% of the world’s CO..

Gt CO,

25 1 25
Met-exports of embodied COz of non-OECD countries
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5+ === Production-based (OECD) 5
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Figure 1-2 Global CO, emissions from fuel combustion [2]
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It was not until the 1990s that an environmental stance was taken by politicians, a key factor
to the development of renewable energy sources. This change in policymaking can be
attributed to the concern about Chlorofluorocarbons (CFCs) in the atmosphere that depletes
the Ozone (0s3) layer. This concern for the environment has continued to influence
governmental policies with the focus expanding to include climate change and waste

reduction.

The first factor in the development of renewable energy technology to be discussed is the
increased political pressure to reduce heat-trapping gas emissions such as; CO,, Methane
(CHa), Nitrous Oxides (NOx), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur
Hexafluoride (SFs). Currently, these gases are released to the atmosphere at a higher rate
than they can be removed [3], leading to increased global temperatures and accelerated
climate change [4-6]. Furthermore, climate change increases the likelihood of catastrophic
weather events such as; flooding, wildfires, droughts and famine [4-7]. This physical change
has led to the development of multiple environmental policies. The Climate Change Act of
2008 by the UK government was introduced to reduce greenhouse emissions and to increase
public awareness of climate change. The legislation states that by 2050 the UK shall have

reduced its annual emissions by at least 100% compared to the levels produced in 1990 [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 specified to be 777.6 million tonnes of carbon dioxide equivalent (MtCO2e)
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in 1990 [9]. A 100% saving would mean that by 2050 only 388 MtCO2e in emissions should be
produced by the UK each year. Alongside the climate change act of 2008, there are other
legislation and incentives 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 least 15% of the energy market share by 2020 [10].

On a global scale, the United Nations Framework Convention on Climate Change (UNFCCC)
has set up the Kyoto Protocol in which, 192 parties across the globe have agreed to reduce
the emissions produced to combat the effect of climate change [11]. The most recent and
notable climate change act is the Paris Agreement. The agreement has been used to increase
the contribution of all countries, to reduce climate change, keeping global temperatures
below a 2°Cincrease on pre-industrial temperatures. Furthermore, the agreement is designed
to help developing countries implement 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, achieve a more

significant reduction of greenhouse gas emissions.

Due to government incentives and research funding attributed to renewable energy, another
factor for moving to renewable energy sources is simply the cost savings. When economists
discuss climate change, the transition from fossil fuel-based energy generation to renewable

energy generation, and the phrase ‘backstop technology’ is introduced. Backstop technology
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can be explained as the point where the cost of extracting and processing fossil fuels rises
beyond the cost of implementing renewable technology [12]. It is at this point, a snowball
effect will occur, causing exponential investment in research, production and application of
renewable energy technologies. In turn, this will continue to drive down the costs of

renewable energy, causing fossil fuels to cease to be used for energy generation.

Energy harvesting captures the energy that otherwise would be lost to the environment, with
power generation in the nano to microwatt region. Therefore, it would not be suitable to be
implemented for grid power generation. However, with the development of ultra-low-power
electronic components [13, 14], it is now possible to develop electronics that require no
batteries, a significant step into reducing electronic waste and CO; from the production and

end of life recycling of batteries.

To further reduce the CO; produced by the European Union (EU), a directive (2018/84)
relating to single-use batteries and electronic waste has been introduced. Cells contain rare
earth and heavy metals, which contaminate soil when they leak, where contamination may
inevitably enter waterways and aquifers, causing damage to wildlife and ecosystems. The
directive aims to minimise the number of single-use batteries and electronic waste through
reusing, repurposing and recycling. However, more research and implementation need to be
performed to reduce this waste further. In 2016, 214,000 tonnes of batteries were sold in the
EU, and only 93,000 tonnes were recycled 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 products, including its
carbon footprint and recyclability, creating a niche for energy harvesting devices in modern

electronics as a power source.

There are three methods of energy harvesting that can be used to create battery-less devices;
electromagnetic, electrostatic and piezoelectric [15, 16]. Although piezoelectric energy
harvesters are often selected for generating energy due to the high energy density and
simplicity of circuitry [17], they produce very high voltages, thus, requiring an external power

management circuit to condition the output signal.

The development of high-efficiency piezoelectric harvesters has been an area of investigation
for many researchers where optimising the geometry of a vibration harvester, added proof
masses and magnets to the tip of the harvester have resulted in increased power output [16,
18-24]. These techniques reduce the natural frequency of the harvester to be closer to the
excitation frequency, thus increasing the power output. Although these methods produce
more energy than a natural cantilever system, it is often found that these devices do not have

a low natural frequency.

Another method of piezoelectric energy harvesting is the use of a bi-stable system [16, 24-
26]. A bi-stable structure has two states such that when a threshold input force is achieved,
the device will rapidly switch to the other state. A promising area of research is bi-stable

piezoelectric energy harvesting as these systems can achieve much higher output electrical
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energies than conventional piezoelectric energy harvesting methods such as cantilevers [22,
27-32]. As previously mentioned, bi-stable systems have two stable states; in between these
positions, the structure is chaotic, creating a snapping motion. This rapid motion results in
higher internal forces and reduces the impulse time within the piezoelectric material’s
structure. There are three methods in which a bi-stable system is formed; magnetic repulsion

[33-37], beam buckling [38-41] and inverted pendulum buckling [42-44].

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 the difficulty of ensuring that the
piezoelectric ceramic does not fail after a single or few actuations. Following the investigation
into bi-stable, buckling beam and formed harvesters, bistable systems appear to be the most
effective method to 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 high energy outputs.
However, for these methods to be employed for piezoelectric ceramics bi-stable 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 copolymers. Instead, 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 ceramic and ensure longevity of the power source.
Furthermore, when comparing the charge developed from an applied force perpendicular to
the polarisation field (ds3) the piezoelectric polymers observed in monostable and bistable

piezoelectric energy harvesters can be observed to have 20 times less power output unit of
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force, when compared to piezoelectric ceramics. This work has potential to enable the

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

The basis of a mono-stable system forms around the idea of a bi-stable system. However,
instead of two stable states in-which the structure snaps between, only a single stable state
is achieved. The single stable state results in highly chaotic behaviour for more extended
periods, thus generating more electrical energy. A single stable state can be achieved through
two methods; the first is reducing the energy in the systems so that the structure cannot
achieve the energy to escape the first energy well and create a second stable state. In this
case, the system is more linear, comparable to a fixed cantilever. Another method is to create
a system that has excess energy. This excess means that although a second stable state can
be achieved, excess energy causes the systems to return to its original position. This is the
better option for energy harvesting. However, with an increase in energy comes undesirable

effects, like the failure of piezoelectric ceramics because of excessive 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 output for a
buckling piezoelectric structure. Secondly, COMSOL Multiphysics was used to simulated the
proposed designs and to validate theoretical values and gain an more representative models
and gain insight into the systems’ behaviour. Following this, an experimental approach will be
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 has investigated buckling piezoelectric energy harvesting structures for
micropower generation applications, which can be used to power low-power battery-
operated electronics such as RF communication devices. The main objectives of this

investigation are to:

e Perform an extensive literature review of fundamentals, theories and techniques used
within the field of piezoelectric energy harvesting and sensing;

e |dentify techniques and knowledge that can be used to improve the power output of
piezoelectric energy harvesters;

e Experimentally investigate the different methods of energy harvesting to increase
power output, efficiency, reliability and reduce size;

e Investigate piezoelectric energy harvesting circuits and its effect on the overall system
performance;

e Develop a simulation model capable of accurate prediction of buckling piezoelectric
characteristics;

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

e Conduct experimental tests to optimise the power output, efficiency and reliability of
the buckling micropower generator;

e Develop empirical models for the optimisation of buckling piezoelectric energy

harvesters.
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1.3 Thesis Structure

This thesis presents the research and work, which has been performed by the author on
behalf of the University of Hertfordshire, from October 2015 through to June 2020. Chapter
1 provides background information on energy demand, energy security and global warming,

justifying the need for the presented research work.

Chapter 2 presents a detailed literature review of piezoelectricity that includes; the history of
piezoelectricity, 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 research

that can be used to develop knowledge further.

Chapter 3 describes the methodology used for this research to ensure reliability and
repeatability of all experiments, simulations and theoretical models. Methods that have been
used to numerically define the behaviour are based around buckling theory such as Euler-

Bernoulli’s equation and Timoshenko.

Chapter 4 investigates the effect of energy harvesting circuitry which has later been used to
validate the power output of the proposed novel energy harvesting structures and

technology.
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Chapter 5 involves experimental testing of a pre-formed buckling piezoelectric harvester,
where the resulting power output is compared to existing harvesters to evaluate the effect of
the differing structures. Also included is the effect of a buckled beam piezoelectric energy
harvester, where simulation and experimentation of a single buckling beam have been

performed and evaluated.

Chapter 6 reports on the conclusion of the research work where the novel claims are

highlighted and recommendations for future work are presented.

1.4 Novel contributions to knowledge

This section of the thesis highlights the novel contributions to knowledge that has been

achieved from the presented research work.

e Development of two novel buckling piezoelectric energy harvesting methods, which
increases the energy output, efficiency and reliability of piezoelectric energy
harvesters.

e One patent for piezoelectric energy harvesters, based on the buckling energy
harvester method. WO02020095064A1: Improvements in or relating to energy
generation in a piezoelectric switch. Published in May 2021 with a Priority date 09-
11-2018.

e Two analytical models that can be used to optimise the structure of a buckling

piezoelectric harvester and predict its power output.
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e One paper: “Powering lights with piezoelectric energy-harvesting floors.” Published in

Energy Technology (Wiley)
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Chapter 2 — Literature Review

Summary

Within this chapter, an in-depth review of the existing literature has been performed in the
area of piezoelectric energy harvesting. The review initiates with a history of energy
harvesting which follows piezoelectricity until the late 1990s. From there, the investigation
moves into the fundamentals of piezoelectric where characteristics, materials, manufacturing
techniques, constants and constitutive equations are discussed, creating a solid foundation
for the work performed. Following this, energy harvesting applications has been investigated
to identify harvesting techniques that yield high energy outputs.
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2.1 History of Energy Harvesting

The use of energy harvesting is not a new phenomenon; in fact, energy harvesting was one of
the first forms of energy conversion. Forms of energy harvesting date back to as early as
5000BC, where ancient Egyptians used the wind to power their boats along the river Nile [45].
In 200BC, there were windmills located in China used to pump water from the ground and to
grind grain [46]. In the Middle East during the 11t™-century, windmills were widely used, and
were introduced to Europe a few centuries later, by Dutch merchants [45]. 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. In the 19t"-century windmills transitioned
to wind turbines. In America, rural parts that were not connected to the National grid had to
produce electricity from other methods. This method was done through the use of a Direct
Current (DC) generator being connected to a windmill. In the 1930s, most of America was
connected to the grid, making the need to generate electricity irrelevant [45]. 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 from one medium to
another; in most cases, it is used to create electricity. Typical forms 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 of smart
low-power energy devices, research into micro energy harvesting is becoming a more popular

field of study.
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2.2 A Brief History of Piezoelectricity

Within this chapter, a review of the history of piezoelectricity, pyroelectricity and
ferroelectricity has been performed. These three phenomena have been reviewed together
as they are closely related. There has been a recent influx of interest and development of
piezoelectric materials for energy harvesting purposes; however, for this to have happened,
scientists from the 19t and 20" century played a vital part in the development 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 as lyngourion showed signs of attraction to straws, bits of wood and even small
bits of copper and iron [47]. Sidney B. Lang states “Those attractions were no doubt the

effects of electrostatic charges produced by temperature changes” [48].

In 1717, Louis Lemery described pyroelectricity; however, it was Carl von Linné, who was the
first to relate pyroelectricity to a material referred 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 significant contributors to the field such as Franz Ulrich
Theodor Aepinus, Johann Karl Wilcke, Benjamin Wilson, Joseph Priestly, John Canton, and
Torben Bergman [48]. In 1824 David Brewster was the first author to use the term

pyroelectricity. This was due to his work with the material Rochelle salt.

Nathan Counsell University of Hertfordshire Page 16



Piezoelectricity was first postulated by Charles-Augustin de Coulomb when he theorised that
material would be able to produce an electrical charge from an applied force [49]. It was this
work that inspired other scientists such as René Just Hally and Antonie César Becquerel to
individually conduct experiments to prove this theory and both their experiments noted an
electrical charge being produced. Results were, however, inconclusive and it could not be
determined if the charge had been produced due to piezoelectricity or friction [50]. Ballato
goes on to say “Becquerel did make a prescient remark in respect to charges occasioned by
stretching rubber; he conjectured that experiments with crystalline minerals might show
effects due to their anisotropy” [50]. This allowed for Hally to theorise integrated molecules,

that laid the building blocks for piezoelectricity.” [51].

On August the 2" 1880, the Curie brothers identified a method for producing electricity when
Rochelle salt was subjected to a pressure [52]. It should be noted that the Curie brothers were
trying to perform experiments on pyroelectric materials when they discovered
piezoelectricity. “In 1881, Hermann Hankel suggested the name ‘Piezoelectricity’ this name

nm

had been derived from the Greek word ‘Piezen’ meaning ‘to press’”[49]. This name was widely
accepted by the scientific community; thus, it was adopted. Later that year, Gabriel Lippmann
used mathematical models, using fundamental laws of thermodynamics, to predict that
application of an electric field to a piezoelectric material would cause deformation of the

material [53]. This process is known as converse or indirect piezoelectric effect. 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 basis of the
modern understanding of piezoelectricity. This was done through an atomic model to
describe the piezoelectric effect [49]. From this model the field of piezoelectricity was
established, drawing in more curious scientists. However, it was not until 1910 when
Woldemar Voigt showed the relationships between electromechanical and piezoelectricity.

This then became the standard reference guide in the field of piezoelectricity [51].

By 1915 interest in piezoelectricity was gaining momentum and was becoming a widely
studied area for physicists. Two of these physicists were Ernest Rutherford and Paul Langevin.
The two physicists were enlisted by England and France, respectively, to develop devices to
detect enemy submarines. They both identified piezoelectric materials as the best method to
detect submarines; however, that is where 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
hydrophones. Langevin, on the other hand, had 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 development and application of ultrasonic sonar. This technology paved the way for later

technologies such as; modern medical scanners, frequency control and quartz clocks [54].

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

the material was ferroelectric [48]. 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 crystals such as quartz and Rochelle salt [55]. Subsequent research on the Barium group
resulted in a new class of ferroelectric materials. Later it was discovered that the method of
applying a high voltage would cause spontaneous polarisation of the ceramics [55]. This poling
technique showed an increase in the dielectric properties of the materials. The increase in
dielectric properties led to the development of more powerful sonar along with piezoelectric

igniters and phonographs [53].

In 1946 Cady published a book titled “Piezoelectricity: an introduction to the theory and
applications of electromechanical phenomena in crystals” [56], which comprehensively
explains the early history of piezoelectricity which has become the field’s primary reference

book.

During the Second World War, pyroelectric materials were further investigated for
applications such as infrared detectors, yet no results were published. It was not until 1962,

where J Cooper analysed the behaviour of IR detectors made from Barium Titanate [48].

In 1969 Kawai discovered large piezoelectric constants with poled Polyvinylidene Fluoride
(PVDF) with results comparable to that of some piezo-ceramics. This led to research into other
ferroelectric polymers and copolymers. In 1991, copolymers of PVDF such as Poly (vinylidene

fluoride trifluoroethylene) P (VDF-TrFE) and nylons were developed due to a greater
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understanding of the Curie point [57]. These discoveries have led to an increasing interest in
the field of piezoelectric polymers. This 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 non-toxic and biocompatible materials, allowing for a higher

number of applications compared to piezoelectric ceramics.

2.3 Energy Harvesting Structures Using Piezoelectric Materials

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

the limitations of the piezoelectric materials and the energy output.

2.4 Unmodified Piezoelectric Energy Harvesting Structures

Heel Strikes Energy Harvesting (HSEH) is the most common method of energy harvesting [136-
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 1996 [149]. It was suggested that 67W could 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 diaphragm when breathing, which only produces
0.83W. Figure 2-1 depicts Starner’s prediction on available sources of human energy. With
heel strikes producing 67W and 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 al. [141]. They suggest that with a shoe-mounted PEH, the shoe would
absorb most of the force with only 2W of useful energy being available. The power suggested
by Niu et al. coincides with a large number of design results, where most devices have an
efficiency between 1-10%. Therefore, the available energy suggested by Niu et al. appears to
be more reliable. Furthermore, Gonzalez, Rubio and Moll [138] 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)

Figure 2-1 Starner's approximation of human energy [149]

Contrary to Howell’s cam design, Shenck and Paradiso [143] developed an energy harvesting
shoe insole. Two designs are purposed and investigated: the first is a hexagonal sole made

from two stacks of eight 28um thick PVDF encapsulating a 2 mm flexible epoxy; the second is

Nathan Counsell University of Hertfordshire Page 21



a PZT dimorph [143]. The latter is made from a PZT layer applied to sprung metal and attached
to a metal plate. A second spring is applied to the opposite side of the 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 PVDF design was applied
to a pair of sports shoes, keeping weight to a minimum while maintaining comfort for the

user.

On the other hand, the PZT design was applied to a sturdy military boot since a durable heel
was needed. The PZT dimorph is actuated on heel strikes, converting the mechanical to
electrical energy. The results of 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 frequency [143]. The PZT design produces less than 10%
of the power output of the Howells’s design. However, Shenck and Paradiso’s design is more

compact and therefore, more comfortable to implement.

Shenck and 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 short-range 12-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 transmitter circuit, resulting in a wireless signal being generated and
picked up by a receiver [143]. This design has many applications which could be very beneficial

to modern living such as smart housing, temperature controls and vehicle settings. Shenck
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and Paradiso’s work may be old; however, it is still relevant especially as the use of low power
electronics is now an established area of research and smart housing is becoming a highly
desired area to produce technology. Further research should be put into implementing bi-
stable or fan PZT generators into shoe soles. This has been suggested as research shows that

the use of these designs results in more significant amounts of output energy.

More recently, Gupta and Sharma [144] developed a shoe insert with a single piezoelectric
element made of PZT, shown in Figure 2-2. This single 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 heel, the 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 shoes, these two areas

should be considered to obtain a higher efficiency PEH.

Harvesting circuit

Piezoklectric Inner shoe sole
Element

Figure 2-2 Gupta and Sharma Piezoelectric energy harvesting shoe [144]

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

which a steel ball bearing is placed. As the user walks the ball bearing moves, striking the
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piezoelectric buzzers. The impact results in an electric pulse being generated by the buzzer.
The ball bearing then ricochets off the buzzers striking yet another. This method of energy
harvesting has been chosen in this investigation since linear actuators previously developed
by other researchers are only efficient when they operate at their resonant frequency which
is usually significantly higher than the naturally occurring frequencies such as walking. Alghisi
et al. furthered this research by optimising the 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 management, a trigger circuit has been used, which allows
voltage to be stored to a certain threshold. However, once this threshold is achieved, the
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. It was 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 PEHs into shoes is an advantageous method of powering personal electronics.
However, another form of converting heel strike energy into electricity is to embed PEHs into
flooring. Boby et al. [5] developed a PEH tile that integrates a PZT element mounted to a brass
substrate into the 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 PZT layout 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 tile. This, however,
leads to the power produced from the tiles being dependent on the user’s mass which may
affect the amount of electrical energy produced by the device. It is suggested that a
mechanical actuator should be used to increase the voltage output and give a more

reproducible power output.

Sharpes et al. [137] designed a PEH floor tile that transmits a signal to smart enabled devices.
In this case, a signal was sent to a light, which turned it on and off. The tile works using four
cymbal transducers. Sheets of steel were pressed into a near oval shape and bonded together

with the PZT transducers located in the centre of the tile, as shown in Figure 2-3.

A

S0mm

50 mm

Figure 2-3 Shape’s assembled cymbal transducer [129]

The PEH works by inducing a strain in the dsi1 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 simultaneously. The peak energy harvested from the tile was 2.57/N, which was
not sufficient to transmit a wireless signal; thus, 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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current above 15V. Using an optimised storage capacitor of 10uF, the energy stored would

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 (VDF-TrFE)). P (VDF-TrFE) due to its biocompatibility and ability to form
stable B phase crystals as opposed to PVDF where a phase crystals are the stable crystalline
form. The material was synthesised using solution spin coating. This method involved
dissolving PVDF and TrFE granules into a solvent; in this case, methyl ethyl ketone (MEK).
Subsequently, the solution was heated and spun through a nozzle while being subjected to a
high electric field. The solution was then deposited onto paper substrates. To achieve high
crystallisation, annealing was used, it was stated that annealing close to the melting point
allowed for high crystallisation; however, slow cooling resulted in a porous structure. It was
found that quenching the material on chilled steel prevented a porous structure from
forming, resulting in dense piezoelectric material. The P (VDF-TrFE) and cellulose paper were
then attached to the back of a glove and tested. Under the excitation of 0.25Hz and 2Hz, the
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 the amount of stress, resulting in more significant amounts of energy to be

harvested.

Song and Yun [153] investigated the use of flexible PVDF to harvest energy from 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 local stress on the PVDF, leading to larger
amounts of energy to be harvested. It was found that the thickness and amount of the PVDF
stripes highly affect the output of the device and that the optimum thickness was 3mm which
resulted in the power output of 425uW at the 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 actuated, in reality, the device would only
be actuated at frequencies below 1Hz which would provide a more accurate assumption of

the power the device would produce in real-world 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 P (VDF-TrFE) from the low
forces of an arterial pulse would not generate much energy, however, through the use of an
innovative window technique the theoretical energy generated was increased 45% when
compared to a sheet P (VDF-TrFE) generator. Furthermore, the use of the windows reduced
the bending stiffness of the harvesters, increasing the sensitivity of 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 battery-less wireless switch (BWS)
applications. They developed a harvester that produced 220 of energy. This was achieved
using a single actuation, meaning that there were two pulses, a positive and negative signal.
However, using smart power management 160u) was delivered to the RF transmitter, which

was enough to transmit a 4 - byte signal over 10m.
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Tan et al. [157] investigated the implementation of a low-power and low-cost wireless sensor.
This was achieved using a pushbutton piezoelectric igniter. Results show that the igniter
produces 67.61p] of energy per actuation which was used to transmit two 12-bit signals. 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 system. This
introduces maintenance 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 ambient vibrations 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 vibration. It was found that using two passive
sensors, and a signal can be sent intermittently. Through further optimisation of the circuit,
the harvester was able to transmit data wirelessly without decreasing the effectiveness of the

harvesters.

Paradiso and Feldmeier [159] used a piezoelectric striker to produce energy to power an ID
radio transmission. This was then applied to a push-button; however, it was found that the
striker applied too much force to the harvesters, causing micro-cracks to form in the ceramic.

The force was reduced, and different actuation methods were investigated, including
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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 Brooks [171] produced a prototype piezoelectric energy harvesting artery
cuff [177]. The device is a cut cylinder that wraps around an artery, as shown in Figure 2-4.
The expansion and contraction of the artery as a result of blood being pumped around the
body causes stress on the piezoelectric material, generating 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 researchers, the
piezoelectric material was chosen based on the need to be biocompatible, and this 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 ensure there were no exposed
electrodes. To achieve the curl, the 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; however, the non-intrusive and straightforward design may allow for larger
devices of similar design to be implemented into the body to increase the power output to
match the 1uW needed to power a pacemaker. Furthermore, due to arteries being found
around the body, 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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Figure 2-4 Artery cuff energy harvester [177]

In 2009 Qi et al. [178] investigated biocompatible 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 use of polydimethylsiloxane (PDMS). The process involved
depositing PZT onto MgO and then etching using sulphuric acid 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 the loose 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 in a ds3 coefficient of 101pm/V. It should be noted that this is
half of the coefficient of pure PZT piezoelectric material. However, this dss is still four times
larger than that of PVDF. A further suggestion of this work would be to increase the poling
temperature and pressure during polling through the use of hot plates and 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 energy from
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 tube. The tube was then
inflated and deflated using an intra-aortic balloon pump which replicated the pressures of the
heart, allowing for accurate measurement of the energy available from the pulsing heart. It
was found that maximum power output was 681nW on a resistor of 33MQ and could charge
to 1V after 40 seconds for a 1uF capacitor. Following the testing, the system was implanted
into a pig to confirm the findings of the first test. The results confirm the power output

observed in the initial tests and that the system can charge a 15uF capacitor [151].

Dagdeviren et al. [179] have investigated the application of PZT to harvest energy for an
internal implant. The authors suggest that aluminium oxide does not generate enough energy
to power an implantable device such as a pacemaker. The device was then implanted into
both a cow and sheep was found that the device produced a maximum power of 1.2uW/cm?,
which was five times larger than the predicted output of the harvester. Figure 2-5 shows the

energy harvesting system during operation on a bovine heart.

Figure 2-5 Energy in situ on the bovine heart [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 tested. It was found that
the device produced a 3V peak to peak under excitation. Although the actual power output
of the device is not stated, the authors reported that there is enough energy to power a

pacemaker.

Deterre et al. [169] have developed an energy harvesting implant that generates energy from
the pressure of the heart. The device harvests energy using a spiral patterned 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 is to be placed into the right ventricle of the heart
and harvests the energy from the pressure of the blood within the chamber. Experimental
testing of the device revealed that the maximum energy of 4.15uW/cm? could be harvested;

this is less than half the predicted output power of 10uW/cm?3[166].

Another form of hybrid energy harvesting investigated is piezo-photovoltaic (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 as flooring. A
solar cell can produce a near-constant voltage in the presence of direct and diffuse sunlight,
and this energy can be used to charge a circuit. The piezoelectric element can then be used
to boost the signal for sensing proposes and efficiency. Choi et al. [134] developed a device
that harvests both solar and mechanical energy, as shown in Figure 2-6. The photoactive layer
is composed of P3HT: PCBM. 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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cathode are placed on either side of the device to harvest the generated electrical charge. It
was reported that the device could power a microcontroller and several Light Emitting Diodes
(LEDs). LEDs were used to show the signal from the solar part of the device 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 that the solar 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.
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Figure 2-6 Hybrid energy harvester Choi et al. [134]

2.5 Cantilevered Piezoelectric Energy Harvesters

Sang et al. [133] have developed a hybrid piezo-electromagnetic generator. Four designs were
produced to implement the hybrid system shown in Figure 2-7. The design chosen utilises a
piezoelectric cantilever with 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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Figure 2-7 Vibration-based hybrid energy harvester [133]

Howells [150], has produced an energy harvesting heel-strike system, which can be attached
to shoes. The system uses four PZT bimorphs to convert mechanical energy to electricity, and
these transducers are actuated through the use of a star shape cam, as shown in Figure 2-8.
When the heel strike generator is compressed, the lead 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 heel into useable electricity. This work
aimed to produce 0.5 Watts, sufficient to small power electronics such as a GPS receiver.
Unfortunately, this was not achieved since on average; the device produced 0.0903W [150].
Although this may not be enough to power a device, it would be enough to extend the life of
a portable device such as a pager or a two-way radio. Howells, by not directly actuating the
piezoelectric elements from the source stimuli has taken a different 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 this system is its size. This device is larger than if the PZT was directly actuated
by the heel strike; this is due to the use of the lead screw and cam setup. Unfortunately, the

size of the system outweighs any of the benefits achieved by using the cam-actuated system.
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Figure 2-8 Howells novel method of generating power fromLa heel strike [10]

Xie and Cai [142] 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 two trapezoidal plates apart, as
shown in Figure 2-9, causing the PZT bimorphs to be displaced. A spring then causes the plates
to return to their original position. 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 performed at gaits
approximately 1, 1.2 and 1.5Hz. 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

negligible amount of energy lost during the user’s gait. On the other hand, the increased

weight of 106g per shoes may lead to increased fatigue.
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Figure 2-9 Xie and Cai's novel V shaped harvester [142]

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 exceeds the
dimensions of the shoe. Mateu and Moll [140] investigated the optimum beam of PVDF that
can be placed in a shoe, to achieve maximum 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 the triangular beam. Furthermore, it was found
that an asymmetric heterogeneous bimorph that is simply supported and is loaded with a
distributed force is required for optimum power generation. In addition, it was ascertained
that the maximum deflection plays an essential part in the energy generation, the larger the
deflection, the greater the output. This knowledge will help identify designs that have the
possibility of generating more power than others aiding in the evaluation of the designs

purposed.

Moro and Benasciutti [136] performed an investigation into the power harvested from heel
strike PEHs. Through the work that was performed, an analytical model and a prototype heel
strike energy harvester were developed. The analytical model 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 to zero with the predicted power output being 6% less

than the achieved experimental results. Subsequently, modeling variables such as width,
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length, thickness and tip mass were evaluated. Using the analytical model combinations of
these variables were predicted to optimise the dimensions of the HSEH. It was found that
when the single PZT rectangular bimorph’s dimensions were optimised, it could produce an
average output power of 395uW, with the only limiting factor being the clamping conditions
of the bimorph. This was due to the increased strain at the clamped end, where 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 where an increase 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 length, the natural
frequency was reduced to the point where the heel strike would cause excess vibrations in
the beam, thus improving the output of the harvester. However, increasing the tip mass and
length beyond a specific limit resulted in the natural frequency of the beam to fall lower than
the excitation frequencies, producing less power. This report has provided an analytical
function that can be used to model piezoelectric cantilevers accurately. This is important, as

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

Pillatsch et al. developed a rotary piezoelectric energy harvester that produced a peak power
output of 43uW [152]. This was achieved through the 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, extending the harvesters life.
Through the development stage, higher outputs were achieved; however, 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 force, thus eliminating the overstressing. The use of a proof mass allowed for
energy harvesting over the broad 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
incorporated 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 multi-array energy harvesting switch. The switch produced
3249 of energy from a single actuation. This was achieved using four piezoelectric
transducers (35mm X 35mm) mounted on a substrate (40mm X 50mm). 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 mono-stable structure. This method of actuation
increases the output energy while minimising the size of the harvester. However, due to the
signals being in opposite phase, full-wave bridge rectifiers are needed for every two elements.
Thus the number of transducers are directly proportional to the number of rectifiers, making
this method of energy harvesting costly and not comparable to existing methods such as wire

push buttons.

Karami and Inman [167] investigated the use of powering a cardiac pacemaker using PZT to

convert the vibrations from a heartbeat into usable electrical energy. It was stated that a
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pacemaker uses 1uW of power, coinciding with the power produced by piezoelectric energy
harvesters. In this investigation, a zig-zagged piezoelectric energy harvester, Figure 2-10, was
developed and optimised for harvesting energy at 39Hz, which is a regular frequency
produced by the heart along with a high amplitude. High amplitude is critical as this produces
higher stresses on the PZT, resulting in larger energy yields. The zig-zagged PZT was bonded
to a brass substrate using epoxy resin. At this point, it should be noted that neither of the
materials is biocompatible and thus must be encased in a biocompatible material. Testing was
performed on the mono-stable PEH. When subjected to simulation, the PEH produced 10uW,
which is ten times the energy required to power a pacemaker. It was found that a mono-
stable PEH is very 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 a bi-stable. A bi-stable design allows for a
broad range of frequencies to be harvested, increasing the electrical yield. A bi-stable design,
when implemented into a PEH, can produce more electrical energy than a mono-stable PEH
since it can be triggered by a broader range of frequencies. The use of magnets increases the
complexity of the PEH and increases its size. Therefore these should also be considered when

designing the PEH.

Figure 2-10 Method of reducing natural frequency [167]
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Ansari and Karami [180] investigated a technique of harvesting energy for an implantable
leadless pacemaker. They used a novel technique of fan-folded piezoelectric beams. The zig-
zag system has point masses attached to the end of each beam, the point masses cause a
reduction in the natural frequency from 50Hz to 16.18Hz, resulting in possible output power

of 10.24pW.

2.6 Bistable Piezoelectric Energy Harvesters

Cao et al. [37] investigated the effect of linear, mono-stable and bi-stable piezoelectric energy
harvesting devices. To identify the most appropriate energy harvesting technique, a leg
mount device was manufactured and tested, as shown in Figure 2-11. The device was used to
test the performance characteristics of each energy harvesting method. Their results coincide
with that of others where the linear type of harvester produced an average peak power of
3.21uW. This was due to the frequency of the linear harvester being tuned to a particular
frequency. If the applied frequency is not close to that of the linear harvester, then the energy
harvested is minimal. After introducing magnets to the design a mono-stable harvester was
produced, this is when the cantilever, much like the linear harvester, returns to one single
state after excitation. The magnets amplify the frequency of the cantilever causing high
excitation, producing an almost equivalent power output of 18.73uW at high operating
speeds compared to the 23.2uW produced by the bi-stable harvester at the same speeds [37].
However, this was not the case for all other speeds, which is what gives bi-stable designs their
advantage for energy harvesting purposes. A bi-stable design has two stable states, and rapid
switching will occur when an excitation at any frequency is transferred to the system. This

rapid switching causes significant stresses within the cantilever, increasing the voltage output.
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Furthermore, the instability of having more than one location to settle causes a reverse
damping effect, meaning that it takes longer for the system to reach an equilibrium state,
thus increasing the energy output of the system. It is essential to highlight that the energy

available is dependent on the swing angle of the user’s leg as well as the frequency [37].

8Ccleration sensor

Angle sensor

Displacement sensor

Figure 2-11 Leg mounted piezoelectric energy harvester [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 as a result, 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 the capacitor 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 bi-stable piezoelectric energy harvesters; these devices

achieve much higher output energy than conventional harvesters such as cantilevers [22, 27-

‘ ~ 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 for the majority of vibration-based energy harvesting applications [181, 182,
253-256]. As the name suggests, a bi-stable system has two stable states; however, in-
between these two states, the structure is chaotic, creating a snapping motion. This rapid
motion results in higher internal forces within an energy harvester; this has been depicted in
Figure 2-12. There are three methods by which a bi-stable system can be manufactured;
magnetic repulsion [33-37, 183], beam buckling [38-41, 184, 185] and magnetic attraction

[42-44].
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Figure 2-12 Double- well bi-stable a) inner-well oscillations b) chaotic multi-well oscillations

c) inter-well oscillations [186]

As previously stated, there are two important properties that researchers have strived to
optimise in piezoelectric energy harvesters; reduction in the natural frequency and increase
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 et al. [187] produced a bi-resonant
system made of two PVDF bimorph cantilevers with natural frequencies of 15Hz and 22Hz.
Proof masses were attached at the ends of the cantilevers 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 81% (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, and these are defined by not adapting to
changing vibrational inputs [188, 189]. Contrary to this, Lallart et al. [188] performed research
on the active turning of piezoelectric energy harvesting beams, where 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 further increase in output compared to that of a

linear system.

A standard method of creating a 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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magnets, it is possible to create systems of two or more energy wells or stable positions [190-
195]. The initial 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 would then
create two zones in which the beam could come to rest [36]. Cottone et al. [36] were first to
investigate this novel form of energy harvesting shown in below Figure 2-13. 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 harvesting
and turned the spotlight to piezoelectric energy harvesting over inductive and capacitive

energy harvesting techniques.
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Figure 2-13 Cottone et al. novel bi-stable energy harvesting system [36]

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

As a result, 0.5uW was generated with a load resistance of 3.3MQ at 3Hz [25]. Li et al. also

Nathan Counsell University of Hertfordshire Page 44



studied the application of magnetic induced buckling to develop a harvester to identify critical

parameters to optimise a harvester using stochastic Melnikov theory [196].

An investigation into implementing linear and bi-stable energy harvesters for energy
harvesting shoes and bridges have been performed by Green et al. [197]. In their work, 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 proposed bi-stable 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 cantilever was not sufficient to push through the magnetic field of the
permanent magnet to its second state. This was due to the repulsion of the two permanent
magnets in the system. However, the implementation of strong magnets into small electronic
systems can cause interference. Furthermore, the complexity of the system is increased [39,

198].

The next area of bi-stability to be investigated is the Duffing oscillator, this non-linear system
have been studied in detail both experimentally and theorestically for many years. This forms
the basis of most bi-stable and mono-stable systems [199-206]. Duffing based energy
harvesters show a broad resonance frequency which can be further 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 in a significant increase in 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 real-world applications.
Characteristically, a duffing bistable system will have a snap through the event during its
operation. This is due to the previously discussed energy well. The development of two energy
wells means that to switch between states, more energy must be transferred into the system;
this extra energy creates more stress in the system. Once the threshold energy is met, the
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 area that should be focused on is buckling energy harvesters or buckled beam energy
harvesters. It is this type of system that has a place in modern-day electronics as it is simple,
compact, and develops comparatively large amounts of usable energy [207-213]. Masana and
Daqgaq [208, 209] have performed a detailed assessment of post-buckled beam energy
harvesters. Although they performed far better than a linear device, it was reported that a
return system was needed as the energy generated was not significant enough compared to
other bi-stable systems. This is due to a single impulse of energy other than a vibration
cantilever. As the system can work at very low frequencies, it is possible to use this in more
locations, enabling a potentially higher amount of energy that can be harvested. This
observation made by Masana and Dagaq appears to concur with other researchers in the

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

0.05mm PZT transducers where 10uW of energy was harvested [40].

Although there are demonstrated advantages of bi-stable systems, there is still certainly room
for improvement. Erturk and Inman’s [201] work illustrated that mechanical shock to the
system would help a system stay in a state where a bi-stable system snaps between stable
states, generating maximum power output upon a single actuation. The downside of this
system is it relies on constant high amplitude actuations that cause detrimental damage to
the piezoelectric material, significantly reducing the life of the energy harvesting unit. Sebald
et al. [214] proposed an active system that the output impedance changes depending on the
input impedance. However, the extra energy is taken to power this active circuit results in a

system that produces less power.

2.7 Mono-stable Energy Harvesters

A mono-stable system shows the greatest benefit to modern-day electronics. This is a system
that returns to its original position and produces large amounts of energy, however not as
much as a bi-stable system. It is of intrest as it produces less stress within the piezoelectric
element without damaging the material. This means that the system can last longer as a
result. From the research performed, it was found that most mono-stable systems are a
piezomagnetoelectric system, which much like the bi-stable system means that a magnet is

used to create a single stable state. The power is extracted via a piezoelectric material [215-
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218]. Nasser et al. [215] used two attractive magnets to create a buckling effect in a
piezoelectric beam. Their findings suggest that although the power output was lower than
that of a bi-stable system, the range of frequencies that could be harvested was found to be
much larger. This suggests that a well-placed system could collect power from wind vibrations
of all speeds. Similarly, Fan et al. [218] developed a model where their findings showed a 54%
increase in bandwidth and a 253% increase in the power output of the system. Hajati and Kim
[246] investigated a clamped-clamped beam with a mass in the centre, this caused the beam
to sag and create a 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 has been identified 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 high energy outputs.
However, for these methods to be employed for piezoelectric ceramics bi-stable 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 copolymers. Instead, 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 ceramic and 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 (ds3) the piezoelectric polymers observed in monostable and bistable
piezoelectric energy harvesters can be 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 Energy Harvesters

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-Bernoulli’s beam theory, this is typically used to model cantilever type harvesters
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 applied this takes into about the
deflection of the elements and as a result produces a much more accurate stress, especially

with modelling dynamic loads [257 - 266].

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
collected. Using this information, it has been identified that both Euler and Timoshenko’s
methods are an effective method of determining the voltage and thus the power output of a
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 dominated with cantilever

harvesters, and the second being the complex modelling of bistable and post-buckling
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behaviour that many authors overlook performing buckling on monostable systems through
Euler-Bernoulli’s and Timoshenko’s theories, may be a possible method to extract stresses

which can be used to identify the power output of buckling monostable harvesters [267-270].

In addition to Ajitsaria, Ly et al [259], used both Euler and Timoshenko to optimise the shape
and resonant frequency of a cantilever, their works employed Hamilton’s principle which was
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.

2.9 Piezoelectric Polymer

PVDF can be synthesised through multiple methods; hot pressing, extrusion, solution casting,
spin casting, Langmuir-Blodgett, NTIPS (Non-Solvent Thermal-Induced Phase Separation),
TIPS (Thermally-Induced Phase Separation) and VIPS (Vapour-Induced Phase Separation).
These methods produce the desired B phase crystal formation in PVDF. This section will
investigate the methods of manufacture to establish areas in which research has not been

performed while producing a comprehensive picture of PVDF production.

The first method that will be investigated is hot press; this method involves compressing PVDF
powder at extremely high pressures and elevated temperatures. This produces a transparent
film with low piezoelectric properties. The reason for the low piezoelectric properties can be
attributed to a mixture of a and B crystals being present within the material and that there
are no further mechanisms to increase the B phase content or orientate the dipole moment

of the polymer chains causing net polarisation of the overall material. Much like the hot press,
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extrusion produces similar results. However, other researchers improved upon the first
technique by stretching the polymer and applying a high voltage [58-62]. The stretching
increased the percentage of a to B conversion [63, 64]. The high voltage across the material
caused the dipole orientation resulting in a significant increase in the output. It should be
noted that stretching does not result in 100% a to B conversion and that other mechanisms
should be investigated such as solution casting. Solution casting is now the most commonly
practised method of manufacture; this is attributed to the ease of manufacture, and the

higher percentage yield for B crystals [65-69].

Stretching PVDF has been known to increase the yield of B crystal formation. The main
variables that have been investigated by researchers are; drawing ratio, drawing speed, and
temperature. Stretching has a significant effect on producing B phase polymer chains. This
method produces such a high yield due to the structure of the polymer chains. As a phase
chains get elongated, a conversion occurs where the trans-gauche trans-gauche (TGTG)
chains change to B phase all-trans (TTTT) chains. It was found that once the a chains have

been stretched by 20% more than their original length, they will transfer to the B phase.

It should be noted that the optimum stretch is not wholly agreed upon within the research
community; however, the consensus is that stretching PVDF at a ratio higher than 4:1 will
result in significant a phase conversion. Some researchers believe stretching beyond the ratio
mentioned above is ineffective as the change in B crystal content is minimal. In contrast,
others suggest that ratios up to 6:1 produce the highest amount of B crystal. Although the

optimum drawing ratio is not agreed upon, the other variables such as drawing speed and
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temperature have been. The drawing speed is a critical variable to enhance the output of
PVDF. The faster the drawing rate, the higher the yield of B phase within the material, slow
stretching speeds allow for the chains to move through the material resulting in minimal
change in structure. The final variable to be discussed is the temperature at which the
material is stretched. To achieve the highest amount of B phase formation the temperature
has to between 60°C and 80°C [64, 66]. The elevated temperature causes the material to
become more pliable and soft, allowing it to reach stretching ratios of over 4:1. Temperature

is a critical mechanism for PVDF production.

Poling can be described as the orientation of domains within a material. This is achieved
through the application of force and high voltage. This process is essential for increasing the
output of piezoelectric and ferroelectric materials, allowing for more significant amounts of

energy to be converted from mechanical inputs.

The main factors identified affecting the output of a material can be linked to variables during
the poling process, these are; mechanical strain applied to the material, 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 material. However, when
comparing polymers and ceramics, one 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 this, no material is the same and tailored poling should always be

considered to improve properties.

The literature 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 compared
to other materials, is Ultra Violet (UV) resistant and is compatible with organic tissues. These
properties make PVDF a desirable piezoelectric energy harvesting material, such that many
researchers and academics have investigated the material to harvest energy in a variety of

applications.

There are two main manufacturing techniques through which PVDF is produced; from melt
or solution. The most common technique for producing PVDF is melt draw. Much like injection
moulding, PVDF granules are placed into a hopper, and a lead screw is heated to above the
melting point of the PVDF (170°C). The screw compresses, heats and then forces the molten
PVDF out of a nozzle. The material is then quenched by blowing ambient air over the material
[70]. This technique is simple and effective at producing a phase PVDF on a large scale, as

shown in

Figure 2-14; however, the material needs further post-processing to convert a phase crystals

to the B phase.
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Figure 2-14 Industrial PVDF stretching and poling [70]

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 into a base solution. However, to achieve a material with high
amounts of B phase crystals, dimethylformamide (DMF) should be used as the base solution
(i.e. solvent) [71]. The solution is deposited on a smooth, clean surface and then annealed to
evaporate any moisture and DMF from the solution. Once cooled to room temperature, the
remaining PVDF can be observed to be in the B phase. However, results have also shown other
crystalline phases such as a, y, and 6. The crystal formation is dependent on the annealing
temperature and cooling rate. Another method of producing B phase PVDF from solution is
electrospinning. This method produces the most significant amount of 8 crystal formation.
The PVDF solution is placed in a syringe and spun at high speeds, and a small nozzle allows
the solution to escape at very low speeds of 1ml per hour. A high voltage is then applied to

the solution. The result is a mat of fibres that possess high B crystal content.
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PVDF usually occurs in a stable form; this is known as the a phase. This phase is a non-
ferroelectric crystalline form. The a formation is not ferroelectric because the formation is
made up of trans-gauche trans-gauche (TGTG) chains [72, 73]. These chains are arranged so
that the molecular dipoles cancel each other, with the resultant net polarisation of zero.
Piezoelectric characteristics of PVDF can be obtained by transferring from a phase to either
of its three other phases; B, 6 or y [63]. This said piezoelectric PVDF could be made up of any
combination of these four different crystalline states. To achieve the largest piezoelectric
coefficients, PVDF needs to be in its B phase crystal formation. The B phase of PVDF shows
the most significant coefficients due to its formation of all-trans (TTTT) molecules [72, 73],
this is highly desirable as this formation allows for all dipole moments along the chain to be

aligned in 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, 74-77]. This technique was first used to produce B phase
crystals in PVDF when manufactured from melt. The process involves putting PVDF granules
into a hopper, and under pressure and temperatures above the melting point, they are turned
into a gel. The gel is then extruded from the hopper, where it is immediately quenched into a
plastic material using air. However, other methods have been developed that result in an
increased piezoelectric output of PVDF, leading to the less frequent use of quenching.
Quenching has recently been the focus of several investigations. This is attributed to a better
understanding of the Langmuir-Blodgett technique [77-82] where the interaction between
water’s hydrogen atoms and PVDF’s C-F bonds cause the orientation of B phase crystals,

resulting in a material that does not require electric polarization [68, 78]. Furthermore, the
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NIPS (non-solvent induced phase separation) technique for the production of porous
membranes uses quenching [83-93]. This area is new and emerging, where solution cast PVDF

can achieve high piezoelectric properties with considerably lower production energy and cost.
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Figure 2-15 Langmuir-Blodgett technique [94]

A Digital Scanning Calorimeter (DSC) is often used to identify crystal formations within
materials. A DSC takes a sample and weighs it. It is then heated at a set ramp-rate to a target
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 endothermic or
exothermic peaks indicating crystal growth and crystal melting, respectively. Table 2-1 depicts

the test procedures, and associated crystalline formation identified by various authors.
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Table 2-1 DSC test procedures and associated crystalline peaks

Digital Scanning Calorimeter

Author

ELmezayyen et al.
Ma et al.

Benz and Euler
[95]

Zhang et al.
Mohajir and

Heymans [96]
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Identifying peaks using DSC is a subject in much debate. However, this technique can also be

used to identify the degree of crystallinity. This is achieved using equation 2.1, where Hiqo is

equal to 103.4 ) g* for B phase crystals in PVDF.

ax. = 2100
= X
¢ AHjg

2.1

Fourier Transform Infrared Spectrometry (FTIR) is also used to identify crystal formations

within materials. Infrared light at different wavelengths are passed through the material;

some of these wavelengths are absorbed, while others pass through. A detector then
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identifies these wavelengths, depending on the sample’s crystal formation, specific

wavelengths should be stronger than others. A comparison of literature can then be used to

identify not only which crystals are present but also their percentage of the overall structure.

Identifying the crystal formations within the polymer samples allows for an accurate

prediction of the percentage crystallisation and B phase content. However, there is not a

consensus on the exact points where crystals form. Table 2-3 summarises the FTIR and DSC

points where a, B and y crystals form in PVDF.

Table 2-2 Review of critical peaks within PVDF

Fourier Transform Infrared Spectrometer

Author

Elmezayyen et
al. [97]
and

Kumar

Viswanath [98]

Jia et al. [99]
Zhang et al
[67]

Sencadas et al.

[100]

Nathan Counsell

Parameter

Absorbance

Transmittance

Intensity

Reflectance

Transmittance

o Wave Number
(cm™)
615, 764, 795,
975

764, 795, 973,
1183, 1211
614, 764
762, 796, 975,
1210, 1383, 1423
410, 531, 615,
765, 795, 855,

976

B Wave Number
(cm™)

840, 1276, 1433

840, 1272

510, 840, 1234

840, 1234, 1275

442, 468, 510,

840

University of Hertfordshire

vy Wave Number
(cm™)

1433,

840, 1234
776, 812, 833,

840, 1234
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Gregorio and
Borges [65]
Wang et al.
[101]

Xiao et al. [89]

Ma et al. [69]

Garain et al.

[102]

Benz et al.

[103]

Gregorio [104]

Cui et al. [105]

Transmittance

Absorbance

Absorbance

Transmittance

Absorbance

Absorbance

Transmittance

Transmittance

408, 532, 614,
764, 796

796, 764, 614,
532
1211, 1149,
1069, 975, 854,
794,763
796,764, 614,
532,408

1212, 976, 764,
614, 532
1423, 1383,
1210, 974, 762,
532,
408,

532, 614,

764, 796, 855,
976
409, 532, 613,

764, 795,972

444, 510, 840

840, 510

1275, 840

840, 510, 445

1276, 841, 510

1431, 1286

445, 510, 840

445, 470, 511,

600, 840

431, 512, 770,

812, 833

1274

813,432

1236, 841, 510

1234

512, 431, 776,

812, 833, 840

431, 512, 776,

812, 833, 840

As shown in Table 2-2-3, the most commonly agreed peaks for B crystals are at 445, 510, 840,

and 1275. However, other peaks suggested for a and y should be considered for testing to

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

Unlike the piezoelectric polymer PVDF, PZT is a ceramic. This means that production of such
materials involves a different approach; the most common difference between the
production of a polymer and ceramic is the elevated temperatures ceramics take to form.
Most polymers cannot withstand temperatures about 200°C, whereas ceramics due to their
excellent thermal capabilities and manufacturing processes can withstand temperatures
above 1000°C [106]. Although some ceramics can be produced under melt conditions, most
are produced from powder conditions. This can be broken down into four stages; powder

preparation, forming, firing and poling [107].

Lead Zirconate Titanate — Solid-state reaction

Mixing of PZT plays an essential part in the production of high piezoelectric and dielectric
constants. Simply, poor mixing will result in an inhomogeneous solution where complete
perovskite structure is not achieved at later stages of production. To ensure a homogenous
mixture is achieved a vigorous motion must be used to break up any aggregates formed prior
to and during mixing. It is often recommended to use a ball mill for mixing. The next stage of
PZT production is calcination. Calcination 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; and to reduce the proportion of the structure during final firing.
Problems with calcination and PZT are the use of volatile materials such as lead oxide in its
composition. Calcination at higher temperatures will result in the removal of this core
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ingredient to achieve the perovskite structure. However, higher temperatures are needed to

ensure reaction and bonding between the substances.

It was found that calcination at set stages reduces the reaction temperature; as a result, this
consumes less energy and retains lead oxide. In a single-state reaction, the temperature to
bond the three materials is in excess of 800°C, which is too high for lead oxide, thus preventing
the formation of the piezoelectric perovskite structure. A two-stage calcination method was
introduced, which lowers the calcination temperature from above 800°C to 600°C. The first
stage involves the calcination of ZTO, while the second stage results in the calcination of ZTP
and PbO. Not only the vyield is higher, but it also creates finer powders, requiring less
processing. This method is the most common method of PZT manufacture in an industrial
setting, due to; low material cost, low energy consumption, relatively high yield of

piezoelectric PZT and its simplicity of production.

Lead Zirconate Titanate — Coprecipitation

Coprecipitation is one of the oldest methods of wet deposition, as discussed by Jaffe [55]. The
method consists of the preparation of a liquid solution which when a precipitating reagent is
introduced, causes the suspended product to be separated from the liquid. This can then be
collected via filtering and thermal treatments. Due to the product being suspended in an
aqueous solution, it is relatively simple to ascertain the perfect ratio of powders to achieve

high purity and small particle size at low cost [108-110].
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Lead Zirconate Titanate — Sol-gel

A promising method of PZT production is solution — gel processing. Similar to the
coprecipitation method, the sol-gel method involves dissolving the components. However,
with this method, they are dissolved into an organic solvent; during this phase of production,
an amorphous gel is produced. The continued stirring of the solution results in a homogenous
solution. Also, polymerisation starts to occur; this is observed from the cross-linking of the
metal oxides and salts, creating a three-dimensional structure [111]. Subsequently, the gel is
dried and heated to extract all the organic solvent, leaving only the pure PZT mixture [111-
116]. This method of production is excellent for manufacturing thin-film PZT at lower

temperatures of 200°C [114].

Methods of forming PZT are the same as other ceramics, including dust pressing, casting,
centrifugal casting, extrusion, isostatic pressing and hot pressing [115, 117]. The most
common production method is to have the calcined PZT powder mixed with an organic binder
which, when heated, will evaporate from the ceramic, yielding pure PZT. Depending on the

shape desired, either hot pressing or extrusion can be used.

Sintering is critical to the production process. Which usually occurs at temperatures between
700°C and 1350°C, thus creating a hard ceramic material that can then be finished by
polishing, grinding or cutting. Over 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 silver during the sintering process. This results in reduced

processing time and low resistance electrodes [106, 118].

Doping is essential when producing piezoelectric materials, enhancing the d33 and permittivity
coefficients, thus resulting in higher charge outputs. Three types of dopants are 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, for
example; the lead (Pb*?) in PZT can be replaced with Barium (Br*?). This type of doping leads
to higher permittivity and a lower Curie temperature [119]. Donor dopants, as the name
suggests, have a more significant number of cations, this causes the material to exhibit a
larger ds3 as there are more electrons present in the material. In contrast, the acceptor dopant
has fewer cations present, compared to the receptor material. This lowers the permittivity

and causes and ion vacancy in the oxygen for perovskite structured piezo-ceramics [119].

It has been identified that poling copolymers of PVDF such as; Poly (vinylidene fluoride
trifluoroethylene) or P (VDF-TrFE) require less energy and manufacturing steps to achieve
piezoelectricity [120-122]. The TrFE causes the PVDF to align all domains, reducing
randomised domain orientation. Consequently, the opposing domain orientation also
reduces, further increasing the electrical output of the material. However, the introduction
of TrFE alters the structure of the material, resulting 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 increase the
number of B crystals formed from the solution. This reduces the amount of mechanical work
needed to induce B phase crystal formation within the polymer as the dopants act as

nucleation sites for the B phase crystals.

The conductivity of a piezoelectric 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 as; Carbon Nanotubes (CNTs), Silver Nanowires
(Ag-NWs) and Zinc Oxide Nanowires (ZnO-NWs). Although these are the most common

research areas of doping, other areas of doping have been explored.

Yu et al. [123] investigated the effects of doping PVDF, from solution, using Multi-Walled-
Carbon-Nano-Tubes (MWCNTs). Samples of PVDF were then produced with 3wt%, 5wt%,
7wt%, and 10wt% MWCNT. Using electrospinning, the solutions were then spin-cast at 18kV.
It was found that solutions with 3wt% and 5wt% induce the most substantial amount of
phase formation compared to pure PVDF. Much like TrFE doping, nanotubes act as a catalyst
in the formation of B crystals. Moreover, they also cause PVDF to align in a more determined
orientation, resulting in the better orientation of the PVDF chains. Therefore, less energy is

needed to produce a high piezoelectric response in the material.

Li et al. [124] investigated doping PVDF with Ag-NWs. Much like doping with CNTs, the

percentage weight is critical to producing PVDF with more significant amounts of B phase
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crystals. Large amounts of dopant results in the PVDF molecules forming a tightly clustered
substance; this close packing leads to the formation of straight a phase crystal chains as
opposed to the zig-zagged B phase crystal chains. The process of manufacture is similar to
that of Li et al., where the material is dissolved and electro-spun. It was found that a high
piezoelectric coefficient was achieved with a 1.5wt% solution, 29.8pC/N, this is a 64% increase
compared to pure PVDF, 18.1pC/N. This technique yields a piezoelectric response equal to

that of P (VDF-TrFE).

The use of dopants can reduce the energy required to produce a high piezoelectric response
from PVDF. Another factor that produces a high piezoelectric response is the interactions
between the C-F bonds and the dopant. It is suggested that an investigation should be
conducted to produce a comparison between different dopants. Furthermore, another
investigation should be completed to identify a conductive material, which is cheap and

interacts with the C-F bonds in the PVDF to produce a large piezoelectric response.

2.11 Lead-Free Ceramics

The concern for public health has always been paramount. In 2002, the European Union (EU)
passed a directive to reduce, remove and replace heavy metals such as mercury, lead and
cadmium from electronic parts (EU Directive 2002/95/EC) [125]. This directive was put 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 wt%. This 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 ds3 becomes available [125, 126]. Therefore, research into lead-free alternative

piezoelectric materials has been the subject of many investigations.

A material identified for such a purpose as to replace PZT is (Ba, Ca) (Zr, Ti) Os (BCZT). BCZT is
a ferroelectric ceramic with a perovskite structure, much like PZT, which under certain poling
conditions can achieve a very high ds3 constant of 620pC/N [127, 128]. This dszis higher than
most soft PZT compositions, signifying the importance of this material. To achieve a ds3 so
high, researchers have investigated the effect of the system that sits between two or more
ferroelectric-phases. An example of this would be cubic to rhombohedral. The point where
two or more changes occur is known as the Morphotropic Phase Boundary (MPB) [55, 127,
129, 130]. The MPB causes instability between different piezoelectric structures; this
instability allows for simple orientation of domains within the material, resulting in higher

piezoelectric coefficients [127, 131, 132].

2.12 Electronics

Piezoelectric materials are known for producing an electrical charge when an external force
is applied to them; the amount of charge produced depends on the material’s d constants.
For these experiments, PZT (Lead Zirconate Titanate) has been used with a ds3 of 374 pC/N. A
piezoelectric material behaves similarly to a capacitor. When a force is applied, a sharp

voltage is achieved; however, over time, the charge will return to zero, even if the force is
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kept constant. After removing the force, 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
problematic for piezoelectric energy harvesters since most electrical devices and circuits rely
on a constant DC power. Therefore, the signal needs to be converted from AC to DC form; this
is achieved through implementing a signal conditioning circuit. This circuit enables the
harvester to power electrical circuits and devices. Figure 2-16 shows a flow chart that

illustrates the transfer of energy from a mechanical form to an external circuit.

Mechanical |:> Piezoelectric |:> Slgpal . |:> Useable |:> External
Conditioning -
Energy Transducer Circuit Energy Circuit

Figure 2-16 Energy transfer in a piezoelectric energy harvester

It should be noted that the implementation of a signal conditioning circuit introduces further
losses into the system. Therefore, the efficiency of the circuit is critical for achieving enough
usable energy to power external circuits and devices. In this section, an investigation into
different methods of signal conditioning has been performed, with the view to reduce the

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

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

increased losses of electrical energy. This matching is comparable to the frequency tuning
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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 energy. Equation 1.2

demonstrates how to calculate the impedance of the piezoelectric element.

1
Z=c——-r
2nw X Cy 2.2

Where; Zis the impedance of the piezoelectric energy harvester
w is the frequency of excitation for the energy harvester
Cyis the capacitance of the energy harvester

Impedance is measured in ohms (Q); therefore, to match the two circuits, resistors must be
used. Using resistors in series will increase the value of impedance between the two circuits,
passively. However, because the frequency of excitation can vary considerably, especially
with broadband harvesters, an active system is much more desirable. What is meant by this
is when the energy harvester is actuated; the impedance of the load will change with the
changing input frequency of the energy harvester [219]. An active method that can be applied
to achieve an active system is the use of maximum power point tracking (MPPT). This is an
effective method of generating an increased power transfer, but only when the energies
generated are more significant than that dissipated by the additional circuit [220]. Trade-offs
with using the MPPT system, involve the power consumed by the circuit, the speed at which
it reacts to the change in the signal, and 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 does not increase the net energy harvested by the
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generator. There are commonly two algorithms that have been investigated; hill climbing and
fractional open-circuit 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 further until
it starts to drop, upon which the resistance is reduced [221]. The second method, fractional
open-circuit voltage, works similarly; however, an open circuit is needed for the period of

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

The most common component used in signal conditioning circuits is diodes. Diodes behave
similarly to one-way valves. A one-way valve only allows fluid to flow in one direction, as
shown in Figure 2-17; however, with enough force, this can be overcome. Furthermore, there
is inertia related to the amount of force it takes to open the valve. There are many types of
diodes; however, for energy harvesting purposes, three types have been investigated; P-N

type, Schottky, and Super-barrier.

Fluid Flow

Figure 2-17 One-way valve operation

A P-N diode uses semi-conducting metals that can be doped positively and negatively,

producing a positive and negative region in the diode, illustrated in Figure 2-18. 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 flowing. However, when a charge is applied
to the anode, electrons build-up reducing the depletion zone. Once a certain amount of
charge builds up, the depletion zone disappears, allowing current to flow through the
component. This amount of charge is determined by the dopants of the semiconductors.
Typically, a silicon diode has a threshold voltage between 0.7-1.2V, whereas a germanium

type diode has a lower threshold of approximately 0.3V.

Depletion Zone

Figure 2-18 P-N Junction Diode

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

being lost before the component fails. A component that does not do this would be ideal to
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ensure the maximum amount of energy is harvested. Figure 2-19 illustrates the regions

mentioned above.

Current

Forward Voltage Drop
| e

Reverse Breakdown Voltage

— —\/oltage

Leakage Currentl

Figure 2-19 Diode Characteristics

Schottky diodes are commonly used in electronics; this is due to their low voltage drop,
typically between 0.15 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
anode and the semiconductor as the cathode, this reduces the depletion zone and 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 signs. 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 compared to a silicon diode [223]. This is

because the depletion zone in the Schottky diodes is much smaller.
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Implementation of a super barrier diode rectifier is an essential step in energy harvesting.
Currently, these types of diodes are not being used for energy harvesting purposes. This is
because it is a relatively new development. A super barrier rectifier (SBR) is important as it
possesses the good characteristics of both Schottky and P-N type diodes, these are; low
forward bias, high switching frequencies, high reverse recovery speeds, and high reverse
breakdown voltage [223]. This is achieved using the metal oxide semiconductor channel,

which is created just below the gate oxide, as shown in Figure 2-20 [223].

poly :
| gate oxide .
N+ :

P channel

cumrent

N+ substrate
Figure 2-20 SBR structure [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 different areas of research, AC-
DC, Two-stage, 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 the capacitor 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 harvesting circuit involves AC-DC rectification [251, 252]. Continued
research has lead to the development of two-stage piezoelectric energy harvesting circuits.
Taking the first principle of rectifying the ACto DC, and then storing into the charge generated
into a capacitor. Two-stage 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 energy generated. 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 to size a capacitor purely for storage which

will lead to greater useable energy.

An area of great promise is synchronised switch harvesting on inductor (SSHI) [248, 249,
250]. The energy harvested from a piezoelectric energy harvester can be significantly
increase through the use of this non-linear 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 lost driving
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 the power 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 capacitors voltage. 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 switch-inductor 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 electrical charge 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 system operates 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 energy, however, in practice

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

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

output of a bi-stable system.
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Chapter 3 — Methodology

Summary

Within this chapter established methodologies relating to buckling and piezoelectric theories

are explored and discussed to direct the research and build upon existing theories.
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3.1 Mechanical — Buckling Introduction

Buckling has been a long-established area of research. All load-bearing structures will fail,
given enough force is applied to the structure. However, this is determined from many
characteristics; structure type, load type (dynamic or static), material properties, and

boundary conditions (pinned or fixed).

The simplest form of buckling is that of a column that is long and slender, as illustrated in
Figure 3-1. When a load is placed in-plane with the structure, the 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 now buckled

under the load that has been applied.

a) P

Figure 3-1 First buckling mode for a perfect beam

An excellent example of this phenomenon is the buckling of cylindrical drinks cans. When the
can has no imperfections, is open and empty, it is possible that the thin walls of the can
structure are able to support a force greater than the yield stress of the material, which it is
made from. However, when an imperfection is introduced to the wall, the can will collapse
and plastically deform. The 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 deformation of the structure. This research has
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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, while generating stresses higher than any cantilever system can induce.

To demonstrate an ideal buckling column Figure 3-2 has been produced. Is it is made of two
rigid bars of equal length that are connected with a pin and rotational spring; it is the spring
that the elasticity of the model will be focused. The boundary conditions of the system are
then connected to pins with one end fix and the other on a roller bearing. Finally, an in-plane
force is then applied to the column. This then causes the column to rotate around the pin; in
reality, the beam would be curved; however, this simplified design demonstrates that same

principle.

B L
B
A C
/\4 P

Figure 3-2 Ideal column structure for a perfect beam
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Assume that from the buckled position is in equilibrium with the applied force, this creates
an angle (8), in which point B is out-of-plane with points A and C. If the system was to then
be subjected to a larger force, a larger 6 will be observed. This means that as in-plane force
increases, as does the angle of curvature (8). To meet Newton’s third law, a reaction force in
the rotational spring will be observed. This creates a moment that resists the curvature
increases. If the applied force to the column is reduced, it will tend towards its original
position, this is known as a restoring moment. This behaviour can be used to describe stable
and unstable conditions. A stable system would be one that when the load is removed from
the system, the restoring moment will cause the structure to return to its original position.
However, if the in-plane force is too great, then the angle of 6 will continue to increase until

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

3.2 Mechanical — Buckling Critical Load

The force at which a system switches from stable to unstable is known as the critical buckling
load represented as Pc. The critical buckling load can be found to make a free body diagram

of the simplified system.

Mqpring = 20k, 3.1

ZMoments =0 32

Nathan Counsell University of Hertfordshire Page 79



Where k is the rotational spring stiffness, 0 is the angle of curvature and M is the moment
about the centre of curvature for the column. Assuming that the angle of 0 is small, the

following equation can be used

3.3

Where L is the length of the beam. Summing the moments about the centre point will result

in the following equation

2
3.4
Where P is equal to the reaction force of the beam.
Which is equal to
<2k PL) =0
s 2 -
35

Therefore, when the angle is equal to zero, there is no observed defection within the system.

If the above equation was then solved to find P, the critical load could be found with the

resulting equation.
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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 force is applied, the system will become
unstable and buckle. Through observation of the above formula, it is clear that two factors
play a significant part in the critical buckling load; stiffness and length. As the length of the
structure increases, the system’s buckling load decreases, and the opposite can be observed

for the stiffness of the structure.

P < P., = Stable 3.7

P > P.. = Unstable 3.8

To demonstrate the effect of 6 and (Zkrs — %) or P have on the stability of an ideal column

the below graph (Figure 3-3) has been produced.
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Unstable Region

T
N

Neutral Equilibrium

Stable Region

A\ 4

0 0

Figure 3-3 demonstration of the equation where 0 is assumed to be small.

It can be observed that when (ZkTS - %) is equal to zero a plateau appears, showing the

system to be neither stable nor unstable. This point is known as the bifurcation point.
Bifurcation can 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 occurs, as the force
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 fail. It extends
both positively and negatively as the curvature of the beam can curve in any direction. The
neutral equilibrium line is limited and can only be satisfied when equation 3-3 0 is equal to
zero. In summary, the structure can be in three states; stable, neutral and unstable. A stable
state has one singular final position. This position can be likened to a ball being drop into a
bowl, and it will always return to its singular settled position at the bottom of the bowl. A

neutral system is where the ball in this example is static. However, any input to the system

Nathan Counsell University of Hertfordshire Page 82



could cause it to become either state or unstable. It is in this state where the system is
extremely chaotic. This behaviour can be likened to the balancing a ball on another ball,

where the outcome could be a number of states, for example, does it fall left or right?

To validate these states, the applied force must be compared to the critical buckling load. The
simplest method if to evaluate using the below equations; 3.11, 3.12, and 3.13. These relate

to the moment, shear force and load to Young’s modulus (E), | and deflection

Force
_ Stress 0 (Area)

" Strain & (Change Length)

Original Length 3.9
bd?

I'== 3.10
Elv' =M 3.11
Elv'" =V 3.12
Elv"" = —q 3.13

The simplest solution can be found using the bending moment equation. Where M is the
bending moment, v is the deflection of the beam in the lateral axis, V is the shear force, and

g is the load.

Where
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M+Pv=0 -M=-Pv 3.14

Which is then equal to

Elv' +Pv=0 3.15

Introducing in a new constant k which is equal to

k? = L. k = l
ElIT " |EI 3.16
v +k*v=0 3.17
v = (; sinkx + C, cos kx 3.18

Where C; and C, 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/beam is simply supported.

x=0andx =1L 3.19

v(0)=0and v(L) =0 3.20

The first condition this yields C; equal to zero, therefore:

Nathan Counsell University of Hertfordshire Page 84



v = (; sinkx 3.21

And the second condition:

C;sinkL =0 3.22

To evaluate these two zero equations two cases will be considered, C1=0 and sin kL = 0.

If the constant C1 equals zero, then the deflection (v) is also zero given by equation 3.21, and
therefore the column has no observable curvature. As a result equation, 3.22 can be any value
which is 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 that satisfies equation 3.22 is known as the buckling equation. This equation

identifies the shape in which the ideal beam has buckled.

sinkl =10 3.23

This equation is only satisfied if it is equal to; 0, 11, 21T and so on. When sin kI = 0 the applied
load is therefore also equal to 0, and this means that for valid solutions this answer will not

be considered and only whole numbers of pi (2, 3, 4...) will be considered.

KL =nn 3.24

Using the previous equation 3.24 and putting this into equation 3.6, the following equation

can be written.
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n?m?El
12

3.25

This the buckling equation that can be used to observe the critical buckling 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 or stiffeners must be
put into place along the column. This form of buckling is known as Euler buckling, which

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

After analysis of the column for its critical load the critical buckling stress can be calculated
by dividing the critical buckling load by the cross-sectional area of the column, giving the

following equation

_ P, mPEl
Oer = 4 = 412 3.26
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Introducing the radius of gyration, this is the equation which describes that distribution of the

cross-sectional area around its central axis.

A 3.27

Where

r = radius of gyration

| = second moment of inertia

A = cross-sectional area of the beam/column

This, when applied to equation 3.26, gives:

m?E
.. =
)
= 3.28
Where
Slend ti L
e e =-
nderness ratio - 399

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

to buckle. Conversely, the lower the slenderness value, the stiffer the beam, thus the greater
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the critical stress needed for the beam, note that the elastic limit for a given material is the

limit for this buckling theorem.
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3.3 Piezoelectricity — Introduction

A basic understanding of piezoelectricity is needed to understand applications for energy
harvesting. The word ‘piezoelectricity’ was derived from the Greek meaning “to press”, thus
piezoelectricity meaning electricity from pressure [144]. This name was first used to describe

this effect by Hermann Hankel in 1881 [49], as stated in the previous chapter.

Y

3
AN ”

Figure 3-4 Perovskite structure 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 known 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 effect. Figure 3-4 describes the basic
characteristics of a piezoelectric material that has no external load applied. From all
directions, the material is electrically neutral. This is due to the positively charged atoms and
negatively charged atoms being equally distributed throughout the structure Figure 3-5 A;
illustrates a piezoelectric material that has an external compressive load applied. It can be

noted that under compression, polarisation occurs due to the imbalance of atoms. Figure 3-5
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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

s &2
LI

Figure 3-5 A. Piezoelectric material with a compressive load applied. B. Piezoelectric material

positive or negative.

with a tensile load applied.

3.4 Piezoelectricity — Important Constants and Terms

As with all fields of research, there are constants associated with piezoelectric materials. It is
important to understand these constants. Each constant has two subscripts ‘i’ and ‘j’. These
subscripts identify the direction of polarisation for the material and the direction of the
applied mechanical or electrical force, respectively. It should be noted that polarisation is
usually stated to be coincidental with the Z-axis. Figure 3-6 [224] shows that forces in the X,
Y and Z direction are denoted as numbers 1, 2, 3, respectively. Torsional forces about the X, Y

and Z axis are denoted as 4, 5 and 6 respectively. Understanding this system allows the user
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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.

Permittivity or dielectric constant (gj). Permittivity is the ability for a dielectric material to
polarise under an external electrical voltage. The subscript ‘i’ identifies the direction of the

applied voltage, and the ‘j’ subscript shows that the material is either in stress or strain [225].

larization =
Po e |

Figure 3-6 Constant Direction Diagram by APC International Ltd [224]

The IEEE defines that PZT is a transversely isotropic material, therefore a piezoelectric
material exhibits symmetric the 3-axis, which as previously described is the axis in which the

material is poled.

The field variable is the stress components (Ty;), strain components (S;;), electric field
components (E}) and the electric displacement components (D;). It is then possible to
evaluate a piezoelectric system with two of the four variables as independent variables. These
equations can be written as equations (3.30) and (3.31). 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
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determines the electrical displacement, dependant on the stress applied to the piezoelectric

material.

S=sEXT+d'xXE 3.30

D=dxT+¢e XE 3.31

Where: S is the strain

sE 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 equations 3.30 and 3.31 can then be written in matrix form that becomes:

rS1 [Si1 Siz Stz 0 0 0] Ty 0 0 dj

S, S51 Sp, Spz 0 0 0f|r, 0 0 ds, E

Sz _ s51 s5, s3j3 O 0 01|T; n 0 0 dsj; El

Ss| o o o sk 0 0f|Tu 0 dy 0 |5

Ss 0o 0o o0 0 sk oflTs dis 0 0 ’

Sel Lo 0 0 o o sglHel B0 0 0 332

3.33
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_Tl_

T.
D, 0 0 0 0 dys0 Ti &g, 0  O07[E
D[=]0 0 0dyy 00| 7|+]0 ez 0]|E
Ds dzqdszdss 0 00 T 0 0 &3311E;

7,

To simplify the below equation can be used to identify the charge produced by a piezoelectric

material.

In the case of this work the force is always applied in the d3; direction and therefore no other

directions are needed and can be neglected for this work.

D = d33 X o 3.34

Where: d3is the dielectric constant of a piezoelectric material whose units are C/N.
o is the applied stress to the piezoelectric materials units N/mm?

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

F
=ds3 X 7 3.35

Simplifying further results in.

Q=ds; X F 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 piezoelectric material. Therefore
the equation 3.35 can be arranged to break charge down into its respected components which

is capacitance multiplied by voltage substituting this into the equation 3.36 results in the

below equations.

CXV=4ds3 XF 3.37
dsz3 X F
V=———o
I 3.38

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

eXA
T d 3.39
E= & X & 3.40
d3z o
V=—Xx-
< t 3.41

Where:

d;3 is the tangential piezoelectric charge constant

€ is the relative permittivity of the material

o 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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dss . . . . . .
Where % is equal to another piezoelectric constant gss. The piezoelectric constant gss will be

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

harvester.

The piezoelectric charge constant (dj) 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). However, the amount of Coulombs produced
are minute and are known as Pico (10'1?) and can be seen in the text as pC/N. There are three
main djj constants used; dss, d3, d31. The most common is dss. The subscript identifies induced
polarisation parallel to the direction that the material is polarised with mechanical stress

being applied in the same direction [225].

D = d33 X o 3.43

The g coefficient is the voltage constant for piezoelectric materials. It can be defined as the
voltage generated per unit of mechanical stress. Much like the other coefficients, gis followed
by two subscripts ‘i’ and ‘j’, which define the direction of polarisation and the direction of the

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
an electrical output. The k is followed by two subscripts ‘i’ and ‘j’ where the first subscript
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 identify what material should be used for energy harvesting, the kj coefficient should be
taken into account. This is important as it may make materials with lower d;; coefficients more
appropriate to be used when designing energy harvesting devices. An example would be if
the input force is low and therefore, a material with a high k coefficient would be more
appropriate and that of a material with a high djjand a low k coefficient. Ultimately a material
that possesses a high dj of 500pC/N and a high k factor would be what is desired for a

piezoelectric energy harvester.

A domain can be characterised as a small region within a material where all-electric dipoles
follow the same direction. Within a material, there are countless domains, all in varying size
and orientation. Due to the randomised nature of 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 domains. This orientation leads to the cancelling 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 piezoelectric constants would be
the ferroelectric stage; in this temperature range, the material possesses the highest possible
piezoelectric properties. This range is usually found to start below 0°C and depending on the
material over 100°C. This is beneficial for energy harvesting proposes as the materials need
not be cooled or heated to harvest optimum amounts of energy, improving the efficiency of

the devices.

Following the ferroelectric stage is the paraelectric stage. When a ferroelectric material is in
its paraelectric stage, it is still able to polarise spontaneously. However, due to it occurring at
higher temperatures, the more internal energy is present in the material, this causes some of
the orientation of the domains to reverse resulting in a reduction in the net polarisation of

the materials.

The Curie point is the temperature where all ferroelectric materials lose their spontaneous
polarization. This is because there is too much energy within the material and causes all
domains to become disorganised, 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 like glass to 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 Piezoelectricity — The Poling Process

Poling can be described as the orientation 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 energy to be converted from mechanical inputs.

The main factors identified affecting the output of a material can be linked to variables during
the poling process, these are; mechanical strain applied to the material, poling voltage, poling
time, temperature and rate of cooling. These factors differ depending on material properties.
The poling process can be considered to be the same for each classification of material.
However, when compared polymers and ceramics, one vital process differs. For piezoelectric
ceramics, the material is usually subjected to a compressive strain, whereas polymers are
subjected to tensile strain. Having said this, no material is the same and tailored poling should

always be considered to improve properties.
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3.6 Piezoelectricity — Identification

The relationship between dielectrics, piezoelectricity, pyroelectricity and ferroelectricity can
be likened to Matryoshka dolls (Russian nesting dolls) where the largest group contains all
other groups. This can be related to dielectrics, as shown by Figure 3-7. The dielectrics group
is made up of 32 classes of crystal. The classes can be identified by their; “centre of symmetry,
the axis of rotation, mirror planes and multiple combinations of these characteristics.” [226].
The next group is piezoelectricity. The piezoelectric group makes up 21 of the 32 classes of
dielectric materials and can be identified by being non-centrosymmetric. In other words, the
crystal must not be mirrored through its centre. The next layer is pyroelectricity; only ten
crystal types of the 21 non-centrosymmetric crystals show signs of pyroelectricity [226]. The
final group is ferroelectricity. Ferroelectric crystals show spontaneous polarization when an
external force or charge is applied. Ferroelectricity is a subclass of both piezoelectric and
pyroelectric classes because of this; it exhibits both piezo and pyro characteristics [225]. It
should be noted that ferroelectric materials exhibit the highest piezoelectric charge

coefficient (ds3). However, this can only be achieved by orientating the domains of a material.
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Piezoelectric

Pyroelectric

Ferroelectric

Figure 3-7 Relationship between Dielectric, Piezoelectric, Pyroelectric and Ferroelectric

classification.

Having identified that for a material to exhibit piezoelectric properties, it must 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. The perovskite structure generally follows the
formula ABO3[226], for example, Barium Titanate is a perovskite, and its chemical structure
is BaTiOs. Perovskites can be more complicated than just three elements. An example of this
is PZT. PZT’'s chemical formulation is Pb (Zr-Ti) O3z, PZT produces a very high piezoelectric
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 observed from the network of 6 oxygen atoms making the shape easily

identifiable, as shown in Figure 3-4.

Due to the electromechanical properties of piezoelectric materials, both mechanical and
electrical analysis will need to be performed 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 harvesters. 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 effective method to extract energy from the piezoelectric
energy harvester. Findings show that a full wave bridge rectifier using 1000V Schottky diodes
is the most effective circuit to use. Further to this, 10uF tantalum capacitor is the most
effective form of energy storage; this is due to large amount of energy stored and very low

leakage.
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4.1 Introduction

A series of tests have 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 power applications. First, the impedance of the energy
harvester must be identified, using a datasheet for the piezoelectric transducers, it was found
that the impedance of a single transducer was equal to 800Q (Table 4-1), as the harvester
uses three transducers in series this was multiplied by 3, giving a total impedance of 2,400Q
(2.4kQ). To confirm this, an impedance analyser (LCR) has been used, producing the following
Figure 4-1. 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.

Figure 4-1 identifies the power dissipated by the resistor. To achieve the maximum power
from the harvester, the impedance of both the transducer and conditioning circuit should be
equal. To show this, The 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 equation 4.1. Where; Rioad is the resistance

(Q) of the signal conditioning circuit, and Viead is the voltage across the load resistor.

p _ Vl%ad
ower (W) = R 41
load '
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Figure 4-1 Impedance vs Dissipated Power

Following the identification of the ideal load resistor, different passive signal conditioning
circuits have been tested both open circuit and with DC smoothing. The following circuits have
been identified as passive signal conditioning circuits; half-wave rectifier (Figure 4-2), voltage
doubler (Figure 4-3), full-wave bridge rectifier (Figure 4-8) and MOSFET full-wave rectifier
(Figure 4-5). Further to this, a comparison of Silicon (P-N), Schottky and super-barrier diodes
has been performed for full-wave bridge rectification. Where equation 4.2 was used to
identify the efficiency of the conditioning circuit. Where Voutput is the AC signal observed

across the load resistor and Vinput is the AC signal generated by the harvester.

VOutput (V) % 100

. 0 _ Vourpue(V)
Efficiency % (n) ) 42

However, to identify the efficiency of a circuit that has implemented a storage capacitor. The
input voltage must be converted to an RMS (root mean square) value. This is done through

the following equation 4.3, which can be simplified to equation 4.4.
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VRMS = Tf X(t)zdt 43
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% _ Vpeak
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Figure 4-2 Half-wave rectifier
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|

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

Figure 4-5 MOSFET Full Wave Rectifier

4.2 Method

Six diode bridges have been tested to optimise the energy harvesting circuit; these are;
1N4148 Switching Diode, Fairchild 1N4003, Germanium, Bourns CD2320-B11000, 100v

Schottky chip and a Vishay B2M-E3/45. The details of the diodes have been displayed in Table
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4-2. A buckling piezoelectric buzzer (BPB) was used as the source of energy, which was
actuated by hand. Therefore, to remove any statistical anomalies, each circuit was tested with
a minimum of 100 actuations of the BPB as shown by Figure 4-6 with a signal shape displayed
in Figure 4-7. 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 between 0.15 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
anode and 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 generated is over 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 when compared to a silicon
diode [223]. The depletion zone in the Schottky diodes are much smaller, meaning that less
reverse voltage is needed until voltage can flow. Therefore, they should only be used in low

power situations.

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

a sinusoidal waveform into only positive peaks [227]. This, when used in conjunction with a
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capacitor, can provide a smoothed DC voltage, which in turn can be used to power circuits.
For this part of the experiment, Schottky diodes have been chosen for the full-wave bridge

rectifier for the high reverse voltage, quick switching and low forward bias.
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Figure 4-6 Signal from 100 Actuations of BPT, silicon rectifier circuit
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Figure 4-7 Average Peaks with Standard Deviation for Single Actuation of BPB, silicon rectifier

Voltage (V)

circuit

Table 4-2 Diode Properties

Diode Name Diode Type Peak Forward Voltage (Vi) Maximum Reverse
@ 200mA Peak Voltage
(VrrM)
1N4148 Silicon 1 100
1N4003 Schottky 0.8 200
Germanium
CD2320-B11000 Schottky Chip 0.8 1000

Schottky Chip

Vishay B2M-E3/45 Silicon 0.85 200

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

two 10 uF capacitors in series for both the full-wave bridge rectifier and voltage doubler
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circuits. A single buckling piezoelectric transducer has been actuated and the energy stored
in two storage capacitors for the P-N, Schottky and Germanium full-wave bridge rectifiers
(Figure 4-8). The results of which will confirm the best choice of diodes for a harvesting circuit

as well as a comparison to the voltage doubler (Figure 4-9).

£:+

)

Figure 4-8 Full Wave Rectifier Test Circuit

X >+

Figure 4-9 Voltage Doubler Test Circuit

4.3 Results: Open Circuit Full Wave Bridge Rectifier

A piezoelectric material has similar to characteristics, much like a capacitor. Therefore, to
analyse the open circuit energy, produced by the buckling piezoelectric transducer (BPT),
equation 4.5 must be used. ‘C’ is the capacitance of the material, in the case of the BPT this is
40nF, and ‘V’ is the maximum voltage produced. The results shown in Table 4-3, Figure 4-10

and Figure 4-11 suggest that the silicon signal diode has the highest efficiency as it produced
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the largest amount of energy. This has been attributed to a lower forward voltage than the

other bridges that have been tested. However, when a comparison between the P-N type and

Schottky type rectifiers, it is found that the Schottky rectifiers allow for more energy to be

captured.
g CxV?
)
4.5
Table 4-3 Full-wave bridge rectifier results.
Diode type S <
= c -~ c
o i) ) .0 —_
g k: g & 3
- > ° S -
S 3 — > 3 —_ &
B T 2 S o 2 o
() © > = © > i
© bo © bo —
© © [ © © (<)) -
[J] i [= [J] o = o
a (%] Ll a (%] w =
Silicon 93.64 6.35 175 93.07 7.25 173 348
Schottky 93.23 4.68 174 93.25 4.17 173 347
Germanium 90.12 3.68 162 91.87 3.81 169 331
Silicon Chip 88.39 1.90 156 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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Figure 4-10 Peak One Open Circuit

Error has been obtained from one standard deviation of the average voltage measured.
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Figure 4-11 Peak 2 Open Circuit

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

Following the open circuit testing, the full-wave bridge rectifier and voltage doubler were

then evaluated with two series capacitors. It is clear from the results that a voltage doubler
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gives significantly lower output than a full-wave bridge rectifier, as shown in Table 4-4 and

Figure 4-12. The results suggest that implementing a voltage doubler over the use of a full-

wave bridge rectifier 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 full-wave rectifier. This is attributed to the lower forward bias of these

diodes and faster switching between positive and negative signals.

Table 4-4 Bridge and Doubler Results

= 5
() =]
20 0 —_
=2 > =
= s " T 2 8
) E ® & S & g
-] 3 3 5 c = Q
2 = i3] > o 4 =
(a) o < < wn w (a
Schottky Bridge 157 3.06 0.16 23.44 67.39
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 25.34 65.17
Silicon Doubler 144 1.88 0.14 8.82
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Figure 4-12 Bridge and voltage doubler comparison

Tantalum capacitors have been chosen for the storage capacitor for their low 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 anomalies to produce reliable
data. To identify the best storage system, capacitors of various sizes were tested. Results for
1uF, 2.2uF, 4.7uF, 6.8uF and 10uF are displayed in Figure 4-13. Following this, the signal was

captured and used to calculate the energy that is stored, shown in Table 4-5.
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Figure 4-13 Storage Voltage

Table 4-5 Storage Energy

1uF Capacitor

0.50 1.00 1.50 2.00 2.50

Time (s)

2.2uF Capacitor

10uF Capacitor

4.7uF Capacitor

Capacitor Size (pF) Average Voltage (V) Average Energy (W)
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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4.5 Discussion and Conclusion

It is clear from the results that using a full-wave bridge rectifier is the better technique for
capturing energy from piezoelectric devices when compared to a voltage doubler. Initially, a
voltage doubler appeared to be a more appropriate method of harvesting energy; this was
attributed to the use of fewer diodes; furthermore, a larger voltage spike would allow for
more energy to be stored into a capacitor. However, this was found not to be the case. The

energy harvester output is approximately half that of the full-wave bridge rectifier.

In conclusion, a full-wave bridge rectifier using 1000V Schottky diodes should be used to
improve the efficiency of an energy harvesting circuit. Furthermore, when characterising the
samples produced, a more accurate assumption of the energy available can be achieved.
However, there are still improvements that can be made to the testing circuit. This can be
achieved using operation amplifiers (op-amp). The high impedance of an op-amp provides
greater accuracy of the signal being produced from a piezoelectric device; these circuits can
be made simply and adapted depending on input voltages they can also be purchased

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 a pre-formed mono-
stable piezoelectric energy harvester. The second is a preloaded energy harvester. Both
methods have been shown to significantly increase efficiency of a commercially available
piezoelectric transducer, creating an opportunity to produce low-cost power units for low
power electronics. To validate the findings, three methods have been performed, numerical
evaluation, simulation and experimental. A diaphragm structure can increase both efficiency
and power output with an increase of efficiency from 0.522% to 3.765%. The observed power
output increase from 191.686W to 644.16u. The findings for the preloaded structure
demonstrate that efficiency can be increase from 0.522% to 16.813% while achieving a
greater power output from 191.686pJ to 208.577W). Furthermore, this work identifies that a
monostable structure as opposed to a bi or multi-stable structure can significantly produce
higher power outputs, whilst achieving long life within a small compact area. This work
contributes to a peer-reviewed paper “Powering lights with Piezoelectric energy-harvesting
floors” published in the journal Energy Technology. [236]. One world patent
WO02020095064A1: Improvements in or relating to energy generation in a piezoelectric

switch. Published in May 2021 with a Priority date 09-11-2018.
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5.1 Introduction

Recently, the demand for wireless sensors has gained significant interest from researchers;
this has been attributed to development of the internet of things (loT) [155]. A self-powering
wireless switch is the most desired device as this will eliminate the need for regular
maintenance yet collect information that can allow systems to be optimised [14, 155, 158].
Furthermore, a self-powering unit will allow for placement anywhere within the built
environment without the need or restriction of electrical wiring [228, 229], thus, allowing
buildings to become more versatile for disabled users. As a result, sensors have been
developed that recharge batteries through the use of thermoelectric or photovoltaic modules
[230, 231], however, batteries have a limited number of charge — recharge cycles [14, 232].
This is not ideal for long term use. Within this chapter, research has been performed on
preformed and preloaded buckling piezoelectric transducers. This work pays attention to
achieving a mono-stable structure that buckles under a low load. This is a highly desired
characteristic for an energy harvester as this replicates a push-button, allowing for easy
integration into existing systems. This has been broken down into seven 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 work, the material

properties of the metallic substrate and piezoelectric ceramic have been investigated.
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A ds33 meter is used to determine the amount of charge for a known force applied to the
material. The charge is then measured, giving units in pC/N. The data from using a d33 meter,
shown below (Figure 5-1), and the product specification for the piezoelectric ceramic was

found to be PZT-5A (350pC/N £23) [233].

Figure 5-1 D33 meter by Sinocera

The product specification states the material used for the substrate is brass. However, the
properties of brass such as elastic modulus vary from 99GPa to 120GPa[234]. Through the use
of a scanning electron microscope, the exact composition can be found. The images below

(Figure 5-2) show the results of the test, using the rule of mixtures it was possible to identify
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that the brass was made from 65% copper and 35% zinc. Using this data, the elastic modulus

was found to be 112GPa and Poisson’s ratio to be 0.34 [234].
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Figure 5-2 Scanning electron microscope image and material identification of brass substrate

for the piezoelectric energy harvester

5.3 Manufacture

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

elements are explained.

5.3.1 Preformed Piezoelectric Element

Through experimentation during the developments of described in the previous chapter 4 on
electrical circuits, it was found that if a commercially available piezoelectric transducer’s
substrate was to buckle, a bistable structure could form. The result of this is a significant
increase in the piezoelectric power output; however, this was at the cost to the lifetime of
the piezoelectric ceramic. To gain a deeper understanding of this mechanism, the following
work has been performed to identify how to achieve a mono-stable device that causes no

damage to the ceramic.
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To achieve a controlled preformed structure, the best method is to use a punch a die system

that forms under uniform pressure. This isa common method of forming metals, most notably

with vehicle bodywork such as car panels. To achieve the formation of the piezoelectric

energy harvester, 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 from Rapid Electronics

(product number: 51-7481). The dimensions have been displayed below in Figure 5-3 and

listed in Table 5-1.

0.23

Figure 5-3 Piezoelectric transducer dimensions

Nathan Counsell University of Hertfordshire

Page 122



Table 5-1 Piezoelectric Transducer Properties

Piezoelectric Transducer

Substrate material Brass

Substrate Diameter 50mm

Substrate Thickness 0.23mm

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

Piezo Thickness 0.2mm

Capacitance 40+30% nF

Impedance 800Q

The transducers have then been formed in a die shown in Figure 5-4, creating a buckling
mono-stable structure shown in Figure 5-5. 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 buckle, however, once the force has been
removed it 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 suggested that the maximum poking force exerted by a human is
45.95N with a standard deviation of 17.8N [235]. Therefore, the mean force needed to

actuate the switch will be 28.15N.
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As discussed previously, the piezoelectric transducers have been formed using a punch and
die, to achieve a mono-stable 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 with the structure’s buckling are below the material limit of the ceramic. This
means that the energy harvester can be actuated multiple times in comparison to a bi-stable
system. It was found that a mechanically actuated bi-stable system’s stresses are too

significant to achieve repeated use without damage to piezoelectric ceramic.

Figure 5-4 shows the setup of the punch and die. It has been mounted on the tensile machine
so that the forces and displacements can be monitored for the different parameters. A soft
compressible surface is placed in the centre of the punch. This is to protect the piezoelectric
ceramic from abrasion or doming. From over 500 tests, it was 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, shown by Figure 5-5. The lower limit is important
as anything less than this, and the stress is not enough to achieve plastic deformation of the

flange.
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Figure 5-5 Before forming (left) and post-forming (right) piezoelectric element

5.3.2 Preloaded Piezoelectric Element

To manufacture a preloaded piezoelectric element the previous piezoelectric elements where
used. However, 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 lighter. Figure 5-6 depicts

the tooling used to produce such items.
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Through further development of the monostable energy harvester, a new method of buckling
was investigated, which involved simple supporting a piezoelectric transducer between two
walls and applying a preload. This resulted in a significantly more times increase energy being
extracted when the two methods are compared [236]. To achieve this, a flat piezoelectric
transducer is placed between a moving wall and a fixed wall the distance between them can
then be adjusted, which compresses the piezoelectric until it buckles. At this stage a curved

piezoelectric transducer can be observed such as in Figure 5-7.

Piezoelectric Activation
element force
) N
‘ -
L e J
- 4
Holder

Figure 5-7 Preload piezoelectric element using solid walls to create a buckled transducer.

[236]
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It was found that movement in the walls was essential for achieving a long last piezoelectric
element. However, this movement caused the walls to fail due to large stresses associated

with the buckling of the piezo. To avoid this, multiple iterations of the harvester were

designed and tested, these can be observed in Figure 5-8 a and b.

Figure 5-8 a. Shows a piece of bespoke equipment that was used to create the buckling
structure and test for initial buckling forces. To achieve an optimised structure as shown by
Figure 5-8 b. the bespoke clamp compresses the transducer using M1.8 bolts, which are
threaded though the edges of the clamp to M1.8 nuts. This ensured that the piezo is mounted
correctly that with a low pitch of 0.35mm excellent control of the walls can be achieved,
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 chapter, numerical calculations have been performed to give a
benchmark to validate both the simulation and experimental aspects of the work. Structural

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

5.4.1 Preformed Buckling Element
To ensure that the piezoelectric element does not break during the forming process the
limiting drawing ratio (LDR) has been used. This is a ratio between the size of the work piece

versus the size of the punch, shown in equation 5.1 [243, 244, 245].

d
9 — Steel 2.7 and Brass = 2.4

LDR = —
d, 5.1

The substrate of the transducer is a copper alloy (Brass); therefore, an LDR of 2.4 will be used,
to ensure that the substrate does not cause any failure. Further to this, the maximum punch
force has been evaluated to ensure that during the forming process, the substrate is not

damaged. This can be found using equation 5.2 [243, 244, 245].

F = ayeildtn(do — 0.7dp) 5.2

F = 2162.987N 53
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Therefore, to ensure the repeatability of the forming process, the 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 structure to buckle, two methods have been
investigated the first method investigated is Timoshenko’s classic plate buckling theory [237],
this forms the foundation of buckling diaphragms. The buckling shear force needed to achieve

the buckling of a simply supported plate can be obtained using the below equation 5.4.

_k y T’E 9 (t)z
1A - "k 5.4

Where
T.r is the critical shear force needed to achieve buckling
k is the buckling coefficient defined by the boundary conditions [238].
E is Young’s modulus of the substrate
v is Poisson’s ratio for the substrate
t is this thickness of the panel

h is the web height of the panel
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Completing the above equation 5.4, the buckling force of the diaphragm is found to be equal

to 18.228N

The second method which has been investigated is Easley’s buckling method [239, 240]. The
most suitable method is the buckling for a simply supported diaphragm, which can be

described by the below equation.

Ny = k (D)°25 x (D))" /b2 5.5
Et3l
Px =125 5.6
El
_ y
Dy =—= 5.7

Where
N, is the buckling shear load per unit length
L is the length of the diaphragm
s is the total length of the diaphragm
t is the thickness of the diaphragm
I, is the Second moment of inertia/area of the diaphragm

E is Young’s modulus of the substrate
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The below Figure 5-9 can be used visualise the design and geometry of the diaphragm. The

labelled parameters have been then used to calculate s, [ and I,,.

< - >
_/ N
> “«—>

l
Figure 5-9 Simplified diaphragm design and geometry

The below equations 5.8 and 5.9 have been used to identify parameters for Easley’s equation.

s=2(a+b)+c=50mm 5.8

l =48.8mm 5.9

To complete the calculation of the buckling force, the second moment of area must the by
calculated. For this, the diaphragm was broken into six rectangular squares, where three are

used due to symmetry of the structure depicted by Figure 5-10.
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|
Figure 5-10 Diaphragm second moment of area assumption and breakdown

bd? 33X 0.23

x 2 = 0.004mm*

I, =

ba
I, = <— X (b2cos?0 + azsin26)> X 2 = 0.0146478mm*

12 5.11
bd® 38x0.23 .

IC = 12 = 12 = 0.0253mm 5.12

I, = I, + I + I, = 0.0585956mm* 5.13

With all unknowns calculated, it is now possible to calculate the buckling force for the

diaphragm.
Et31
EL,

l
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0.75
((0°% x (D,)")  973.546N
Ncr = 12 = S0mm = 19.471N 5.16

A small difference can be observed between the Timoshenko method and Easley’s method.
This has been attributed to the increased stiffness that has been included in Easley’s method.
These findings will be used to verify the simulation model of the preformed buckling
transducer, where the percentage error can be calculated. This identifies the error between

the two methods the below equation has been used.

19.471 — 18.228

Errory, = 18228 X 100 = 6.819% 517

The error observed between the two methods displays a 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 during buckling.

_AX gz XFEXt

D2 5.18
Vasiey = 60.7495V 5.19
Viimo = 56.8714V 5.20
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Where

F is the force acting over the whole element

t is the thickness of the piezoelectric element

J33 is the voltage constant for PZT-5A

Assuming that the piezoelectric element returns to its original position a half the energy is

lost during this process can be increased by 1.5 providing a peak to peak voltage for Easley’s

and Timoshenko’s methods of 91.124V and 85.307V, respectively.

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

implemented.

40nF x 91.1242
Egasiey = z = 166.072u]

40nF x 85.3072
Erimo = > = 145.546u]
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The result of the energy calculations highlights that a small difference in the actuation force
can lead to approximately two times the error in the energy calculation. Therefore, any model

developed to predict this behaviour much to be highly accurate.

5.4.2 Preloaded Buckling Element

To enhance the power output of a piezoelectric transducer, a curved structure must be
produced. In the case of this research commercially available piezoelectric transducers have
been purchased and cut to 25mm by 25mm squares around the piezoelectric material, using
a bespoke punch and die set. To create a curved structure, a clamping force is applied to the
plate. Initially, the structure is stable, however, when a critical force is achieved the structure
buckles into its first mode, as shown by Figure 5-11 a), the second buckling mode by b) and
the third c). To identify the critical force for the three different buckling modes, the Euler-
Bernoulli’s equation has been applied as shown by equation 5.28, where n is the mode
number. It should be noted that other buckling modes can only be achieved through webs
within the structure; therefore, this application will only focus on the first buckling mode for

a simply supported, pinned-pinned beam.

£ N &

Figure 5-11 Buckling modes (1,2 and 3) for a perfect slender beam
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Euler-Bernoulli’s equation can be used if the beam is a slender beam. This can be identified

using equation 5.24.

nL T2E
—_ 2 —_
r Oy 5.24
433.099 > 32.550 5.25
d3
— — 4
I = o = 0.00235mm 5 96
I
r= =
A 5.27

Where

k effective length factor that is determined by the clamping conditions

L is the length of the beam

b is the breath of the beam

d is the depth of the beam

I is the second moment of area

A is the cross-sectional area

r is the radius of gyration
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E is the elastic modulus

gy is the yield stress

b n’m2El
T (kly)? 5.28

Where
k is the effective length factor that for a simply supported structure is equal to 1

l, is the original length of the beam.

To achieve the first buckling mode, a compressive force of 16.66N must achieve this which

N

mm?2’

corresponds to 3.332 As the force increases, the 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 force is in-plane with the structure.

This said, the clamping force must be between 16.66N and 66.64N, or with a stress of

N_and 13.328-%

mm?2 mm?’

3.332

respectively to achieve the correct shape for the higher output

energy of the harvester.

Once an initial structure has been calculated the second stage of calculations can be
performed to identify the force needed to buckle the structure. For this, Timoshenko’s

method has been used [237] shown by equation 5.29 and Figure 5-12.
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Figure 5-12 Hinged- Hinged shallow arch with uniformly distributed load

The below Table 5-2 has been used to identify the critical buckling force for a hinged-hinged
arch the results of this shows the minimal change to the buckling force will be achieved from
increasing the height of the arch’s curvature. For additional comparison, this calculation has
been calculated for fixed-fixed in-plane loading using equation 5.30 with results shown in

Table 5-3.
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Table 5-2 Hinged- hinged loading of a shallow arch with uniformly distributed load

< = =
2 2 2 —_
< < < ©
S o
"6 @ k] S
®» E o E T E ] r
r £ e £ = E < Q
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
14 55.569 24.789 0.449 2.760
1.6 48.559 24.724 0.514 3.153
EIl [237]
Py = E(KZ -1)
5.30
K = 21.037 — 0.3224396 + 0.002440182 — 9.69329 x 10793 [237]
+ 1.94155 x 10789* — 1.53892 x 107119° 5.31
Nathan Counsell University of Hertfordshire Page 139



Table 5-3 Fixed-fixed in-plane loading of a shallow arch

3 S

] < —_

~— - Ee)

S ° g

< 5

hat ] < =

N - bl —_— Q ~
> o E E z
T £ £ < » c
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 from Table 5-2 and Table 5-3 show that the buckling force for this structure is

equalto 1.97N for a Imm increase in height. From this buckling data shown and the equations

5.18 and 5.21 the energy output of this form of buckling energy harvester. Table 5-4 visualises

visualises the power output of the system depending on the curvature of the harvester.

Nathan Counsell

University of Hertfordshire
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Table 5-4 Energy output of the preloaded buckling piezoelectric transducer

[J]

o & ° & °

Yy = x c x

£ e [ T -

T & 3 g '
- 4 £ g g 3
Y- c I (. - =
o — I L.
=] T & & b &
= o ) IS @ 0 o
.o o o = = o o
T o 2 S S e b
mm N N v v W w
0.6 1.184 0.555 2.012 28.314 0.081 16.034
0.8 1.578 1.317 4,774 37.750 0.456 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

5.5 Numerical Simulation

The use of computer-aided 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 computer-aided design (CAD), a structure or geometry can be
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 this work, COMSOL

Multiphysics 5.3a has been used. Once imported, the material properties and boundary
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conditions for the system are defined. Following this, the mesh should be defined. Mesh is a

critical aspect of any FEA study.

A mesh is made up of small domains. 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 critical aspects of geometry. Increasing the size or number of elements increases the
accuracy of 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 research, one simulation model has been produced, which 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 possible to predict 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 are required to enable a broad spectrum of
users. Previous studies have investigated the “snap-through” buckling of bi-stable systems.
This method of energy harvesting generates a single pulse of energy and occurs due to the
instability between the system switching phases. The scope of this work is to focus on the
mono-stable region, in which, bi-stable buckling beams return to their original position. The
use of this mono-stable region is an effective way to generate electrical power without
damaging the piezoelectric element. The theory behind the mono-stable buckling is that two

pulses of energy will be created equal to or greater than a bi-stable system. Furthermore, the
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use of low buckling forces will ensure that the piezoelectric elements are not damaged, with

the desire of ensuring that the harvesters have a long 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, thickness, Young’s modulus, Poisson’s ratio, spring stiffness, clamping

conditions, force application, mesh type and mesh size.

5.5.1 Preformed Piezoelectric Element

To create an accurate simulation model of the preformed piezoelectric element. 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 thin-skinned items such as the substrate of the
element, plastic containers or objects with complex surface profiles. The profile of the
diaphragm was modelled using lines and points (Figure 5-13). Following this, a revolve
operation was used to create the completed model (Figure 5-14). This was then saved as a .stl

file allowing it to be imported into COMSOL Multiphysics.
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Figure 5-13 Points and lines for the buckling piezoelectric element

Figure 5-14 Full revolved model of a preformed buckling element

A linearized buckling study has been performed on this structure to identify the critical force
needed to achieve 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 the diaphragm,

and the second step is an eigensolver that is used to identify the critical buckling load.
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This simulation works by solving for a stationary load known load (F) based on the stiffness of

the structure. The following equation can be used to identify

Where

K is the total stiffness of the structure

K is the linear stiffness of the structure

Ky is the nonlinear stiffness of the structure

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

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

(KL + /U(NL(XO))X = AFO 5.33

Where

A is the load multiplier

For the first step to be completed the equation must become singular, at this stage, the
displacement tends toward infinity. The value of F at this value is then used in the second
study step, where the eigenvalue problem can then be solved for A.
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(KL + AKNL(XO))X == O 534

The output of this study shows a value for A, which is a load multiplier for the load applied
given the boundary conditions. This is a factor to find the critical buckling force of the
structure. If A is larger than 1 then the applied load is smaller than the buckling force; if the
force is applied in the opposite direction A will become negative. Simply multiply the applied

load by A will provide the critical buckling load for the structure.

Boundary conditions for the preformed harvester show simple support on the internal ring of
the flange with a point load act in the negative Z-direction at the centre of the diaphragm

shown by Figure 5-15.

Ve B
2y

> X
Figure 5-15 Boundary conditions for the preformed piezoelectric element
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5.5.2 Preloaded Piezoelectric Element

Before gathering data and solving, computer-aided 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 this 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 generating a reliable 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 critical as the 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 the vertical drawing one,
intersecting the circle and to that are mirrored either side of this axis (Figure 5-16). 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 removed, leaving 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 with reference dimensions and controlled

dimensions.

Figure 5-17 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 keeping with a physical
specimen, where one was limited to 25mm. The above figures; Figure 5-16, Figure 5-17 and
Figure 5-18 demonstrate the geometry critical to the analysis. Various heights have been

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

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

The solver selecting used damped Newtonian method. This can be written as

fFU) =0 5.35

Where

f(U) is the residual vector

U is the solution vector

This method works by selecting an initial solution for U,. COMSOL then produces a linearized
model using U, as the linearized point. Giving the form of equation 5.36 for a Newton step of

6U.

Following this, a second iteration is performed that introduces a damping factor
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Uy =Uy+ AU 5.37

Where

A is a damping factor between 0 and 1

The next step is then used to estimate the error from the new iteration in comparison to the

previous. This is completed using the below equation 5.38

fWoE =—f(Uy) 5.38

Where E is the difference between the previous step, this enables a visualisation of the
convergence of the solver. If the error calculated is larger than the error previously calculated
the software continues to reduce the damping factor (A) trending towards zero and
recomputes for U;. 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 computation

will occur. If a smaller error is found, the computation moves 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 repeatability, all tests 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 supported in the 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 the X-direction, this setup can be observed from Figure 5-18.

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 direction is achieved creating both the snap-through at a higher input force, more
importantly, a snap-back motion desired for energy harvesting. It was found that if this
material is too stiff or the structure is clamped, it becomes too stiff and prevents a snap-back
motion that is most desired as shown by the below Figure 5-19, where the blue line shows
that a reduction in force to approximately 1.3N will result in the snapback of the structure.
However, with the orange line, a pulling action is needed of -0.5N is needed, meaning that no

return will be observed.

|

Figure 5-18 Imported model of buckling arc with boundary conditions applied
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Figure 5-19 Demonstrates how buckling force related to the stiffness of the structure. High
stiffness increased the buckling force, resulted in a bi-stable system, however with elastic
walls simply support, system is transformed into a mono-stable system, this can be observed

with the blue plot.

The simulation uses a 1Imm curvature height 25 X 25mm piezoelectric transducer. Following
the orange plot for which in this case is a ridged beam, it can be observed that the stiffness
of the structure is increased, this is attributed to the increased gradient prior to the critical
buckling force (0-0.5mm displacement). The first peak observed on the plot shows that critical
buckling force for the structure. This can also be observed to be more significant when the
stiffness is increased. Following this phase, a steep decline is observed (0.7-1.7mm
displacement). This gradient shows that the rate of the snap-through of the beam. If this is
too steep damage can occur in the piezoelectric element. The minimum point of the plots
shows the force at which the snap-back 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 the force 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 model, experiments have been performed on Silicone rubber
to identify the compressive properties which have then been used to inform the model

correctly.

Through integrating (operator intopl) the centre point for the given displacement of the
model it is then possible to identify the force being applied to the structure throughout 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 in-plane translation of the structure under load.

A nonlinear method for 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 constants can be used; initial damping factor, minimum damping factor
and restriction for the step-size update. The initial damping factor is the value used for the
first Newton method. This was set to 1.0E-4. The minimum damping factor is used to specify
the smallest allowable damping factor that is was set to 1.0E-8. Restriction of step-size 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 convergence 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 previously, the 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 while still 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 piezoelectric square element a.
12.5mm (4 elements) b. 2.5mm (100 elements) c. 0.625mm (160 elements) d. 0.4167mm (200

elements)

Using a 25mm model imported from CATIA V5 as a .stp file, a mesh convergence study was

performed using mapped mesh, where 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 15.625mm? to
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 equal, and the use of a
2D shell model allows a fast and accurate prediction of the structure’s behaviour under load.
It can be observed in Figure 5-20 that as the number of elements increases as does the
curvature of the structure, therefore, the higher the number of elements, the higher the

accuracy of the analysis.

The results of the study have been displayed below (Figure 5-21). It can be 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 repeatability of results, this is the number of elements
that will be used throughout the further studies to be performed on the curved buckling

beams.

Nathan Counsell University of Hertfordshire Page 156



3.5
Mesh Convergence (Force vs Displacement for 1mm

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

harvester.

5.6 Experimental — Introduction

To validate the numerical and simulated results, experiments have been performed that
collect data on the performance of the buckling piezoelectric element. For this, a tensile
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 25ST. This has 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 Keysight (Keysight MSOX3014T), due to the
speed that the signals generate a high sample rate of 1GHz was used this ensured a smooth
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.

Nathan Counsell University of Hertfordshire Page 157



The setup for the system involved using the tensile machine in compression where a bespoke
adapter was used to create the structures of the piezoelectric element and later actuate them

to generate power. This can be observed in Figure 5-22.
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Figure 5-22 Tensile machine testingﬂedui.br'nent

5.6.1 Preformed 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 second is the
data collection of the force needed 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, it was found that buckling piezoelectric harvesters

produced significantly greater amounts of energy than commercially available counterparts.
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However, most methods of creating a buckling structure are uncontrollable. Therefore, the
manufacturing method of pressing has been investigated to produce repeatable and

reproducible buckling structures that can be used commercially for energy harvesting. This

initial involved designing a punch and die shown by the below Figure 5-23.
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Figure 5-23 Punch anél die set up on tensile machine ready for forming

To form the piezoelectric elements, the top plate is removed; following this, the element is

placed ceramic side down into a milled hole with a tolerance of 0.1mm (Figure 5-24).

AR

Figure 5-24 Die Iaybut for clamping the piezoelectric element
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Once secure, the top plate is returned to its original position. Toggle clamps are then applied,
applying pressure to the element which prevents warping of the edges of the piezo. The
below Figure 5-25 shows 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.

Figure 5-25 a. Clamped piezoelectric element b. unclamped piezoelectric element

The procedure used to evaluate the optimised structure of the preformed piezoelectric
element involved pressing ten different elements to the same distance and rather than a
target load. Due to the speed of the operation 10mm/min, it was found that the use of the
micro switch set on the tensile machine would ensure safe and repeatable production of the

elements. The below Table 5-5 displays the findings of this experiment.
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Table 5-5 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 the structure transitions from its monostable
region into a bistable region, the energy store is significantly higher, this was observed from
ceramic being shattered and thrown off the brass substrate. In contrast, the monostable

region showed no signs of this even after 100 actuations.
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To further test the setup and the structures being formed tests were done at an elevated
temperature, using a heat gun and with various punch heads. The findings show temperature
does not affect the structure through heating, and that symmetry or a-symmetry make no
difference to the structures monostable region that has been formed. However, the use of a
sloped punch head such as the one shown in Figure 5-26 e. created a larger monostable

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

Figure 5-26 Punch heads used to press piezoelectric elements into monostable structures a.

original punch head with a missing notch to prevent solder damage b. male and female
forming cup c. two-notch symmetric punch head d. Three-notch symmetric punch head e.

Sloped punch head
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Having identified from Table 5-5 a region in which buckling can occur without damaging the
piezoelectric ceramic the experimental method has moved to identify the force needed to

actuate the buckling structure 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 used in Figure 5-24 was adapted, where the steel plate
was removed, allowing 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 was set to be
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 this, single capture and save had been set 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.

5.6.2 Preloaded Piezoelectric Element

To produce a valid numerical and simulation 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 element, and the third is on the power output of the piezoelectric element
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To identify the initial buckling force of the piezoelectric element the tensile machine used in
compression was used in conjunction with a bespoke grip that clamps the elements to ensure
that stay vertical and are comparable to the numerical and simulation methods as they show
in Figure 5-27. The tensile machine was used at 10mm/min, creating a quasi-static test to
identify the forces needed to actuate the 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 two steel rods to
guide the compression of the piezoelectric element. This experiment was repeated with and
without silicone rubber (Figure 5-27), to show the effect of damping the silicone has on the
initial buckling of the element. 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.

Figure 5-27 Pinned-pinned initial buckling setup using a bespoke holder and point load
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Once the initial buckling force was achieved, calibrated electronic callipers were used to
identify the height of curvature compares to its original position. It was this distance 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 and the power produced by the piezoelectric element,
the below set up used. It is an adapted vice that bolts to the tensile machine (Figure 5-28).
This ensures that the system stable, minimising and deflection in the holder. Through using
only one bolt, complete control of the clamping conditions can be achieved. An M8 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 play in the system. The holder is made of
aluminium with a slot insert for silicone rubber. This 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 lifetime of the element.
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Figure 5-28 Preloaded piezoelectric element clamping device for evaluation of curvature on

structural stiffness and power output.

The tensile machine was then used to identify the height of the flat piezoelectric element.
This acted as the datum to evaluate the height of the arch, and this was found to be more
reliable as the system did not move. Therefore the same systematic error was kept
throughout the experiments to reduce any statistical errors this was repeated with 20
different piezoelectric elements. The below results shown in Table 5-6 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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Table 5-6 Preloaded buckling piezoelectric element parameter optimisation arch height

Arch Height (mm)

Buckling method

0.0 NA

0.2 NA

04 Monostable (minimal)

0.6 Monostable (minimal)

0.8 Monostable

1.0 Monostable

1.2 Monostable (strong snap-through)
1.4 Monostable (strong snap-through)
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 elements, the power output of

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

5.7.1 Unmodified Piezoelectric Element

To understand the performance and efficiency of the new structures, an initial investigation
was conducted on the performance of unmodified piezoelectric elements. This will act as a
benchmark in which the other structures 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 been explored. Using the same experimental setup as the
preformed piezoelectric 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 the preformed piezoelectric elements, thus
providing a reliable prediction for the input energy. To identify the efficiency of the harvester,
this input energy has been calculated by integrating the area under the curve using the
trapezium rule this provides a more accurate prediction of the input energy to the system.
Equation 5.39 can be referred to as Newton’s method, and 5.40 is integral for force versus

displacement.

EMechanical(]) =F(N)xD (m) 5.39

5.40
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1.6
f F dx
0

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

machine’s plots shown in Figure 5-29.
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0 i . : . . ) ) ) )
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Figure 5-29 Flat piezoelectric element force vs displacement
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Figure 5-29, the average peak force of 79.38 +6.15N and displacement of 1.65 + 0.2 have been
identified. Subsequently, the input energy was calculated using equation 5.40. It was found
that the average input energy was found to be; 130mJ for the unmodified piezoelectric

element.

Errap in = 36.6926m] 5.41

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

the graph using the trapezium rule, which is equal to the energy in the system.
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With the input energy identified, the study continues with the identification of the 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 section, it is
possible to identify the amount of energy outputted by the unmodified 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 calculated from

the data presented in Figure 5-30.

60.00

>
5 y
®.4.00 -2.00 0.00 8.00
s
~ -20.00
-40.00
-60.00
-80.00

Time (s)

Figure 5-30 Open circuit voltage for ten unmodified piezoelectric elements

To calculate the power out the capacitance of the elements must be calculated; this was
achieved through the use of a multimeter that was set to read the capacitance of the
elements. Readings were taken at three different points on the 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 34.12nF 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 section, it is possible to identify the amount of energy

produced by the unmodified piezoelectric elements.

CV?  34.12nF x 1067
2 2

E = = 191.686y/ 5 42

Completing the calculations, it can be observed that 191.686 of electricity is produced. To

calculate the efficiency of the system the below equation 5.43 has been used.

Wour - 191.686u/

= U100 = ——— % 100 = 0.5229
Mrrap = 36.6926m) o

5.43

It has been found that this system has an efficiency of 0.522%, meaning that 99.4% of the
mechanical energy is lost. This is a very inefficiency system, and therefore any improvement

to the efficiency will increase the likelihood of this technology being adopted into the industry.

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

effect that a preformed diaphragm structure has of the actuation force for a piezoelectric
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element. This has been broken into three sections, and the first is simulation predictions
which have been made using COMSOL Multiphysics. The second part of this section is the
experimental results for the 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 chapter, a preformed piezoelectric
element with a 2mm height has been modelled, and simulated using 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 increasing height, the more force needed to actuate increases. Therefore, for
the largest yield of power, a preformed element closest to the bistable region will produce
the largest amount of power. Within COMSOL a linear buckling study has been performed
finding a critical buckling force of 20.487N is need for the structure to buckle. The image
below (Figure 5-31) was taken from the study. It is clear from this image that the two clamping
locations from the point load and boundary clamping conditions that this is the location of

the highest stresses in the structure.

Nathan Counsell University of Hertfordshire Page 173



Figure 5-31 Linear buckling analysis of a preformed piezoelectric element

Within this section, the buckling force for the preformed piezoelectric element has been
investigated. All testing has been performed under the previous section’s experimental
procedures. The results for the buckling force have been averaged out for each of the
actuations finding a consistent buckling force of 20.6N + 0.4N, shown by Figure 5-32. It can be

concluded that from these results that the forming process is highly repeatable and

consistent.
25
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Figure 5-32 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 0.55% (equation 5.44 ). This shows that
the simulation model used it highly arcuate at predicting the buckling force needed to

accurate the preformed piezoelectric element.

J— ve

Ua
6 = X 100 = 0.55%

5.44

Ve

Further to this, the efficiency of the system has been calculated. This is to identify if by
changing the structure of the piezoelectric element it is possible to improve the efficiency,
thus producing an increase in the power output in relation to the input energy. To identify
the input energy, equation 5.45 have been used. The results from the graph show a buckling

force of 20.6 £0.4N with an average displacement of 1.65 + 0.08mm.

Etrapin = 17.1141mJ 5.45

To verify this a second method shown by equation 5.45, which integrates the area under using
the trapezium method. This method is more accurate as the graph is highly non-linear, and

therefore a more accurate power prediction will be obtained.

During the capture of the buckling force, the voltage was also recorded where each element
was actuated ten times. The overlaying results in Figure 5-33 show very good consistency; this
once again shows the reliability of the manufacturing method for the preformed piezoelectric

elements. In total, an average peak to peak voltage can be observed of 183.76V + 1.3V.
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Figure 5-33 Open circuit voltage for the preformed piezoelectric elements
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Using this data, it is then possible to calculate the energy output of the piezoelectric element

shown by equation 5.46. 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.

cv? _38.180nF X 183.762

E =
2 2

= 644.416y/

5.46

From this, the efficiency of the system can then be calculated using equation 5.47.

w 644.416
out o 100 = 2+4164
W 171141m)

r’:

Nathan Counsell University of Hertfordshire
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Through altering the structure to a preformed diaphragm, it is possible to increase the
efficiency of the system to 3.765% from 0.522%. Furthermore, a significant increase in energy
output can be observed from 191.686 to 644.416). This means that for every preformed
piezoelectric element, it would take three piezoelectric elements to achieve a comparable

energy output. This is a significant step to achieving battery-less electronics.

5.7.3 Preloaded Piezoelectric Element

Within this section, the results and comparison to numerical calculations for the force needed
to buckle the preloaded piezoelectric element into its curved shape are presented. Following
the test procedures described in the previous section (experimental — preloaded piezoelectric
element), the following results were collected. The findings show that after 20 tests with
different elements, the initial buckling force of 16.533N can be observed with an error of +
1.14N. This can be found in the below Figure 5-34. The data was found to have an error of
6.89% this is acceptable due to the error associated with the load cell used on the tensile

machine.
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Figure 5-34 Initial buckling force averaged over 20 elements
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Figure 5-35 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 depicted in Figure 5-35. Therefore, it can be concluded
that silicone walls do not affect the buckling force associated with the structure; this is

because it does not affect the element’s stiffness.

To verify the work performed, a comparison of the experimental buckling force and numerical
calculation has been completed. Using equation 5.48, the percentage error 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

5 =2""E 100 = — 0.762%
Ty e 5.48
Where
v, is the observed value

Vg is the calculated value

0 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, Figure 5-36. 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

Nathan Counsell University of Hertfordshire Page 179



the snapback occurs this has been marked to identify the maximum stress produced by the

buckling structure shown by Figure 5-37.
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Figure 5-36 COMSOL Multiphysics results for 0.8mm arch preloaded piezoelectric element

350
.'.
300 X Buckling Stress .o
N 4
K."
250 Poly. (Simulation stress) '..,."
o
—~ 200 R*=0.9999 o ®
o .0
2 15 ®
5 ."'.....
= o
& 100 .__.-‘
X B
.o
50 L
.'.
-'.
0@
0 0.5 1 1.5 2 2.5 3
-50

Displacement (mm)

Figure 5-37 Buckling stress of a 0.8mm arch height preloaded piezoelectric element

The mono-stable buckling structure of the harvester generates significantly higher amounts

of stress upon actuation compared to the force applied. Therefore, equation 5.18 can be used
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to identify the voltage produced by the mono-stable buckling piezoelectric element, which
considers the stress applied to the piezoelectric material rather the force applied. The g33
constant has been taken from literature, which was found to be 24 x 1073 Vm/N [241, 242].
The stress used for this calculation has been taken from the simulated stress vs displacement
data shown in

Figure 5-37. A polynomial trend line has been fitted to the simulated data, equation 5.49, to
identify the induced stress as a function of displacement equation.

o = 23.231x%® — 80.817x2 + 188.04x — 0.0146 5.49

Where
x is the displacement of the preloaded piezoelectric element

o is the stress-induced due to buckling to the piezoelectric material

The results displayed in Figure 5-36 shows that the maximum displacement occurs at 2.11mm,
which corresponds to 255.699MPa of induced stress due to buckling. Therefore, the peak

voltage was found to be 53.1 V for the initial peak of the mono-stable buckling element.

933 . Oz 933 ,, Oy2
Sim — 2 . 2 5.50

Where

Cis equal to the measured capacitance of the piezoelectric element.
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t is equal to the thickness of the piezoelectric element

Through the application of equation 5.50, the estimated output energy of 112.87uJ has been
calculated. Simulations for 0.6mm, 0.8mm, 1.0mm and 1.2mm arches 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 elements. This can be

observed in Figure 5-38.
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Figure 5-38 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 section, the piezoelectric element was testing
at 0.2mm intervals, starting 0.2mm and concluding at 1.4mm any further increase in arch
height resulted in a bistable system and therefore was not of use for this study. The results
from the testing can be observed in the below Figure 5-39. 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 be a solid orange line 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 buckling behaviour can 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, the initial loading is nonlinear; this 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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Figure 5-39 Experimental force vs displacement data of mono-stable 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. This behaviour can be seen in Figure 5-39,
which shows the effect of arch height on force vs displacement characteristics of the buckling
structure. In order to predict the buckling load accurately, the following empirical relationship
has been developed. This relationship is nonlinear to due the use of hyper elastics silicone
walls. These walls deflect and change the profile of the graph. However, it does not change
the buckling force needed to actuate the structure. For this reason, a third-order polynomial
can be used to describe the buckling force of the preloaded piezoelectric elements. This can
be observed in equation 5.51, where the constants are equal to equations 5.52, 5.53, and

5.54.
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F=Ax3+Bx*+C

A = —11.483h* + 43.691h* — 58.238h? + 30.953h — 3.0729

B = 16.575h* — 71.066h3 + 105.1h% — 67.438h + 9.7827

C = 5.7706h* — 6.7593h® — 4.3901h? + 14.874h — 2.027

Where

x is the displacement at the centre of the buckling harvester

h is the arch height of the harvester

5.51

5.52

5.53

5.54

Using the above equations and the appropriate values of constants A, B and C has been

calculated and plotted in Figure 5-40. From this work, it 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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Figure 5-40 Predicted force vs displacement of preloaded piezoelectric element buckling

structures with different arch heights
Differentiating equation 5.51 yields the following expression

y = 34x? + 2Bx + C 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 critical buckling and return force of the
preloaded buckling structure, respectively. The points at which the lines cross the x-axis

signify the real roots. The below Figure 5-41 displays the first derivative of the buckling data.
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Figure 5-41 Plots of force vs displacement 1%t derivative for mono-stable buckling structures

with different arch heights

The real roots of the mono-stable preloaded structure of different arch heights have been
identified and listed in Table 5-7. Using the information obtained from the roots, it is possible

to calculate the buckling and return forces using equations 5.55, as shown in Table 5-7.
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Table 5-7 Buckling and return force calculations for the 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
1.5 1.006 3.384 7.616 -3.445
1.6 1.049 6.156 10.228 -60.769

Table 5-8 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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Table 5-8 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 technology for the user’s needs.

To identify the efficiency of the system the input energy has to be computed, this is done by
taking the distance to the peak buckling force shown by equation finding the roots following
this it has been verified by integrating using equation 5.41 results shown in Table 5-9 depict

the input energy using both methods for the various arch heights.
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Table 5-9 Input energy calculations for preloaded piezoelectric elements 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 the force data. This was repeated ten times per element,

with the averaged results displayed in Figure 5-42.
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Figure 5-42 Voltage output of different arch heights for a preloaded piezoelectric element

To create a predictive model for the power output for the preloaded buckling piezoelectric
elements, the following empirical correlations have been derived to predict the maximum

and minimum output voltages.

Vinax = 85.993h% — 330.39h% + 426.12h — 101.94 5.56

Vinin = 18 + 6.9 5.57

Where

h is the height of the arch between 0.4 and 1.8mm
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Using the above equations, it is possible to predict the power output of a mono-stable

buckling preloaded piezoelectric element as a function of arch height.

In Table 5-10, below the peak to peak voltages and error can also be observed for the differing
arch heights. Before testing a multimeter has been used to measure the average capacitance
of all ten elements, the findings show an average of 38.2nF this will be used to calculate the

output energy of the preloaded structure.

Table 5-10 Preloaded piezoelectric element voltage and energy output

Arch height Peak to peak 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 1.4 208.577

1.2 108.8 3.6 226.095

Using the information in Table 5-10, the efficiency of the system can be computed. Once
again, this will be completed using equation 5.45. The results for the efficiency of the system

have been listed in the below Table 5-11.
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Table 5-11 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 harvester can be significantly improved through this a combination
of the low buckling force need and the increased power caused by increase stress due to

buckling.

The below Table 5-12 has been used to compare experimental results from the work that has

been performed.
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Table 5-12 System efficiency and power output

Unmodified Preformed Preloaded
0.6 0.8 1.0 1.2
Trapezium rule (n) (%) 0.522 3.765 23.016 22.408 16.813 7.206

Energy Output (wJ) 191.686 644.416 94.663 170.568 208.577 226.095
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Chapter 6 — Conclusion

Summary

This chapter is presents concluding 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 low-cost commercial piezoelectric elements.
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6.1 Concluding remarks

Throughout this project, an in-depth literature review has been performed, to develop and
understand the unique ideas, applications and developments within the field of
piezoelectricity. This review commences with an outline of the history of piezoelectricity,
giving an insight into major contributors since its discovery in the 18™ century until the late
1990s. Following this, the review investigates the properties of piezoelectric materials where
an understanding of constitutive equations has been outlined, laying a foundation of
knowledge to the enhancement of piezoelectric energy harvesting (PEH) outputs. To further
develop upon this knowledge, an investigation into recent developments for PEH was
performed, identifying bi-stable systems as an excellent method for enhancing the power
output of a PEH through the use of buckling. This knowledge has led to the investigation and
development of the knowledge that a mono-stable buckling piezoelectric element is capable
of producing large amounts of energy without the need for push back actuation, increasing

the efficiency of the system.

This work initiated with the development of a preformed buckling structure. This was found
to generate large amounts of stress, thus increased power output. It was found that the
diaphragm shaped preformed energy harvester was able to create a mono-stable system that
produces three times the power of commercially available piezoelectric transducers.
However, it was found that this novel method of energy harvesting had a critical buckling load
that was high, reducing its industrial application. Further to this initial force, a significant noise

is generated that would not be desirable for most applications. On the other hand, this work
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demonstrated that increased efficiency could 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 harvester, a novel piezoelectric
preloaded piezoelectric element was produced. It was identified from work performed
previously and the literature that a preloaded element would involve little modification to
the piezoelectric transducers. Further to this, significantly more energy can be generated at
lower buckling forces and without damaging the piezoelectric ceramic. Further investigation
into this method of energy harvesting identified that the arch height plays a significant role in
the generation of energy and return snap for the mono-stable preloaded structure. An arch
that is too high generates a bi-stable system which requires a push back mechanism. In
contrast, a low arch causes the system to behave like a cantilever. Using the obtained
experimental data, it was possible to develop two equations that can be used to predict the
buckling force of a preloaded element and the power output of the buckling energy harvester.
The theoretical models have been verified using both experimental and numerical results.
Through the use of COMSOL, it was possible to generate a finite element model for a 25mm
square. These models were then run using various arch heights, giving an accurate prediction
of the buckling force and stresses generated in the mono-stable buckling structure. Using
established equations, it was then possible to predict the power output of a given geometry.

A single preloaded piezoelectric energy harvester how shown to increase the efficiency from
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0.522% to 22.408%. Furthermore, it is possible to stack the elements, enabling higher 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 used to convert the alternating
current to direct current. Through a review of existing work, it was determined that the use
of passive components would ensure that the circuits are simple and therefore easy to
implement into existing products and structures. Two circuits were identified; a full-wave
bridge rectifier and a voltage doubler. The tests performed identified that a full-wave bridge

rectifier allowed more energy to be captured.

Moreover, an investigation into the diodes used for this circuit was performed, once again
this was to ensure that the optimal amount of energy could be harvested from a single
actuation. It was found that Schottky diodes achieved this; this was attributed to the high
switching speed and low forward bias. Finally, storage capacitors where investigated. The size
and composition play a major part in how much energy can be captured and the time that it
is stored for. It was found that as the capacitance of the capacitor reduces more energy can
be stored; however, the time that it can be stored for also reduces. Furthermore, the
composition of the component changes these characteristics. From testing, it was identified
that a Tantalum capacitor stored energy for the longest period of time and size between 2uF

and 10pF provides a good trade-off for discharge and energy.
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Finally, through the course of this research, a patent has been developed and applied for. This
shows the novelty of the work performed and one published paper. “Powering lights with
piezoelectric energy-harvesting floors” published in Energy Technology [236] and one world
patent W02020095064A1: Improvements in or relating to energy generation in a

piezoelectric switch. Published in May 2021 with a Priority date 09-11-2018.
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Chapter 7 — Recommendations

The presented research work has opened new avenues into piezoelectric energy harvesting,
which provides an opportunity to replace disposable batteries within low power electronics.
To continue this research, optimisation of the hyperelastic wall can be performed. The
purpose of this work is to relate the wall stiffness to the curvature of the harvester. It was
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 harvesters, it was
found that stacking piezoelectric transducers generated significantly more energy. Simulation
and experimental work can be performed on multilayer stacked piezoelectric transducers,
coupled to the electrostatics module of COMSOL. The behaviour such as buckling force and
power output can be identified for various arch heights, geometries and hyperelastic

materials.

Finally, an investigation into an ultra-low energy radio transmitter circuit can be performed
to develop a battery-less 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
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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-
panies, leading to encrgy-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 pessibility of extracting 5W by using
pizoclectric shoe imserts Nin etal. estimate the useful
cnemgy available at n.d—lIstcp".'?] 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.
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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 piezoclectric 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.™

Tnvestigations 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 FVDF-hased modules™ Motable efforts have
been conducted in developing electromagnetic energy-har-
vesting tiles ! For energy-harvesting stairs, a study has been
proposed by Puspitarin " 1t 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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Figure 7. 3) Signal of the tle after inserang an 18 mm wooden skab for more
efficent actuation; b) 10 uF capacitor 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 Istep 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

Energy Technol. 2018, 6, 906 916
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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.

150
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-1 . . .
] | 1 3 +
Time (s

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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Elscirical ouipul Top plate: Hulding plabe

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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Figure 16 Fram left o rignt: flat, formed, and precut plezoelecnc eements.

custom-made thin holder. It has been observed that under
these conditions the piezoekectric element buckles, as pre-
sented in Figure 17. By doing so, it becomes bistable, thus al-
lowing multiple actuations, each followed by self-return to
the initial position. In short, the pre-loaded square cements
exhibit similar behavior to the formed elements, with the
added benefit of much reduced surface area and mechanical
noise. Indeed, the spapping of the formed membranes was
accompanied by a clicking sound, wheress under the new
conditions the sound was not perceptible anymore.

Having the new configuration in place, we measured the
enengy generated per piezoelectric element, and we com-
pared it to the previous cases. As before, the comparison was
achieved by observing the loading of a 10 pF capacitor with
one actuation. The results are summarzed in Figure 18,

Plezoelectric
element

Hanldnr

Figure 17. Schemaic section of 3 peioaded pizoelectric. An internd pre-
loading mechanism induces buciding in the inmially flat square element. In

use, te force s d from the top.
4 b [ Onginal piezeleciric ; }
i- = Foemid piczosiecinic
0 | Preloaded piczoclectric |
o ML L LS
%3 st
g i
E - |
w2t 1
- 30 '
'@
&
="
G
(' 1

[[X] 06 08 |
Narmalized tima

Figure 18. Gapactor bading with one pess for 3 ypes of piezosleancs.
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The original piezoelectric loaded the capacitor to 12V
level, and the preformed device to 30 V. In tems of stored
energy this is a 5.7 times increase. The preloaded piezoelec-
tric charged the capacitor to 4.0V, which is an increase of
103 times that of the original element. Given that the sur-
face area of the preloaded piezoelectric is 3.14 times smaller,
this translates into an increase in epergy of 32 times per unit
arca and per activation. This design was then investigated
further to fabricate a new generation of energy-harvesting
devices for stairs.

Upgraded energy-harvesting devices for stairs

A new design for enmergy-harvesting devices was then pro-
posed for wsing preloaded piezoelectrics. Fifty-six piezo ele-
ments were asembled together onto a machined aluminum
holding plate. They were separated into two parallel lines
each ane preloaded laterally before use. The resulting device
is presented in Figure 19. A commercially available alumi-
num stair posing was used as a top plate to actuate the
piezoelectric elements. It was covered with white plastic
strips for slip resstance and visual contrast purposes. End
caps were wsed to hold all the parts together and stabilize
the structure.

Figure 19. Energghaneting st nosing mounted on 2 step. The aluminum
stir nasing acuates peloaded pierndectrics placed underneath (not visble
on the image). End caps sabize the staucure.

The overall dimersions of the prototype were 40 cm x
9cmx L35 cm. The 135 am total fitted thickness is composed
of the thickness of the active part (85mm) and top alumi-
num nosing thickness (5 mm). The ncsing riser is 32 mm
high, and contains the LED in the middle. The latter lights
the step below when the device is activated.

Capacitor loading through a diode bridge with the new
prototype is shown in Figure 20. Given the increase in gener-
ated energy. a 47 pF storage capacitor was used. The voltage
on it reached 27.5V per activation, which comesponds to
17.7 mJ of electrical energy. This is a 7.3 times increase com-
pared to the 50x50 cm® tile with a wooden slab actuator in-
corporating the same number of piezoelectrics The energy
density per unit area ako increased by 51 times, reaching
049 Jm™,
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Figure 20. Chasging a 47 uwF capaotor with a dewce based on preloaded pee-
Toeleciris. A storage voltage of 275 Y was mached, oomegponding in
177 m| afelecirial snegy

The emergency light owtput was tested with the new
device. To do =0, it was connected to the white LED present-
ed previously through the power management circuit and a
series resistor of 12k The output voliage of the circuit
was regulated to 3V, with the nominal threshold voltage of
the LED heing 2.5V, As a result, 1006 seconds of light at
emergency levels were gencrated per activation, as depicted
in Figure 21a. A photograph of the light beam during use is
shown in in Figure 21h.

0.5
04
> - -
g oA kG s
—Euz
g
0.1
i .
o 5 10 15
Time /&
Al

FULL PAPER

emergency lighting. To achieve this, it was necessary to im-
prove the power output and energy density of the existing
piezoclectrics by forming or preloading. A design of experi-
ments process was conducted at each stage to determine the
best conditions for the performance of the active elements
Each of the two kinds of stair nosing prototypes is the prod-
uct of an iterative design process aimed at increasing the
energy output while reducing complexity and cost.

The final device design, as presented in Figure 19, is com-
posed of parts that can be manufactured by extrusion, nearly
idenmtical to the ubiguitows ahimimim stair nosings. Therefone,
adapting the devices to the width of a given set of stairs is as
casy as cutting to size. Imternal electrical interconnmections
are scalable as well, the only varying parameters with size
being the number of piezoelectric elements and the assembly
Hme.

Further optimization steps are possble to enhance the
latter. Indeed, the 56 piczoclctrics used have been integrat-
ed individually into the assembly. To decresse this mumber,
langer shapes could he fabricated for our particular wse.

The picroelectric elements used in the present work have
an affordable cost that can be further reduced through the
economy of scale. They are approximately 30 times cheaper
than the state-of-the-art piczoelectric ceramics wsed for ac-
tuation in precision applications. In their unchanged flat disc
shape, the piezoclectric elements used in the present work
show a convemion efficiency of a few percent
State-of-the-art ceramics are expected to have effi-
ciencies of up to 14%, based on their coupling fac-
tors, but are penalized by the high cost and some
degree of fragility. The optimization methods wsed
in the present work allowed the efficiency of our
piezoclectrics to be incressed without having the
negative impact of increased cost. It is estimated
that forming alone can increase efficiency by up to
11%, this reducing the gap with state of the art
materials,

As mentioned previously, the energy-harvesting
modules are connected to a power-management cir-

Figure 21. Light output with an enhanced stair nosing: a) wolage on the senies msistor of

the L ED after ane acthation of the energphanesting stair nosing. The square pulse core:

sponds io 1006 s of current and S kight cutpui; b) photograph of the light beam as ob-

cuit that inchades a rectifier and a voltage regulator.
As in every case the active energy-harvesting layer

serred in a dark emsironment.

As the current intensity is the same as that observed for
the demonstrator based on formed piezoelectrics, it is safe to
say that we observed an increase of 12 times in lighting dura-
tion, up from 0.9 s recorded previosly.

Work has also been conducted on a multstep system capa
ble of tracking the user and lighting the necessary treads in
fromt of them. Details on this system will be revealed at a
later stage.

Discussion
The demonstrators and results presented here prove the via

hility of energy-harvesting stair treads as a solution to power
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will he surrounded with an underlay for thickness
matching, the power-management circuit can be
comveniently housed inside the latter.

It is worth mentioning here that the energy our
devices recover from steps is available for wse immediately.
As they do not rely on inertial phenomena for temparary
energy stomage, the electrical energy builds up on the storage
capacitor simuhancously with the user's steps on the tread.

Also, any force applied to our active nosings will result in
energy generation. This means that the present devices cater
for a large number of users. There are however good reasons
to have a threshold force mequired to obtain light output
The power management circuit consumes a part of the
charge to hecome operational, and the threshold force pe-
quired to achieve this must be measured and added to the
operational parameters of the devices. As it stands, an aver-
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age wserT generates enough energy to trigger an LED with
case, which indicates that the threshold force is rather low.

As compared to existing electromagnetic energy-harvest-
ing tiles, the devices developed in the present work are much
thinmer: 1.35 em total thickness, as opposed to T-10cm for
devices available on the market. Although not verfied by
the authors, the efficiency & expected to be higher for the
latter, given the use of electrom agnetic conversion.

An advantage of the demaonstions developed here is that
they do not use mechanical aids to help the piezoelectric
components return to the initial position after step pressure
is released. Thi is performed through boundary condition
control, which smplifies the device design, thereby reducing
the mumber of parts and failire sources.

It i= worth noting that the devices are to be subjected to
fatigue testing. The flat piezoclectrics wsed initially exhibit
excellent fatigue resistance, as presented previously, Similar
tests must be performed on the latest devices to monitor the
behavior of preloaded piezoelectrics and validate them for a
large number of cycles Validation for a small number of
cycles has been peformed though, with no detectable
change in performance over 500 activations.

Another discussion point is regarding the units and quanti-
ties used in the present work. Energy is prefemred to power
because wser's steps are discrete events, as is apparent for
the energy-haresting devices. Indeed, there is no predefined
step frequency at which a harvester will be actuated, because
local foot traffic can vary ina large interval, as shown in the
bsy cornidar study. This mativates the authos to analyze in-
dividual events and the potential wes of the energy generat-
ed per event. In case the reader would like to estimate the
power production for comparison purposes, it is enough to
picture an environment and multiply the energy generated
per sep by the frequency of steps. For example, on a stair-
case fitted with the latest devices a wser will generate
17.7ml per step. If they walk at a pace of one step per
second, the resulting power will be 17.7 mW.

Conclusions

The present article describes the mesearch journey towards
the fabrication of stair devices capable of harvesting energy
from steps to power emergency lighting. The first demonstra-
tor was a 50«50 cm® energy-harvesting tile, capable of gener-
ating up to 24 mJ of electrical energy per step when fitted
with a rigid top. It incarporates commercially available circu-
lar piezoclectric elements These show excellent fatigue re-
sistance, meaching 10million compression cycles without
decay in performance. It was observed that forming the cr-
cular piezoclectrics under controlled conditions improved
the energy output by 5.7 times.

A mew device was built to capitalize on this It is a 40 cm =
6 em rectangular harvester, to be placed under a stair nosing.
The device was fitted into a demonstration staircase with two
steps and an additional riser with an embedded LED: The
harvested energy was fed into & custom-made power man-
agement circuit that produces a regulated voltage for the
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LEDI. The harvester generated 0% s of light at emergency
levels upon activation.

Further optimization was performed on the piezoelectric
elements by cutting out the active part and subjecting the ne-
sulting shapes to lateral loading. This increased the output
energy 103 times compared to the initial circular elements
As the surface area of the new shapes is 3.14 time smaller,
this translates into an increase of enemy density per unit
area by a factor of 32,

An additional new device was built wing this finding. Tt
was composed of an active layer containing preloaded piezo-
electric elements, activated by a commercially available stair
nesing placed on top. An LED was embedded in the middle
of the nosing fser to light the surface below. The footprint
of the device was 4l em=%cm, for a total thicknes of
135 mm, with £5 mm for the active layer. This device gener-
ated 10u6s of light per actuation under the same conditions
as the previows prototype, bringing a factor of 12 increase in
light output.

Future developments for the present technology include
the optimization for quicker assembly, fatipue testing, and
live deployment.

Experimental Section

Throughout the present work care was taken 1o measure the ple-
aoelectric signak or voltage on the capacitos being charged
wming high-impedance probes. This 18 necessary became of the
high output impedance of the plezoelectric elements oF assem-
blies. To mimmize the impact on the measurements, 10 MLQ
probes were wed in all ex periments.

A buffer cirewit was also tested for ksales measuements. Al
though the creuit has a very kigh input impedance, it does not
allow hgh input voltage, and thies was not wed for the measure-
ments presented here. This is a suitable tool for observing the py-
roelectie effect, which &8 outside the scope of the present work.
Fatigue testing was performed in a room with controlled amixdent
temperaiwne dedicated to mechandeal tesis. The plezoelectric
output sgnal was reconded wing a Pleo serdes oscillscope, al
lowing waveforms to be stored for a large number of cycles. In
the test procedure, the pezoelectric membramne {8 indtially actwat-
ed to a deflection of (L5 mm. Cyelic deflection with an amplitude
af (L5 mm was then performed around this point, for a peak-io-
peak center deflection of 1 mm. The data sampling rate was ad-
justed to 400 samples per second: this 45 the mindmum reguired
for a comect reading of the peak-to-peak voltage amplitude, to
decrease the amount of recorded data points and increase the
number of recorded cyeles

Memumements of force during gait were performed using an
force plate (AMTI)L The wer under olservation was given
emough space o reach thelr nomal walking speed before step-
ping onto the force plate. They were also allowed to take a few
additional steps afterwards, before slowing 1o a stop. A seres of
several tens of measurements were performed for the left and
right foot, mespectively, with representative samples shown in
Figure 1.

People counting in a busy comidor was performed wsing an Axds
M3 network connected camera, and the data wene stored on a
pemaonal computer. The camera was installed in the celling on a
lighly wed, straight portion of 8 univesity corddor.
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power low-power circwits such as radio transmitiers, allowing for
scamless integration with existing smart devices. In addition. the
sysiem benefits from battery less operation, climinating the need
for regnlar battery manterance and replacement s well as end

of life recycling. An emergy harvesting system is provaded com—
prising ) an cnergy harvesting matenial which generates energy

when deformed or moved from a first pasition 10 a second posi—
tion: and b) an coergy gencrator support which has first and sec -
ond monmting supports between which the energy harvesting me -
terial 18 d 1 1l fisst p wheremn the fisst and second

mounting suppons cach have an imernal surface and the interml

surfaces arc cach provided with a layer of a resilicd marcrial and

a layer of a non-resilient material wherein the layer of the non-

resilient material engages the encrgy barvesting material.
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