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ABSTRACT

Flexible PVDF-TrFe Piezoelectric Energy Harvesters for Structural
Health Monitoring Applications in Wind Turbines
Berkay Kullukcgu
Master of Science in Mechanical Engineering
August, 2022

The field of microelectronics has made tremendous advancements, resulting in the
emergence of various electronic devices that have become commonplace in daily life.
The continual advancement of energy harvesting technologies has reduced these
devices’ cost, size, weight, and power needs therefore, the formation of distributed
environments, has been made feasible as a consequence of this. The existing energy
storage capacity continues to be the major factor in determining the size, mass,
and cost of modern electronic equipment. This is because the rate of technical
advancement is substantially slower than in the past. Batteries typically lead people
to be worried about the influence that their disposal has on the environment as well
as the feasibility of replacing them in systems. Because of this difficulty, there
was a substantial growth in interest in the solutions of energy harvesting, which
are predicted to address the challenges that are brought on by the energy sources
utilized in electronic devices. This thesis introduces a flexible piezoelectric energy
harvester that could be used for monitoring structural health.

Recent energy costs and efforts to reduce emissions necessitate advancements in
renewable energy technology. Due to the inability to use sensors in harsh environ-
ments, modern wind turbine instrumentation is expensive and frequently employs
indirect measuring techniques. Health monitoring technologies for the establishment
of a distributed sensor network can be used to increase productivity and reduce emis-
sions while ensuring safety. The most recent SHM systems have low-power sensors
and wireless communication components, both of which can be powered by the out-
puts of energy harvesters. It is possible to obtain energy from the environment
around autonomous sensor systems, which can then be used to power the systems.

In the thesis, a flexible piezoelectric wind energy harvester will be presented.

The piezoelectric sensor layer was constructed with polyvinylidene fluoride- trifluo-

v



roethylene (PVDF-TrFE). Fabrication, characterization, and modeling of piezoelec-
tric energy harvesters (PEHs) will be discussed. Two different piezoelectric energy
harvesting devices were designed and compared. The output voltage and current
characteristics were analyzed in a wind test apparatus. The electrical, mechanical,
and chemical properties of the PVDF-TrFE material were examined. The harvester’s
output power and current values were sufficient to power a MEMS pressure sensor
with a maximum of 291.34 pA for current and 937.01 mV for voltage under wind

pressure, resulting in a power value of 272.99 pW.



OZETCE

Riizgar Tirbini Yapisal Saglik Kontrol Uygulamalari i¢in Esnek
PVDF-TrFe Piezoelektrik Enerji Hasatcis1
Berkay Kullukgu
Makine Miihendisligi, Yiiksek Lisans
Agustos, 2022

Mikroelektronik cihazlar, giinliik yagsamda siklikla kullanilmaya baslanan cok sayida
yeni elektronik cihazin son yillarda piyasaya siiriilmesiyle sonuclanan muazzam bir
ilerleme kaydetmigtir. Enerji hasadi teknolojilerindeki stirekli geligmeler cihazlarin
maliyetlerini, boyutlarini, agirhiklarini ve gii¢ gereksinimlerini azaltarak kablosuz
sensor aglart gibi daginik sistemlerin olugturulmasina yol a¢cmigtir. Bununla bir-
likte, mevcut pil teknolojisi yavag inovasyon hizi nedeniyle mikroelektronik ciha-
zlarin oOlcegini, agirhigini ve maliyetini belirlemekte en onemli etken olmaya devam
etmektedir. Piller, ¢evresel etkilerinden ve daginik veya gomiilii sistemlerde pil
degistirmenin zorlugundan dolay1 ¢oziilmesi gereken bir problem olarak mikroelek-
tronik cihaz tasariminin oniinde durmaktadir. Bunun bir sonucu olarak, elektronik
cihazlarda sabit kapasiteli enerji kaynaklarinin neden oldugu sorunlari ¢ozmesi bekle-
nen enerji hasadi teknolojilerine ilgi duyulmaya baglanmigtir. Bahsedilen problem-
lere ¢oziim getirmek amaci ile bu tezde, yapisal saglik kontrolii uygulamalar: i¢in
bir piezoelektrik enerji hasatgisi (PEH) ve 6zgiin tiretim akigi sunulacaktir. Proje
hedefi, geligtirilen 6zgiin fabrikasyon akisi ile PEH’i elektrik karakterizasyon test-
lerinden gecirmek, paketlemesini ve elektronik entegrasyonunu saglamak ve PEH’in,
cihazlarin igerisinde bulunan pillerin 6émiirlerini uzatacak fayda sagladigini, testler
sonucunda alimacak degerler ile gostermektir.

Giintimiizde enerji maliyetlerindeki artis ve daha diigiik karbon emisyonuna olan
yonelim, yenilenebilir enerji teknolojisinde ilerlemeleri zorunlu kilmaktadir. Zorlu
ortamlarda bir¢ok sensortin kullanilamamasi nedeniyle, son teknoloji riizgar tiirbini
enstrimantasyonunun maliyeti yiiksektir. Bu enstriimanlar ile birlikte dolayh
olgiim prosediirleri kullanilmaktadir.  Giivenligi saglarken verimliligi artirmak
ve emisyonlar1 en aza indirmek igin, dagitilmig bir sensor ag ile birlikte yapisal

saglik izleme yontemlerinden yararlanilabilir. Yeni yapisal saglik izleme sistemleri,
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enerji hasatcilarindan elde edilen enerji kullamilarak caligtirilabilen diisiik giicli
sensorler ve kablosuz iletigim bilegenleri icermektedir. Bagimsiz sensor sistemlerine
gli¢ saglamak icin ortamda halihazirda bulunan kaynaklardan enerji elde etmek
miimkiindiir.

Bu tezde esnek bir piezoelektrik enerji hasatcgisi sunulmustur. Piezoelektrik
sensor katmani icin, polivinilidin flortir-trifloroetilenden (PVDF-TrFE) kul-
lanilmigtir. Tezde piezoelektrik enerji hasatc¢ilarinin; fabrikasyon, karakterizasyon
ve matematiksel modelleme kisimlar1 agiklanacaktir. Iki farkh piezoelektrik enerji
hasatcisi tasarlanmig ve farkli parametreler ile karsilastirilmigtir. Bir riizgar testi
diizeneginde cikig voltaji ve akim karakteristikleri incelenmigtir. PVDF-TrFE
malzemesinin elektriksel, mekanik ve kimyasal ozellikleri incelenmigtir. Hasatginin
sagladigi maksimum gii¢, akim ve gerilim degerleri riizgar basinci altinda sirasiyla
272.99 uW, 291.34 pA ve 937.01 mV’dir. Bu degerler riizgar tiirbini yapisal saglk
kontrol uygulamalarinda kullanilacak bir MEMS basing sensoriinii ¢aligtirmak igin

yeterlidir.
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Chapter 1

INTRODUCTION

1.1 Introduction

Microelectronics’ inclusion and rapid development have profoundly impacted human
society in recent decades. The widespread availability of intelligent electronic de-
vices paved a way for a surge of varied applications that may improve one’s quality of
life in a variety of different ways. Concurrent advancements in microelectromechan-
ical systems (MEMS) technologies have resulted in improved device performance
with reductions in size, cost, and the amount of power they use. Together with
advancements in the capacity of wireless transmission, the tendency toward devices
that are both smaller and inexpensive makes it feasible to establish distributed net-
works. Such networks have the potential to serve a variety of functions. Observing
temperature, light, and the position of individuals in commercial properties to regu-
late the environment in a manner that is more energy-efficient, detecting dangerous
chemical agents in high-density areas, monitoring the formation of fatigue cracks on
aircraft, monitoring the speed and pressure in vehicle tires, and a great deal more are
all examples of the many applications of this technology. Numerous experts believe
that very low-power embedded electronic devices will become ubiquitous, performing
tasks ranging from factory automation to entertainment. However, the performance
of such new advancements is reliant on the availability of reliable sources of energy in
the near future. Batteries and other types of energy sources that have a set capacity
present a number of challenges due to their cost, size, and longevity.
Microelectronics has progressed significantly, resulting in an abundance of inno-
vative electronic devices that have become ubiquitous daily. The price, dimensions,

weight, and power needs of these devices have all been steadily lowered due to con-
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tinuous advancements in MEMS technology, which has made it possible to construct
distributed systems including WSN [1]. The current battery technology has restric-
tions on the devices’” maximum size, weight, and cost because of the substantially
slower pace at which it advances. There is a great deal of uncertainty about both
the effect that used batteries have on the nature and the practicability of finding
alternatives to using them in systems. Because of this problem, there seems to be a
rise in interest in the development of energy harvesting technologies, that are pre-
dicted to resolve the issues that are brought about by the usage of energy sources
in electronic devices [2]. Sensors, actuators, transmitters, receivers, and processors,
all highly integrated intelligent electronic devices, have paved the way for various
new life-improving applications. The development of technology known as micro-
electromechanical systems, or MEMS, has led to improvements in the functionality
of electronics along with reductions in both size, cost, and amount of power they use
[3]. Distributed systems were made possible by the ongoing trend toward smaller,
less expensive equipment and advancements in wireless communication [4]. These
networks have the potential to be utilized for various purposes. Examples of po-
tential applications include detecting hazardous chemical compounds in high-traffic
areas and measuring tire acceleration and pressure [5, 6]. Various industry profes-
sionals believe that very low-wattage embedded electrical equipment will soon be an
essential component of our day-to-day lives, performing various activities ranging
from the automation of factories to our entertainment needs [7].

Despite this, the effectiveness of these emerging technologies is dependent on
the accessibility of reliable sources of energy. Cost, size, and duration are issues for
energy sources with fixed capacities, such as batteries. This research is based on
energy harvesting, an alternative approach to addressing these challenges. The most
recent iteration of structural health monitoring (SHM) systems incorporate low-
power sensors and wireless communication components fueled by energy harvesters’
outputs [8]. Energy can be extracted from the immediate environment to power
autonomous sensor systems [9].

SHM integration into wind energy systems is a lucrative application for demon-

strating SHM technology in general [10]. The components that must be inspected
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are large and difficult to inspect. During operation, wind turbines are subjected to
intense and complex wind loadings; therefore, evaluating their dynamic responses
to wind loads is desirable due to the possibility of fatigue and the desire to better
comprehend the turbine’s response [11]. In addition to fundamental condition assess-
ment, monitoring may contribute to more efficient turbine operation. Wind energy
harvesting has a limitation known as the ”Betz Limit” (in practice, a multiplier of
0.593 (16/27) is applied to the maximum deliverable power), which is illustrated in

Figure (1.1) as a maximum threshold for harvestable wind power.

o
—
=

401 Blade diameter: 30 cm /| ===~ Wind Power
’ Betz Limit

Power Delivered (Watt)

Wind Speed (m/s)

Figure 1.1: Betz Limit restricts the maximum wind power a fan propeller can deliver.

SHM can be performed with vibration-activated transducers because vibration is
a common occurrence in nature. In recent years, there has been a great deal of inter-
est in vibration energy harvesters employing piezoelectric transduction mechanisms
due to their higher power density, ease of application, and scalability [12]. In situ-
ations with no fixed vibration, wind vibration powers piezoelectric harvesters. This
thesis describes a piezoelectric energy harvester device dedicated to SHM in wind
turbines by providing the necessary power for electronic devices through vibrational

energy harvesting.
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1.2 Energy Harvesting Phenomenon

In the 21st century, the method of energy harvesting has emerged as one of the
most promising new fields of study and development. It refers to the collection of
heat-losing energy from the environment. Differentiating energy harvesting from
other renewable energy sources can be defined as collecting locally available natural
energy for local use [13] . In most cases, it includes systems that have anything
from nanowatts to hundreds of milliwatts of power. At these power levels, wireless
devices make up the majority of the applications that are being used. Energy
harvesting may or may not be applicable to certain devices depending on the kind
and amount of energy available in the surrounding environment as well as the size
limits. It has been proved, for instance, that the energy that may be harvested
from body movements is often inadequate to power computers or cell phones, but
that it is possible for a wide range of wireless sensors. When considering energy
harvesting as a potential solution, it is also crucial to assess whether batteries,
the most common kind of power source for wireless devices now in use, can match
the criteria imposed by the particular application in question. There are many
other possible sources of energy that may be collected such as motion and heat.
There are three different transduction processes that may be used for the motion:
piezoelectricity, electromagnetic induction, and electrostatic induction. In order to
generate energy, harvesters make use of the Seebeck effect, light harvesters make use
of the photoelectric effect, and chemical harvesters are able to make use of a wide
range of chemical processes that take place on the surface of the electrode.

Energy harvesting, also known as energy scavenging, is the method of extracting
energy from the environment and transforming it into usable forms, such as elec-
tricity. The energy may either be used right away or saved for use at a later time.
The process of energy harvesting includes the collection of insignificant quantities
of ambient energy that would be lost or left unused. It is yet too early to classify
the process of energy harvesting as a fully evolved technological technique. It is not
the solution to all of our energy problems. However, it has tremendous potential for

powering low-power electronic devices.
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1.3 Energy Harvesting Methods

Potential energy is being squandered all around us at any given time. Radio and
Wi-Fi signals are continually surrounding us due to the abundance of electronic
and mobile gadgets, for example. Our environment is rich in potentially usable
energy that could power our electronic devices if captured and stored. Additionally,
forms of lighting, heating, sound, or vibrations can all be examples of ambient
energy representations. For instance, most power plants worldwide use turbines to
transform thermal energy into mechanical energy [14]. The generation of electrical
energy follows this. This process is highly inefficient, with over two-thirds of the
energy input lost to the environment as heat and only one-third of the energy input
converted into usable electricity [15]. Potentially, energy can be extracted from any
of these sources, although not all are technologically feasible.

According to the type of energy source, there are a variety of energy harvesting
technologies. In their most basic form, nevertheless, all energy harvesting systems
are comprised of three primary elements: a source of energy; an interface circuit that
draws the maximum energy possible from the sensor and converts it into a form that
is appropriate for the application; a transducer that transforms the source’s ambient
energy to electricity; and a load, which may be comprised of electronic devices that

make use of the energy that has been harvested [16].
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Figure 1.2: Widely used energy harvesting methods.
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Photovoltaic cells are widely used to harvest solar energy. In order to convert
light into energy in a straightforward manner, photovoltaic cells take advantage of a
phenomenon known as the ”photovoltaic effect.” The creation of an electric current
is the result of the photovoltaic effect, which is simply the act by which photons,
the primary constituents of light energy, stimulate electrons to higher energy levels.
Crystalline Si cells, thin-film cells, and junction cells are widely used PV cells. Solar
cells are typically expensive. LEDs and photodiodes can be used instead of PV cells
to harvest light energy and power low-power devices such as [oT devices. LEDs are
relatively less expensive than photodiodes, but photodiodes provide more energy.
Utilizing piezoelectric transducers, we harvest kinetic energy. Piezoelectric trans-
ducers convert the kinetic energy from vibrations, sounds, or motions into electricity.
The transducer converts the kinetic energy into an ac source, and this current is then
conditioned before being stored in either a thin-film cell or a supercapacitor. The
vibration of a solid body can be induced by several variables, including uneven mass
in a mechanism and structural wear and tear, and it can occur in practically all dy-
namical systems. Some of these factors include: Both the damping constant and the
natural frequency are characteristics that can provide a concise description of the

behavior of any individual system [17]. When researching the dynamic properties
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of a vibrating body linked with energy harvesting, it is common practice to use a
lumped mass-spring system with one DOF [18]. The examination of the system’s
linear response is made more accessible by the fact that there is just one degree of
freedom. The cantilever construction with a mass at the tip is the one that is used
for piezoelectric energy harvesters the vast majority of the time.

Photovoltaic units and wind turbines are some most known energy harvesting
devices. Micro integrated electronics rely on energy harvesting devices that gather
milliwatts of energy from sources. Micropower energy harvesters may extend the
life of batteries in retail, industrial, and healthcare applications where battery re-
placement is hard, costly, or impossible. Proper design can replace batteries with
energy-harvesting devices.

Virtually every electrical system emits heat. This accounts for a significant por-
tion of the energy that is lost. The Seebeck Effect is the name given to the phenom-
ena in which a temperature gradient at the interface of two conductors generates
electricity. The Seebeck Effect is the foundation upon which thermoelectric energy
harvesting is built. This heat source might be something like a solar panel, a motor,
or a water heater, to name a few possibilities. Temperature difference and TEG size
directly affect energy output. Thermoelectric harvesting is used to supply wireless
sensor nodes in industrial applications and other high-temperature locations, such

as saunas. This allows the nodes to collect data without the need for batteries.

1.4 Energy Storage & Conversion in Sensor Nodes

Untethered sensor nodes improve mobility and deployment in inaccessible areas.
Untethered nodes only function as long as their batteries live. Sensor nodes may
employ low-power technologies, which reduces computing capability and transmis-
sion ranges. Several ways have been explored to enhance sensor node battery life.
Energy harvesting is an alternate strategy utilized to alleviate the issue. Because
a node will only be energy-constrained until the subsequent chance to harvest, the
node’s lifespan will be limited and will eventually end.

Depending on the energy consumption pattern of a node, techniques for energy
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harvesting have the capacity to satisfy all of a node’s energy needs, or only a por-
tion of those requirements. This is all dependent on how much energy the node
consumes. The energy harvesting architecture comprises systems that capture and
electrically transform ambient energy. The gathered energy can broadcast RFID
signals, allowing the wearer to be tracked. Alternately, energy can be stored until
sufficient quantities are collected for system operation.

Rechargeable batteries, prevalent energy storage, can be manufactured using
various technologies. The technologies of sealed lead-acid, nickel-cadmium, nickel-
metal hydride, and lithium-ion batteries are all considered to be superior [19]. The
high output voltage, energy density, efficiency, and somewhat low self-discharge rate
are characteristics of lithium batteries [19]. In place of or in addition to rechargeable
batteries, supercapacitors can serve as storage components. They store charge but
self-discharge at a significantly greater rate than batteries, up to 5.9% each day
[20]. Their energy density is 5% of NiMH batteries, whose energy density is 100
Wh/kg. In contrast, supercapacitors have high charge-discharge efficiency and are
immune to the memory effect [19]. This is particularly important if the node uses
supercapacitors instead of batteries. RFIDs that store gathered energy for general-
purpose computation constitute Computational RFID (CRFID). Solar energy is the
kind of power that can be gathered at the lowest possible cost, in the shortest period
of time, and with the fewest number of problems. Human power harvesting requires
constant effort. CRFIDs typically have a one-second active life. By optimizing for
both lifespan and performance, energy-harvesting sensor nodes can help designers
tackle the problem of conflicting design goals.

To take advantage of these potential benefits, the node must predict the charge
cycle’s length, start time, and energy production. It must select and tune the param-
eters simultaneously to not use up all the energy available until the next recharging
cycle. The architecture of sensor systems and solutions is directly influenced by
the availability of harvesting opportunities, which make it possible to modify sys-
tem characteristics and affect how solutions are implemented. To optimize energy
balancing at the application level, it is necessary to fulfill all of the application’s re-

quirements at all times, provided that there is still using energy to gather. If energy
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isn’t collected, the node won’t work.

The ideal energy storage storage device device receives one hundred percent of
the energy that is transferred from source to the storage and keeps the same amount
of energy until it is used up. A realistic battery unit has a capacity that cannot be
infinitely expanded, a charging efficiency that is lower than one hundred percent, and
leakage that occurs even when there is no load. An energy harvesting architecture
is presented by Kansal et al. for the purpose of estimating a node’s sufficient power.
A filter is used to energy usage and availability data collected over a certain number
of epochs prior to the day of the acquisition, which is considered as if it were a single
epoch. To achieve a more accurate estimation of the necessary amount of energy,
Enhanced-EEHF makes use of the concept of rounds inside each cycle [21].

A mathematical model is proposed in [22, 23] to determine the optimal battery
size and the rate of energy harvestability. In order to improve performance and
reach energy neutrality at the node level, the model is utilized to adjust the duty
cycle of each node where they are capable of using suitable energy estimates in
order to pick and optimize parameter values on its own or in conjunction with
other nodes. The method described in [23] uses a utilization metric taken from the
application to compute the minimum and maximum duty cycles, and the duty cycle
is modified dynamically to ensure that all gathered energy is optimally utilized. The
quality of information supplied by a sensor is its sensing dependability. There is an
exchange between the sensing reliability and the amount of energy consumed, much
like there is with a node’s pulse width and transmit power. Data aggregation and
transmission can be carried out by nodes that capture energy. Nodes plan data
distribution depending on estimated energy. When using nodes that are powered by
solar energy, the quantity of energy that is accessible varies depending on the time
of day. Harvesting nodes are responsible for primarily detecting and gathering data
from adjacent to aggregate, storing the data, and performing other essential duties,
as required, during the day. Energy harvesting adds a new layer to route selection:
an awareness of energy efficiency. It is advantageous to have a higher proportion
of energy harvesting units along the route to reduce end-to-end latency. This is

because the duty cycle for every node on a route affects the delay experienced by
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the entire route.

1.5 Piezoelectric Energy Harvesters in Macro Scale

There have been reports in the research literature of energy harvesters on a macro
scale. The piezoelectric energy harvester that Qian et. al. have developed is not only
inexpensive but also bi-stable, making it completely unique. This energy harvester is
designed to collect energy across a wide frequency range. The harvester is responsible
for storing the potential energy induced due to the sub-beams mutual self-constraint
and for harvesting the enormous amount of energy released during the quick shape
shift. With a load resistance of 8.2 {2k and an excitation frequency of 10 Hz, a power
output of 0.193 mW may be harvested [24]. This is achieved using an amplitude
of 4.0 g and a frequency of 10 Hz. The rapid shape change that occurs in the
Venus flytrap’s hyperbolic leaves served as motivation for the design of the energy
harvester [24]. The double-leaf structure of the flytrap served as the primary source
of inspiration for the design of the two sub-beams that are part of the biomimetic
device that was designed using a cantilever beam as its base. The piezoelectric
transducer is attached to the face of one of the sub-beams that is placed near to the
clamped tip in order to capture the energy that is being generated [24]. The metal
cantilever structure, composite macro fiber, and two rigid copper blocks were used
to construct the bi-stable piezoelectricity harvester prototype. Full use is taken
of the mutual constraint and equilibrium that exists between the two sub-beam
constructions to realize the design’s goals. There is a possibility that high-frequency
vibrations will be limited to the beams as a consequence of the sudden release of
energy that occurs during the motion that occurs between the two states. Increasing
the frequency of the excitations has the potential to be of great use in the process
of generating high power output; yet, this possibility has not been researched.
Experiments have shown that the system can be appropriately described by
making use of the simplified model with a single degree of freedom, and the errors
produced by this model are within acceptable limits. Even though it takes into ac-

count the nonlinearity of the beam, the model does not take into account the torsion
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that occurs. The natural frequencies that are present in the region, in conjunction
with the stiffness that is found in close proximity to the steady state, may be used
to calculate the harvester’s effective mass . Bi-stable energy harvesting systems
with deeper potential wells and more substantial barriers need more noticeable ex-
ternal excitations in order to trigger the proper snap-through dynamics [24]. This
is because deeper wells hold more potential energy.

A sandwich structure, consisting of a layer with a soft core and two thin skins, can
significantly lower the harvester’s natural frequency while simultaneously increasing
the voltage output [25]. Li et al. propose multiple single inner branches, each with
a mass at its tip, connected to the primary substrate to produce multiple resonant
spikes and tailor the frequency range of interest. Li et al. harvester produces a
2.48V, 6.21V, and 1.55V when examined at a low harmonic impulse of 0.02g [25].
These voltages are generated at three vibrational modes of 18.18Hz, 24.74Hz, and
28.12Hz, respectively [25]. In order to demonstrate the superiority of this design,
a sandwich piezoelectric energy harvester that does not have multiple single inner
branches has also been proposed. In order to get a low resonance frequency, the
SPEH had to be coupled to a large tip mass [25].

When the power to total mass is a design limitation, such as harvesting en-
ergy from the motion of human limbs, a design such as this is not practicable [25].
The study presented a generic multi-branch sandwich piezoelectric energy harvester
known as MSPEH [25]. The harvester has the capability of extracting energy from
various sources of ambient vibration. It has a potential to provide power to elec-
tronics that are portable, as well as micro-electromechanical systems and wireless
sensors. MSPEH provides numerous consecutive spikes of power or voltage output
by using a repeated internal single branch, and the useable bandwidth and quantity
of peaks may be changed practically by adjusting the multiple branches and the tip
masses [25].

It has been suggested by Ramirez et al. that a novel piezoelectric energy har-
vester that operates at a light speed of rotation (0.5 to 3 Hz) could be developed
[26]. The PEH is made up of a pair of E-shaped multiple beam systems that are

connected by a single rigid beam. It may be adjusted in terms of the distance
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between its hubs and is installed on a solid plate that rotates at a fixed angular
velocity. In addition to this, the angular speed does not change at all. The end goal
of this strategy is to develop a mechanical design that has natural frequencies that
are very low. This is accomplished by carefully selecting the diameters of the beam
and the masses located at the harvester’s tips, which allows for a greater degree of
structural flexibility. This design features an additional E-shaped multiple-beam so
that excessive displacements will not occur when an additional tip mass is added to
the open end of the beam.

The highest electrical power output obtained from a PMN-PT single crystal mea-
sured by Song et al. was 1.07 mW at 89 Hz when the mass was 0.53 g [27]. Karami et
al. investigated how well single-crystal PMN-PZT and commercial PZT-based mate-
rials performed compared to unimorph cantilever energy harvesters. They discovered
that the piezoelectric energy harvester made with a single crystal delivers a higher
power output when compared to the piezoelectric ceramics made with many crystals.
Compared to polycrystalline ceramics, the power output produced by single-crystal
piezoelectric materials such as PMN-PT and PZT-5A was significantly higher. The
cantilever-type energy harvester had a maximum output of 226 W/g? at 819 Hz
[28], whereas the single crystal had a maximum power output of 1.07 mW at 89 Hz
under 0.53 g [29]. There was a wide range of natural frequencies displayed by three
cantilevers of varying lengths, and there was a 5.4 percent frequency bandwidth with
a 3dB attenuation. Under 1 g, the maximum power production was measured at 32
Watts at 1100-1165 Hertz [29]. These data show that altering the cantilever’s length
changes the natural frequency by tuning. While the hub is turning, a gravitational
force causes mechanical vibration energy to be exerted on the PZT cantilevers of
this structure. The rotation of the hub causes this energy. At an angular velocity
of 21.96 Hz, they obtained the maximum power of 6.4 mW [30]. The off-resonance
behavior of the piezoelectric generator, in conjunction with its high-power output,
makes it possible to accomplish more practical ways of using the device. Diaphragm
structures from other researchers [31] and other similar structures would be crucial
for high-performance and practical applications.

Li et al. proposed a new sandwiched harvester design in their work. The sub-
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strate structure comprises two layers of metal on either side of a layer of flexible
material in the center. When both the geometrical dimensions and the tip mass of
the CPEH and the SPEH are held constant, the SPEH will produce 18.8 percent
more output voltages at resonance than the CPEH [32]. A unique piezoelectric en-
ergy harvester is described in the SPEH publication. The harvester has two metal
sheets and a soft base. The linear small deformation assumption is used to describe
each layer’s elastic behavior dependent on the substrate. Because the sandwiched
substrate and layers are both thin, it is possible to ignore the typical stress ap-
plied in the thick direction. At resonance, SPEH produces a voltage output that is
18.8 percent higher and generates 130.8 microwatts, 426.6 microwatts, and 1158.0
microwatts, respectively, at base accelerations [32].

Because of its enormous potential to replace batteries in WSN and low-power-
consuming autonomous electrical items, energy harvesting from vibrations utilizing
piezoelectric materials has attracted much attention from researchers [33]. The pro-
posed harvester by Upadrashta et al. has the capability of being engineered to
function within the frequency band of the vibration source of interest. The con-
struction consists of a core cantilever with a macro-fiber composite patch attached
to it and three branches with tip masses linked to the main beam’s open end. The
main cantilever beam of the MPEH harvester has a patch of macro-fiber composite
attached to its surface. The open end of the primary cantilever beam has three
branching beams linked to it, each of which has a mass at its tip. Because the
MPEH’s shape is similar to that of a three-pronged spear, it is referred to as a
trident-shaped MPEH. In order to obtain closely spaced resonant peaks, it is nec-
essary to select the structure sizes using parametric analyses. When tested with a
harmonic stimulation of 0.2 grasg, the harvester produces 3738 W, 47 pW, and 123
nW at its three resonant peaks [33]. The mentioned harvesters are visually shown

in Figure (1.3a-e.).
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Figure 1.3: a) The device was engineered to function within the frequency band
of the vibration source of interest [33] b) A gravitational force causes mechanical
vibration energy to be exerted on the PZT cantilevers of this structure [31] ¢) The
substrate structure comprises two layers of metal on either side of a layer of flexible
material in the center [32] d) A novel piezoelectric energy harvester that operates at
a light speed of rotation by Ramirez et al. [26] e)The rapid shape transformation of
the Venus flytrap’s hyperbolic leaves served as inspiration for the energy harvester’s
design [24].

In Rui et al. research, a magnetically coupled piezoelectric energy harvester is
presented. Its purpose is to boost the output and bandwidth of a test platform con-
structed using the Macro Fiber Composite material. The system can reach its max
output power of 35.0 mW while achieving a maximum electrical power of 3.28 mW
when subjected to excitations of 4 m/s? [34]. The performance has been exceptional
compared to the traditional single cantilever beam—magnetic coupling results in an
increase in both the amplitudes and bandwidth of the signal. The amount of energy
that is used by a wireless sensor system may be as low as mW or even pW at its low-
est point. A bimorph design can be exploited to produce more energy, which can be
crucial in situations where the required amount of energy is insufficient. The power
output of the PZT can be enhanced by approximately 35.0 percent if the cantilever
beam’s magnetic deviation and the system’s size and volume are both increased by
approximately 100%, respectively [34]. Since piezoelectric materials are the primary

cost source, it is anticipated that the overall cost will increase by less than twenty
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percent [34].

Researchers have shown a diaphragm device that can collect energy from re-
peated pressure patterns or periodic acoustic waves [35, 36] in addition to mechan-
ical vibrations. This is because the diaphragm is a very adaptable construction. In
PEH architecture, layer poling orientations align with pressure. This allows for the
utilization of the d33 mode that has a higher coefficient than the d3; mode [37].

Using piezoelectric generators is one method that can be utilized to extract
energy from roadways and railways. In the 1960s, the idea of using mesoscale PEHs
to provide power for pacemakers was one of the earliest to be considered. Hasler
and colleagues developed an implanted energy harvester in 1984 with the purpose of
power generation from the movement of ribs that occurs during respiration [38]. In
1996, Umeda et al. were the ones who came up with the idea of using PEHs to charge
the batteries of portable electronic gadgets [39]. In that work, power conditioning
circuitry that was both efficient and effective was used to correct the output and
store the resulting charge on a capacitor. Shenck et al. proposed an energy harvester
which at a walking pace of 0.8 hertz, generated a continuous power output of 1.3
milliwatts [40]. Fabrication and testing of a cantilever-type vibrational mode PEH
by Glynne-Jones and colleagues were published in 2001 [41]. The proposed device
was tapered with and had two electrodes. The piezoelectric layer was attached to a
23-millimeter steel beam. At 0.8 mm tip displacement, it had an 80 Hz resonance
frequency and generated 3 pW at 333 kQ [40].

It has been established in several experiments that the structure of a diaphragm
can also be used to capture vibrational energy. This construction has a rigidity
that is significantly higher than that of a cantilever of the same size, resulting in a
1.71 kHz resonance frequency [42]. A 29mm diameter, Imm thick cymbal shaped
harvester with 7.8N at 100 Hz produced 39 mW. [43].

Investigations into the practicability and dependability of large-scale PEHs are
now being placed. The deployment of such systems would necessitate significant
financial investments; hence, commercialization of these technologies can only be
anticipated if it can be demonstrated that they are feasible. In research, in order

to harvest vibrational energy, a PZT energy harvester with 300 layers was used.
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In resonance mode, the stack generated 15 mW at 1767 Hz, and in reaction to a 1
Ngs force, it created 15 pW at 800 Hz [44]. In Cao et al. research, millimeter-scale
generators were created by depositing AIN thin films on stainless steel, and then the
vibrational energy harvesting performance of these generators was measured. In
general, single crystal silicon is utilized as the substrate for piezoelectric thin films
because it is simple to produce, is chemically stable at high temperatures, and does
not have an exceptionally high price tag [45]. If cooperation with microfabrication
technologies is not necessary, then using stainless steel as the substrate for piezo-
electric thin films to fabricate small generators with a low resonance frequency is
a good idea. Electroplating is a method that can produce copper and nickel, but
the low yield strengths of both metals imply that they have poor stiffness when
compared to one another. It is also anticipated that the materials chosen will have
high mechanical strength, measured by factors like fracture strength and toughness.

AIN material play a role in the creation of micro piezoelectric generators through-
out the production process. ZnO may have a greater ks;, but in general, it has a
vast dielectric loss. In a research involving macro-scale energy harvesters, the ideal
aspect ratio was less than 0.4, and the ideal thickness ratio was 3.1 for an AIN-
stainless steel structure [45].

Mehraan et al. describe a tapered cantilever beam design showing that the power
output of the PZT can be enhanced by approximately 35.0 percent if the cantilever
beam’s magnetic deviation and the system’s size and volume are both increased
by approximately 100%, respectively [46]. Because piezoelectric materials are the
primary cost source, it is anticipated that the overall cost will increase by less than
twenty percent. As a result of the fact that the material functions as a current
source when prolonged vibration is present, the amplitude of the current is reliant
on the intensity of the vibration.When a clamped capacitor is charged using a series
of voltage increments, the resistance to the energy flowing out from the clamped
capacitor is reduced. Also, in [2], a comparison is made between the rectangular
and trapezoidal cantilever beam geometries, as well as their respective strain profiles
by Roundy et al. Considering the most significant amount of strain that the material

can tolerate at each point along the tapered beam is required in order to produce
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the uniform distribution of strain that is necessary to obtain the maximum average
strain.

It is proposed by Becker et al. that a novel form of piezoelectric energy harvester
with an auxiliary synchronized switching interface might be used to maximize the
efficiency of power transmission from an energy harvester to a storage component
[47]. The system has been improved by adding a novel interface circuitry based on
the first energy injection proposed by Lallart et al. [48]. It makes possible a process
of energy harvesting almost independent of the load and a process of energy storage
almost optimal. The mechanism might be three times as efficient as traditional ones,
according to the study. The generator can be separated into two distinct elements,
one of which is used for the primary harvester and the other to provide energy bursts
for the harvesting algorithm [47]. Both of these structures are used in the harvesting

process. The mentioned harvesters are visually shown in Figure (1.4a-c.).

eam Length (m)
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Figure 1.4: a) The generator can be separated into two distinct elements, one of
which is used for the primary harvester and the other to provide energy bursts for
the harvesting algorithm [47] b) A tapered cantilever beam design showing that the
power output of the PZT can be enhanced by approximately 35.0 percent described
by Mehraan et al. [46] ¢) Millimeter-scale generators were created by depositing
AIN thin films on stainless steel [45].

Clamped cantilever beams have a mass placed at one end of the beam and an-

other mass fastened at the other side of the beam. A four-point bending principle
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was used in the design that was given in this research in order to ensure that the
stress was distributed evenly throughout the structure. The fundamental idea be-
hind the first energy injection method is to harvest the energy from the piezoelectric
material whenever the output voltage reaches its maximum level [48]. The four-point
bending approach leads to optimal power output due to a homogeneous stress dis-
tribution across the entire structure. Mechanical energy harvesting and electrical
connection operations must be addressed to define interface circuit parameters and
switch strategies. This can be accomplished by combining the two sets of informa-
tion. For these simulations, mathematical SPICE-based simulation tools could be
utilized in the research. Table (1.1). compares the macro scale harvesters proposed

in the section.



Table 1.1: Macro Scale Harvester Parameters Compared.

Paper | Dimensions Shape Voltage Output Power Output Resonance
[24] 150x19x3 mm? Venus flytrap Reported in figures | 0.193 mW 12.47 Hz
[26] Between 85 to 150 mm | Linked E-shape 6 V max. 200 pW 4.7 Hz

[27] 105x12x1.6 mm Unimorph cantilever | ~19 V 1.07 mW 89.80 Hz max.
[30] 50.8x38.1x 0.13 mm Rotary Reported in figures Reported in figures | 21.96 Hz
[32] 100x10x1.5 mm3 Sandwich 16.6 V with tip mass | 1158.0 uW at 0.2g | 30 Hz

[33] 50x26x1 mm? Trident- shaped 7.4V,ms 3738 pW max. 15-20 Hz
[34] 63.6 [cm?] Magnetic coupled 19.83 V 3.28 mW 15.3 Hz
38] 2.6x40 mm? Stretchable 18V ~20 W Not given
[40] 5x5 cm? Shoe- mounted 5-6 V 1.3 mW Not given
[41] 23x23 mm? Cantilever Reported in figures | 3 uW 80.1 Hz
[42] 25 mm diameter Circular membrane | Up to 3V 0.65 mW 1.71 kHz
[43] 29x1 mm? Cymbal Reported in figures | 39 mW Not given
[44] 32.4x7.6x7.1 mm3 Multilayer stack 4.7 Vrus 414 mW 1204 Hz
[45] Reported in figures Rectangular 210V 5.130 uW 69.8 Hz
[46] 13x1x0.4 cm? Tapered beam 100 V 5 mW Not given
[47] 31.8x10x 0.38 mm? Four-point-bending | ~3 V Not given Not given
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1.6 Piezoelectric Energy Harvesters in Micro Scale

The performance of vibrational energy harvesters, in contrast to that of electronic
circuits, is substantially or primarily dependent on the dimensions of the harvesters.
Unimorph MEMS PEHs have a lower electromechanical conversion factor than bi-
morphs. Reducing the resonance frequencies of sub-mm length cantilevers below
250 Hz is challenging due to their small weights and comparatively high spring con-
stants. This is primarily due to the cantilever’s short dimensions, which, in turn,
produce a high cantilever rigidity and a low cantilever mass. It is feasible to lower
this resonance frequency by utilizing thick, robust mass layers [38].

Morimoto et al. discovered a 2.8-micron-thick piezoelectric film mounted to
a 50-um cantilever could produce 244 milliwatts of electricity at 126 Hz without
structural damage with PZT sensor having a stainless steel structural layer [49].
Aluminum nitride (AIN) is a piezoelectric material frequently employed in energy
harvesters. Even though it has a smaller electromechanical coupling coefficient than
PZT, it is still a popular choice. Sputtering is a simple method for depositing AIN,
which is one reason it is considered a potential alternative for CMOS-compatible
PEHs. Most MEMS size PEHs are cantilever form devices that collect vibrational
energy from their surroundings. There have also been reports of energy harvesters
that operate under pressure. These energy harvesters can extract energy from pres-
sure variations in the operating medium. A diaphragm-type PEH was successfully
manufactured in 2006, and its output power was measured to be 0.34 ptW/cm? at
a sound pressure level of 149 dB [50]. This design is similar to the design proposed
in this thesis for utilizing circular features. Figure (1.5) shows the 3D image of the
piezoelectric element proposed in the thesis. It is possible to cultivate ZnO nanowire
nanostructures made of flexible substrates, which may be crucial for the develop-
ment of implantable energy harvesters. When activated by an ultrasonic pulse, one
of the devices that were manufactured produced a DC power output of 1 pW from
an active region that was 2 mm? in size [51]. The same group of researchers showed
wireless self-powered device [52] and a sensor that draws power from a wheel that

is continuously turning and demonstrating their potential use as a pressure sensor
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[53, 54]. PZT and AIN are the two piezoelectric materials most commonly favored

for use in cantilever-type PEHs.

y
B PVDE- TiFe + Electrodes
B Double Sided Tape

PET Sheet

Figure 1.5: The sensor is built on 3 main layers.

The concept of a brand new wireless self-powered sensing microsystem has been
proposed and prototyped by Tang et al. [55]. The microsystem can assess the am-
plitude of disturbing vibration independently. It can wirelessly broadcast a warning
and notification signals when it meets the required threshold. The event-driven
sensing and warning function is made feasible by utilizing a piezoelectric energy
harvester. This harvester does not begin to create electric power until the moni-
tored vibration level hits a critical threshold. The signal for alarming and notifying
can be exceedingly straightforward, such as a code that indicates the occurrence
location in the case of oil pipeline theft alarming. A warning signal should be sent
out whenever the motion of an impact hammer or grinder becomes so intense that
it poses a risk to the operator’s health.

In the testing scenario proposed by Tang et al., the stage that generates power
begins to vibrate freely at its resonance frequency to produce electrical power. They
wanted to measure if the magnitude of the incoming vibration was high enough
and if it was possible to perform enough work to counteract the force and activate

the power-generating stage. The simulated hysteresis of the force applied in the



Chapter 1: Introduction 22

article shows that a part of the energy is transmitted from the sensing stage to the
producing stage with each cycle. The gap distance between the two stages plays
a role in determining the maximum force as well as the location of the edge. The

mentioned harvesters are visually shown in Figure (1.6a-d.).

- EH3 UF-IMG(82)

Figure 1.6: a) Diaphragm-type PEH with an output power of 0.34 nW/cm? at a
sound pressure level of 149 dB [50] b) A 50-micron-thick steel cantilever could provide
244 milliwatts of power output at 126 hertz when subjected to an acceleration of 50
meters per second square [49] ¢) The device produced a DC power output of 1 pW
from an active region that was 2 mm? in size [51] d) The harvester does not begin
to create electric power until the monitored vibration level hits a critical threshold.
The signal for alarming and notifying can be exceedingly straightforward, such as a
code that indicates the occurrence location in the case of oil pipeline theft alarming
[55].

Voltage thresholds typically range from 1g to 6g, and they are prevalent in ap-
plications such as monitoring vibrations caused by power tools for worker safety
[56]. When the device is being pushed through an acceleration that gets higher than
the critical, the device’s voltage will always be significantly higher than the output
below the threshold. This vibration-based triggered energy-generating technology
may be expanded to other situations where the vibration is considerably weaker if
further optimization is performed, for as by weakening the magnets or placing the
two vibrating stages into a configuration that is not coplanar. When a host struc-
ture is damaged in some way, its resonant modes get activated, and it is necessary

to consider these eigenfrequencies. The increasing gradient of the stimulated gen-
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eration can determine how sensitive a harvester is when it is aroused by vibration
and the acceleration is close to the threshold.

The findings of Tang et al. make it abundantly evident that the gadgets create a
significant amount of electricity when triggered by vibration. Each sort of harvester
has attained a rise in energy greater than eight times the previous level. The form
of the bistable component ensures excellent sensitivity, which features a steeply
increasing slope close to the threshold. The electric power produced can either
be provided to a simplified radio-frequency front-end to broadcast the vibration
monitoring signal, or it can directly drive an alarm.

Because of the need for batteryless implants, lead-free materials for piezoelectric
nanoscale and micro generators have gained popularity. In Gupta et al., the flexible
device demonstrates exceptional performance with a vast output voltage of 48 V
and output current density of 0.43 A /cm? under vertical compressive stress of 2 kgf
[57]. This enabled an energy conversion efficiency of approximately 11 percent to be
attained [57].

On a Silicon on Insulator substrate, a CMOS-compatible technique that involves
Aluminum Nitride thin films was created by Defosseux et. al. Under complete
vacuum conditions, the captured energy hits the same level but weighs only 0.15 g
[58]. The conclusion drawn from this finding is that enclosing piezoelectric energy
harvesters in a vacuum-sealed container is a highly intriguing approach.

The Deterre et al. device has the potential to evolve into a miniature, long-
lasting energy source that can power active implanted medical devices like leadless
pacemakers [59]. It makes it possible to harvest direct readings of blood pressure
and makes it possible to transfer energy with high efficiency. At a frequency of 1.5
Hz, the best designs have achieved a power of 3 J/ecm? /heartbeat and a transduction
performance of 5.7x1073 [59]. Tt is predicted that this power could be increased by
a factor of two by employing the same design process and material [59]. A geometry
that is long and thin makes it possible to reduce the stiffness.

Deterre et al. employ a flexible transducer to increase mechanical energy input.
Because metals are stiff, metal packaging must be engineered to be flexible. In [60],

a spiral was used, but it wasn’t coated by electrodes and didn’t create electricity.
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Fabrication issues and the depth of charge dispersion on spirals lead to intricate
electrode designs. Using this technology, 10 m-thick electrodeposited nickel micro-
bellows have been created. The model was tested by applying a load to its top
surface’s center. Its 140 N/m rigidity is impressive given its size and substance. In
each situation, the input force peak amplitude is 180 mN of the proper electrode
pattern. [59].

The decrease in efficiency is primarily attributable to the wasteful rising number
of arms, which occurs as the spirals get more compliant. Finding a medium between
the output power and the authorized displacement will be necessary when deciding
on a spiral design. Work has been done to optimize the electrode size using FEM
simulations. In light of these findings, they concluded that the negative group of
electrodes contributes very little to the overall power. This design’s output energy
density per loop is not noticeably superior to standard inertial energy harvesters in
the literature. There were a few different enhancements that could be implemented
in order to boost the amount of energy produced. If higher-performance materials
were used, such as monocrystals, which have been shown to give superior coupling
and can be supplied in a thinner form, the requirement for a curved arm would be
reduced [59].

In addition to biocompatibility and hermeticity, flexible packaging introduces
durability and tissue development protection. It’s more miniaturized than an energy
harvester, whose volume can’t be lowered while retaining a low resonance frequency.
One possible alternative would be to use palladium or some other biocompatible
metal capable of being electrodeposited in place of nickel [59].

In Leland et al. research, the free end of the sensor is fitted with a microscale
permanent magnet affixed to a piezoelectric MEMS cantilever [61]. When a magnet
is introduced near an AC wire, it couples to the wire’s pulsating magnetic field.
This bends the cantilever and provides sinusoidal voltage proportional to current.
This sensor can measure current in a two-wire ”zip-cord” without encircling the
conductor, unlike inductive sensors. Self-powered, it’s better for wireless sensor
node applications than a driven sensor [61]. Its ends had neodymium magnets.

Leland et al. devices could function at various intervals without needing a bat-
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tery, thanks to the harvested power source. A regulator made by Microchip Tech-
nologies called the MCP1801T and an inverter made by Maxim called the MAX828
were used to amplify the sensor signal [61]. An alternating current MEMS sensor
was created by affixing a microscale permanent magnet to the free end of a piezo-
electric aluminum nitride MEMS cantilever. This allowed the sensor to detect the
alternating current. This cantilever was utilized in the production of a MEMS sen-
sor. When the sensor is put nearby, it displays linear response and can measure
the amount of alternating current (AC) flowing through single wires and two-wire
zip cables. It has been proved that it is possible to create a self-powered integrated
sensor module by employing an energy harvester to power the signal conditioning
circuitry of the sensor at a duty cycle of 2.6 percent [61]. The mentioned harvesters

are visually shown in Figure (1.7a-d.).
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Figure 1.7: a) The flexible device demonstrates exceptional performance with a vast
output voltage of 48 V and output current density of 0.43 A/cm? under vertical
compressive stress of 2 kgf [57] b) The device makes it possible to harvest direct
readings of blood pressure. It makes it possible to transfer energy with high efficiency
to a transducer that operates in a quasi-static mode [59] ¢) Under complete vacuum
conditions, the captured energy weighs only 0.15 g [60] d) An alternating current
MEMS sensor was created by affixing a microscale permanent magnet to the free
end of a piezoelectric aluminum nitride MEMS cantilever. This allowed the sensor
to detect the alternating current [61].

In Cui et al., a unique piezoelectric cantilever with multiple beams has been de-
veloped to harvest energy from vibrations. Imaging with an atomic force microscope
(AFM) and X-ray diffraction (XRD) was used to measure the properties of the PZT
(Pb(Zro53T10.47)O3) thin layer. Under conditions with an acceleration of 1g and a
frequency of 260 Hz, the multi-beam has the potential to achieve an output voltage
of 80.78 mV [62]. The voltage applied is 2 mV, the frequency ranges from 100 to
700 hertz, and the acceleration is 9.8 meters per second squared [62]. The voltage
output rises as the vibration acceleration rises. Both of these trends are consistent
with one another. When the load resistor was 50 2k and the power reached its
maximum of 20 mV, the load produced a voltage of 16.6 mV [62].

In Tang et al. article, a microcantilever constructed using MEMS technology
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was proposed. This microcantilever is based on the bonding of a bulk PZT wafer
and phosphor bronze, and it is created using mechanical chemical thinning and
etching [63]. This fabricated design has an open-circuit voltage output of 35 volts,
a power output of 321 microwatts, and a power density of 8664 microwatts per
cubic centimeter, and these values are measured at the resonant frequency of 100.8
hertz [63]. When it matches an optimal loading resistance of 140 Qk under the
stimulation of 3.0g acceleration, this fabricated prototype has an output power of
8664 microwatts per cubic centimeter [63]. It recovers vacuum pump vibration
efficiently. It has been determined that the micro-generator that was manufactured
has an adequate volume of 0.03732 ¢m? Moreover, its acceleration has grown from
0.5 g to 3.0 g. Additionally, the power density has increased by 24.7 times, going
from 351.02 W/ cm? to 8664 W/cm? [63]. Compared to other 10 Hz to 300 Hz
devices, this one has excellent output under high acceleration [63].

Phosphor bronze and bulk PZT both have room for further reduction in their
thickness, which would allow for overall dimension reduction and an increase in
output power density [63]. Because of the vacuum pump’s high vibration level,
Tang et al. micro-generator working on it could light up one of the light-emitting
diode (LED) bulbs. When the acceleration of the vibration increases, it causes
the chargeable voltage to rise while simultaneously reducing the required time. In
the article, some power-efficient electronics were designed to operate for extended
periods without needing to be recharged. This configuration combined a tungsten-
proof mass with a cantilever beam made of phosphor bronze and a piezoelectric
wafer to achieve a resonance frequency of 105 Hz or lower [63]. The component can
withstand a vibration acceleration of 7.0 g and produce an output voltage of 61.2 V
[63].

In Purusothaman et al., it has been shown that antimony sulfoiodide, also
known as SbSI, can function as an efficient energy harvester due to the ferroelectric-
semiconductor properties it possesses [64]. They investigated whether or not it
would be possible to develop SbSI-based piezoelectric nanogenerators using poly-
mer matrix interfaces, such as polydimethylsiloxane, polyvinylidene fluoride, and

polymethylmethacrylate [65]. Lattice vibrational modes of less than 400 cm™! are
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displayed by SbSI. These modes can be separated into two distinct frequency ranges:
the low-frequency range and the high-frequency range [65]. Table (1.2) shows the

comparison of the micro-scale harvesters proposed in the section.



Table 1.2: Micro Scale Harvester Parameters Compared.

Paper | Dimensions Shape Voltage Output Power Output Resonance
[49] 18.5x5 mm? Cantilever 26V 244 W 126 Hz
[50] Reported in figures Circular diaphragm | 4.6 mV 0.34 pW/em? 3.7 kHz
[51] ~2 mm? Nanowire Reported in figures | Reported in figures ~3 MHz
[52] 1.5x0.5 em? Nanowire 1.5V 70 pW/em? power density Not given
[54] 500 nm x 6 pm Nanowire 8V ~5.3 mW /em? power density | Not given
[57] 2 X 3 cm? Microcube 48V Not given Not given
[58] 2.8 mm3 Cantilever 89 mV 0.62 uW 214 Hz
[59] 21 mm3 volume Micro-bellows Not given Reported in figures Heartbeat
[60] 1.2 em3 Spiral bimorph Given in figures 3.25 uW 10 Hz

[61] 1000 x 200 pm? Cantilever Given in figures Not given 60 Hz

[62] 2600x 76020 um? [63] | Multi-beam 20 mV Not given Not given
[63] As given in a table [64] | Rectangular beam | 61.2 V 321 pW 100.8 Hz
[64] 0.5x0.5 cm? Tubular Given in figures 4.6 pW/m? 100.8 Hz
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1.7 Objectives

The proposed device is intended to cater to the requirements imposed by energy har-
vesters. Because of its simplistic design, it is easy to implement using conventional
methods, which enables the production of sensors of a comparatively compact size.
The equipment in question needs to be examined to provide evidence supporting
these statements. As a result, this study aims to accomplish two things: first, it
will present and compare different techniques of analysis of the proposed device, and
second, it will determine whether or not the suggested device is a viable choice for

energy harvesting for SHM in wind turbines.

1.8 Organization

The following is a list of all eight chapters that make up this report. The first chapter
overviews several piezoelectric energy harvester designs that can be scaled to vari-
ous sizes. The governing physics of transduction and piezoelectricity are discussed
in Chapter 2. These topics are then used to show the one-dimensional analysis of
transducers using a lumped-parameter circuit and finite element models in COM-
SOL® Multiphysics. Chapter 3 presents extensive information about piezoelectric
materials and a comparison of these materials to one another in addition of several
experimental PVDF-TrFe characterizations and many stages of the harvester’s con-
struction. The testing phase is described in Chapter 4, and the outcomes of these

examinations are discussed in Chapter 5 with an overall summary in Chapter 6.
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Chapter 2

MODELING OF THE PIEZOELECTRIC TRANSDUCER

2.1 Mathematical Modeling

In the electrical domain, there is a capacitor, and in the mechanical domain, there are

spring and mass elements. Ideal transformer elements are used to indicate domain

coupling. The mechanical domain damping caused by anchor loss and other factors

is insignificant; hence it is not considered in the model. Table (2.1) contains the

model parameters.

Table 2.1: Values for Equivalent Circuit of PEH.

Symbol | Description Unit [SI]
C Electrical Capacitance F
Tpm PVDF thickness m
J Piezoelectric coupling integral, Strain energy integral | -
M Piezoelectric bending moment CVs?/kg
es1,f Transverse piezoelectric coefficient C/N
Vin Applied voltage \Y
Z Neutral plane m
tx, 2k, By | Layer thickness, the center axis, Young modulus m,m,Pa
Vg, Poisson’s ratio -
D,hy Flexural rigidity, distance to layer surface Pam* m
tefs, P | Effective mass per unit area, density -
m Stiffness kg/s?
n Electromechanical coupling Cm/N
fn Resonance frequency Hz
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Aot The eigenvalue for the first mode vibration -

mg,my, | Total mass, Modal mass kg

The capacitance, C, is described in the electrical domain as a conventional par-

allel plate capacitor having capacitance defined by [66]:
C = emrpm’ [tpvar- (2.1)

where € represents the proportion of relative permittivity of PVDF to the permittiv-
ity of a vacuum, ?,,q4 represents the PVDF thickness, and 7, represents the radius
of the top electrode. This radius, 7,, = r x is a portion of the plate’s radius. In
this case, rp,=r. With a normal plate deflection shape function of p(x) a clamped

model has been assumed [67]:

pla) = (1 - z5%)° (2.2)

where xy is the radial coordinate in its normalized form. The axisymmetric plate
deflection is w(zg)=wop(x), where wy is the static deflection at the clamped plate’s
center. One can calculate I,,, piezoelectric coupling integral and [., strain energy
integral by which are specified as [66]:

I =1/ =) [ (o) ae”) + (ot ) (2.3

0

I = / ((zod®p(x0)/dxo”)? + 20(dip(s) /Today) (d*p(6) /do”) + (dip(p) /divg)) dacg
(2.4)

where v is the composite plate’s effective Poisson’s ratio, and M is the piezoelectric

bending moment provided by [68]:
M = —e31,1Vinz (2.5)

The transverse piezoelectric coefficient is es; ;. The applied voltage is Vi,. The
distance between the active PVDF' layer’s mid-plane and the neutral plane is z. It

is worth noting that the piezoelectric coupling integral I,,, is computed solely over
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the electrode region, but the strain energy integral I, is computed across the whole
radius. The location of the composite plate structure’s neutral plane z is defined by:

3 3
k=1 k=1
Counting from the bottom, the subscripts denote the thin plate layers. The Youngs

modulus is Fj the Poisson’s ratio is v, and the center axis of each layer is z.

Similarly, the composite plate’s flexural rigidity, D [69], and effective mass per unit

area, [leff:

D=7 1/3((h = 2)" = (hu-r = 2)°) /(1 = v’/ Ey) (2.7)

pers = (1/D) D pit (2.8)

k=1
pr is the density and hy is the distance to the top of each layer. One gets when

solving (11) for the mechanical compliance 1/k,, :
1/k,, = r*/27DI, (2.9)
The following equation for the electromechanical coupling ratio is found by solving:
n = 2mlnes 2 (2.10)
The circular plate formula is utilized [67] to get the natural frequency:

Jn= (>\01/7“)2\/D/Meff (2.11)

where Ao corresponds to the (01) vibration mode eigenvalue. The total mass of the

composite disk, m, and the shape function is used to determine the modal mass:
ma = (Ppptpp + Pretoe + paptap)m“2 + PretieTr e (2.12)

1
My = Mg * 2/ go(xg)ngdxg (2.13)
0

where the densities of the distinct layers are p,,, ppe, pap and pre. Figure (2.1) presents

an illustration of the device’s functionality.
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Figure 2.1: Wind energy deforms the plates to create AC output.

2.2 Finite Element Modeling

A finite element model was developed to measure the resonance frequency of the
device. An axisymmetric geometry was run under FEM simulation. Figure (2.2a-b.)
shows COMSOL® FEM simulation results of the circular plate. The same FEM
procedure was adopted in [70] with different geometrical shapes using materials

PVDF, ZnO, and PZT.
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Figure 2.2: a) 400 [N/m? pressure applied on the plate where V,, ~0.2 V flow
measured for a singular plate b) A maximum of ~1.44 pm deflection measured on
the surface under 400 [N/m?] pressure.

Von Mises stress analysis is given in Figure (2.3a-d.).
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Figure 2.3: Von Mises stress analysis of the circular plate for different wind pressure
inputs: a) 200 Pa b) 300 Pa c) 400 Pa d) 500 Pa pressure.

To visualize the modal frequencies of the circular plate, a FEM model for modal

analysis is given in Figure (2.4a-d.).

() (d)

Figure 2.4: Modal analysis of the circular plate for 4 respective resonance frequen-
cies: a) First resonance frequency: 9.74 kHz b) Second resonance frequency: 36.44
kHz c) Third resonance frequency: 77.30 kHz d) Fourth resonance frequency: 128.91
kHz.
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The voltage output plot of the circular plate is given in Figure (2.5). The sim-
ulation was run for increasing radius values for 400 Pa pressure input. The voltage
values are reported in Volts. The voltage output plot of the circular plate is given

in Figure (2.6a-d.). The simulation was run for increasing radius values for 400 Pa

pressure input.
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Figure 2.5: The voltage output of the circular plate for increasing radius under 400
Pa pressure input: a) 0.75 mm b) 1 mm ¢) 1.25 mm d) 1.5 mm radius.

For increasing pressure inputs, voltage outputs of circular plates with varying

radius is given in Figure (2.6).
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Figure 2.6: Voltage outputs of the circular plates for increasing pressure values.

Displacement of selected points on the plate surface is given together with reso-

nance frequency sweep for increasing radius values in Figure (2.7a-b.).
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Figure 2.7: Mechanical properties of the device for optimization: a) Displacement
of a selected point on the plate surface for increasing distance from the center b)
Resonance frequencies for increasing radius

For increasing thickness values, changing resonance frequency is given in Figure

(2.8).
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Figure 2.8: Resonance frequencies for increasing thickness.

The frequency response of the circular plate is given in Figure (2.9a-b.). Phase

change, amplitude, damping ratio, and quality factor values are given.
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Figure 2.9: Frequency response plots of the circular plate: a) Frequency response
of the plate for phase change and amplitude b) Damping ratio and quality factor of
the plate change for increasing piezoelectric layer thickness

The damping factor for increasing plate radius is given in Figure (2.10).
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Figure 2.10: Damping factor changes for increasing plate radius.

Quality factor values are given in Figure (2.11) for increasing plate radius.
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Figure 2.11: Quality factor changes for increasing plate radius.
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Chapter 3

STUDIES ON THE PIEZOELECTRIC MATERIAL &
FABRICATION

3.1 Literature Search

3.1.1 Introduction

There are various piezoelectric materials used in microsensor design. Ceramics,
known as polycrystalline lead zirconate titanate, play a significant role in the field
of microtechnology [71]. This is especially true in the areas of sensors and actuators.
After attaching to wafer-scale components, piezoelectric PZT material serves as a
ground to ultra-precision levels to achieve in-situ thinning that results in thicknesses
much below 50 millimeters [72]. Surface roughness and particularly homogeneity of
the ceramic component are crucial to the device’s operation.

The recent research effort in this field has led to considerable advancements
in method, and the technique can now be feasible for flexible bulk assembly and
integration. Concerns regarding using complex substances in industrial settings,
such as lead, are driving the primary focus of research efforts. Relaxor ferroelec-
tric materials can be identified by a diffuse dielectric phase transition event. This
phenomenon indicates that the dielectric permittivity of these materials varies with
both frequency and temperature. The adoption of these materials for actuators is
still in the very early stages, even though they have demonstrated clear superiority
for particular electro-acoustic applications. In general, the qualities of films are not
overly sensitive to the production method utilized to make the films [71].

Sintering aid and processing temperature are the two most essential elements
that determine the characteristics of the material. Compared to the relative permit-

tivity of equivalent bulk ceramics, the bulk can be approached by specific thick film
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compositions in relative permittivity. However, due to clamping and the develop-
ment of secondary phases, piezoelectric and ferroelectric capabilities often decrease
to between a quarter and a third of their original value [71].

Statistics on the functionality of experimental devices based on GaN were given
by Shur et al. Because of the impact that it has on the operation of field-effect
transistors and light-emitting diodes, the piezoelectric effect in III-V nitrides like
GaN has been the focus of a great deal of research and investigation [73]. Because of
its broadband gap is a potential contender for use in high-power, high-temperature,

or radiation-resistant electronic applications, especially over 180 degrees Celsius [71].

3.1.2  Different Types of Piezoelectric Materials

GaN can cancel out any piezoelectric charge produced due to a strain applied to the
material. Strittmatter employed Schottky diodes on n-GaN to impede the screening
effect so that they could reduce the impact size [74]. AIN, an additional group
ITI-V nitride with a wide band gap of 6 eV, has also been thought about for use
in surface wave technology in the form of a thin film. Low deposition temperatures
allow for compatibility with traditional integrated circuit technologies [75, 76], and
the broadband gap gives high resistivity, which helps to decrease dielectric losses
[77].

Since the polar surface is dominant in the growth mechanism of ZnO, a wide
variety of piezoelectric nanostructures can be created. It has also been employed in
the more common thin film form, sputtered onto a 1.5 mm silicon nitride membrane
to create acoustic devices such as small microphones or loudspeakers for cellular
phones or earphones [78]. Cantilever actuators constructed from ZnO have been
produced and characterized for use with this material.

Article [79] provides a comprehensive analysis of lead zirconate titanate (PZT)
based piezoelectric materials, including but not limited to bismuth sodium titanate,
alkali niobates (ANbOs), and non-perovskite ferroelectrics. Humans absorb 30 to
70% of breathed lead via their respiratory tracts. With a provision for monitor-

ing every six months, the acceptable range for lead in the blood is between 1.45
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and 2.4 mol/L [80, 81], depending on how well the occupational exposure is regu-
lated. Lead-free piezoelectrics include perovskite-type (ABOj3) ferroelectrics. These
materials include BaTiO3 (BT), (BigsNags)TiO3 (BNT), KNbO3, NaTaO3z and
others [79]. The most significant limitations are typically low Curie temperatures
(T.), difficulty in poling treatments, or poor relative densities [80]. However, these
issues can be resolved by adding dopants, which improve the piezo characteris-
tics of the material. According to what was found by researchers and presented
in [79], the value of ds3 The pure BNT system can be found between 57 and 64
pC/N. According to Li et al., desired piezoelectric qualities can be produced by
combining BNT, BKT, and BT to form a ternary system known as BNT-BKT-BT
[81]. They concluded that the dielectric constant and dss go up as the value of
X goes up, peak at a value of 150 pC/N when x is equal to 0.035, and then go
down again after that. According to these characteristics, the compositions close
to the MPB exhibit comparatively high piezoelectric and ferroelectric activity. Un-
der extreme heat conditions, tungsten-bronze piezoelectric ceramics may be em-
ployed as sensors, single crystals for electro-optics, and other applications. Doping
S12—2)Ca—yNaNbsOswith LayOz was investigated by Matsuo and colleagues, who
concluded that the material obtained a dielectric constant of 1662, a Curie tempera-
ture of 298 degrees Celsius, and a spontaneous polarization of 10.7 1C/em?. Accord-
ing to this study, it appears that lead-free SCNN has the potential to be utilized in
electromechanical applications [82, 83, 84, 85]. Both semi-crystalline polymers and
piezoelectric composite polymers, which are both forms of bulk polymers, function
according to distinct theoretical foundations [86]. ”Poling” polymers refers to the
process of realigning the crystallites inside the polymer bulk media, and it is per-
formed by providing a strong electric field to the material while it is subjected to a
high temperature. This procedure is carried out in order to realign the crystallites.
In order to apply the high voltage throughout the polymer, conducting electrodes
must be deposited on both surfaces of the polymer sheet. The voltage that is being
applied could be a direct current, an alternating current with a sinusoidal waveform,
or a triangle low-frequency waveform [87]. The roughness of the polymer film sur-

face can be compensated for by using corona poling, which does not need electrode
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deposition on one side of the film [88]. If the poling procedure is done a few degrees
above the polymer’s glass transition temperature, the dipoles may be aligned using
an external electric field [88].

Because the polymer has a low impedance, piezo composites are the preferred
material for acoustic devices [89]. A wide variety of permutations is possible for the
arrangement of ceramic and polymer composites [89]. Various numerical and ana-
lytical models have been devised to estimate the chemical properties of composites
of this kind [90, 91, 92].

Voided charged polymers are similar to piezoelectric materials in their behavior
because they contain dipoles inserted inside voids. Whenever a field is applied
across the voids, charges of the opposite sign are pushed and implanted on each side
[93]. The direction in which the electric field is delivered determines which charge
is accelerated and implanted first. VCPs have a more complicated structure than
other capacitor types since they hold varying charges in suspension using a variety
of springs and dampers [94]. Because a structure of this complexity possesses a
resonant mechanical response, the overall displacement of the structure is subject

to change depending on the frequency being applied [88].

3.1.3 The PVDF-TrFe Piezoelectric Polymer

The polymer PVDEF can be stretched in both the longitudinal and the transverse
directions, which allows it to be used to form a bi-oriented film [95]. If PVDF
proves to be an excellent candidate for the fabrication of piezo films, the P(VDF-
TrFE) copolymer may also be poled [95]. This particular copolymer will crystallize
immediately in beta form as a result of the replacement of a few of the VF2(CH2-
CF2) molecules in the PVDF with VF3 (CH-CF3) molecules [95].

In the study of Mohammadi et al., Fourier transforms infrared spectroscopy was
used to evaluate the influence of biaxial orientation and deformation rate on the
microstructure of stretched PVDF samples, and wide-angle X-ray diffraction was
used to confirm the findings of the FTIR analysis [96]. FTIR spectroscopy is a

well-established method for determining whether or not there has been a shift in
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the amount of b-phase present in PVDF films. It has been demonstrated that an
additional transition of the non-polar a phase into the polar b crystallites occurs
when the stretching rate is 10-50 ¢cm/min [96]. Polarized PVDF films have fairly
balanced piezoelectric activity in the film plane, unlike uniaxially oriented PVDF
films, which have more significant piezoelectric coefficients [97]. This is because
polarized PVDF films are oriented in two orthogonal directions. The crystalline
structure of PVDF is directly responsible for the material’s electrical characteristics
[98, 99, 100, 101, 102].

Today, various different polar crystals have been described for PVDF. These
modifications are designated as b (form I), g (form III), d (form IV), and e (form
V) [103]. Only when the stretch ratio is more than five is the melt-crystallized
PVDF capable of being transformed into the b-phase [104]. In order to produce
polar b-phase PVDF straightforwardly, one must either cast PVDF from solutions
of hexamethyl phosphoric triamide or quench molten PVDF under high pressure.
Both of these processes are required. Both of these methods produce the same result
[104]. The electrical charge in the matching PVDF film is significantly lower than
that in the 55 mol percent VDF copolymer, which has the biggest dielectric constant
and the most considerable electric current [96].

An uncommon negative longitudinal piezoelectric effect was seen by Katsouras
et al. in the ferroelectric polymer poly(vinylidene fluoride) (PVDF), as well as its
copolymers with trifluoroethylene (P(VDF-TrFE)) [105]. It seems inconceivable that
the polarization-biased electrostrictive contribution of the crystalline component is
the only factor responsible for this event [105]. Electromechanical contact between
crystalline lamellae and amorphous areas is the cause [105]. The so-called dimen-
sional model, a commonly accepted explanation for the negative piezoelectric effect
of PVDF, assumes that the dipoles are stiff and maintain their fixed moment and
orientation even when the material is mechanically deformed [105].

According to Katsouras et al., applying a positive stress perpendicular to the
chains mainly increases the distance between the chains. This is because the in-
teractions between the chains, both van der Waals and electrostatic, are relatively

weak. This dipole-induced piezoelectricity process has been verified using quantum
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mechanical simulations for single-crystalline polymers [106, 107]. P(VDF-TrFE)
crystallizes into needle shaped domains, whereas PVDF films consist of massive
lamellae, which spread outward from the center. In P(VDF-TrFE) copolymers, an
electric field causes electrostriction, commonly known as dipole-induced piezoelec-
tricity. The lattice constant goes down, and in addition to that, the amorphous
components that are sandwiched in between the polar lamellas get smaller [105].
PVDF-TrFE was selected as the actuation material for the piezoelectric har-
vester. Table (3.1) shows the superiority of PVDF-TrFE compared with other widely

used piezoelectric materials in terms of voltage output KPIL.

Table 3.1: PVDF has a higher ¢33 coefficient than other

widely used piezoelectric materials.

Parameter | BaTiOg Quartz PZT4 PZT5H PVDEF-
TrFe

dsz [10712] | 180 [108] 2.3 [109] 289 [110] 593 [111] -38 [110]

plkg/m?] 6010 [112] | 2620 [113] | 7500 [114] | 7500 [115] | 1800 [116]

€z /€0 1557 [108] | 5 [109] 1300 [109] | 3400 [109] | 9.4 [116]

gs3 [1073] 13.06 51.98 25.12 19.71 456.79

3.2 Characterization of PVDF-TrFe Thin Films

PVDF-TrFE has a dual-phase microstructure consisting of and phases where the
percentage of the beta phase determines the stiffness and crystallinity of the film.
Figure (3.1a-b.) represents the test setup used for stress-strain curve plotting, and
Figure (3.2) represents the stress-strain curve in the elastic region for the semi-

crystalline PVDF-TrFE copolymer.



Chapter 3: Studies on the Piezoelectric Material & Fabrication 47

a)

Mark-10 Force
Gauge

Specimen

Pl Z-Stage

Figure 3.1: a) Compressive tests were done using a force gauge and PI L-306 Com-
pact Precision Z-Stage b) Metal coated PVDF specimen was used for the experiment.

According to the curve, the polymer has a Young Modulus of 0.87 GPa, proving
its robustness. In addition to the high stiffness of the polymer, the flexibility of
the film is shown, which indicates that PVDF-TrFE is a suitable candidate for en-
ergy harvesting applications where flexibility and mechanical robustness are required

117].



Chapter 3: Studies on the Piezoelectric Material & Fabrication 48

o

Stress (MPa)
S O = =
o &

o>

.

0 5 10 15 20 25
Strain(%)

Figure 3.2: Stress-strain plot of the material resembles a linear curve in strain levels
as high as 25%.

According to equation (1), where gs3 is piezoelectric voltage coefficient, d is
thickness, and s is applied stress, the voltage output of a piezoelectric film is directly
proportional to the applied stress on the film. Figure (3.3a-b.) demonstrates the

flexibility of the film under a microscope.

Figure 3.3: a) Optical image representing the flexibility of the harvester b) PET
layer was used as a substrate for the piezoelectric layer to bend without going into
a tear, permanent deformation.

Also, based on the stress correlation with the strain, which is realized by Young’s

Modulus (equation 2), the higher magnitude for E results in higher voltage output,
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which is crucial for energy harvesters.
V= gggds (31)

V= ggngE (32)

In this way, tunability of phase percentage by chemical methods or electrical poling
of the film results in higher crystallinity, which determines the young modulus of
PVDF-TrFE films. Thus, we utilized FC20 polymer powders with 20 percent mol
content of TrFE ( phase) to achieve proper flexibility and stiffness. This way, various
PVDF-TrFE films with elastic modulus between 0.7-3 GPa can be selected based on
the trade-off between the required flexibility and voltage output in a specific energy
harvesting application.

PVDF-TrFe material characterizations were determined in terms of thickness,
pyroelectric, and ferroelectric measurements. In order to characterize the material,
it is necessary to first use 2w% PVDF-TrFE in acetone as solvent (Piezotech FC25).
The specimen is then placed on a magnetic stirrer for 1 hour at 80C. The solution
was then filtered to make it more homogenous. The filtered solution was spin-
coated on glass substrates sweeping between 750 RPM to 5000 RPM. In Sharma et
al. [118], spin-coated PVDF on Al substrate was also used to build a pressure sensor
for catheter applications. In [119], a thin film was fabricated using a spin coating
approach to be used as an active layer for converting mechanical energy to electrical

energy. A spin coating routine for a 5000 RPM specimen is given in Figure (3.4).
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Figure 3.4: Acceleration values were the same in all of the spin-coated samples with
different maximum RPM values.

After this operation, the solution was annealed for 1 hour at 140 °C. Figure (3.5)

shows the thickness of the deposited layer for different RPMs. Also, Figure (3.6a-

d.)) shows the microscope images of the PVDF-TrFe specimen. Table (3.2) shows

specimen features that were used in the measurements.

Thickness(um)

Weight Percent(wt%)

-
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s
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-—- 750 RPM
1000 RPM
-=——= 2000 RPM

Figure 3.5: Profilometer thickness measurements were taken with Dektak XT for
different spin-coated specimens.
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In [118], researchers claim that the thickness dropped when the spin speed was
increased. Indicative of the stronger piezoelectricity of thinner film, researchers
found that the signal output from the PVDF device with a thickness of 1 pm was
roughly 1.7 times higher than the signal output from devices with a thickness of 6
pm. This was feasible because higher surface tension is required to produce a thinner
film during spin coating. Consequently, thinner films have a higher crystallinity than
thicker films. In [119], the PVDF-TrFE copolymer solution with a concentration of 2
percent and the PVDF-TrFE copolymer solution with a concentration of 15 percent
were subsequently spin-coated on the substrate to attain the requisite thicknesses of

220 nm and 6.5 pm, respectively.

Table 3.2: PVDF-TrFE 15W% in acetone/DMF spin-
coated with 750 rpm and thickness of 6.6um.

Sample Substrate Electrodes Characterization
1 PET/ITO Aluminum  tape | Poled Capaci-
on top and ITO | tance: 46 [pf]

on the bottom Area: 240 mm?

Thickness: 6.6 pm

2 PET/ITO Aluminum  tape | Poled Capaci-
on top and ITO | tance: 68 [pf]

on the bottom Area: 187 mm?

Thickness: 6.6 pm

3 PET/ITO Aluminum  tape | Unpoled  Thick-

on top and ITO | ness: 6.6 pm
on the bottom
4 Glass/ITO Copper tape on | Poled Thickness:
the top and ITO | 6.6 pm

on the bottom
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Figure 3.6: Microscopic images of PVDF-TrFe specimen with: 5x (a), 10x (b), 25x
(c) and 50x (d) magnification showing desirable surfaces with no defects.

Film formation was not desirable in 5000 RPM spin-coated film as short cir-
cuit tests for this specimen failed for most regions when it was spin-coated on ITO
glass—indicating non-uniformity or porosity of the surface. Film formation was bet-
ter in 2000 RPM than in 5000 RPM spin-coated film; however, the short circuit test
failed on the edges of ITO glass. A 33wt% PVDF-TrFe (FC25 Arkema Piezotech)
solution was too viscous to be squeezed using the pipettes. In conclusion, lower
RPMs ( 2000) resulted in better film uniformity, but acetone seems not to be a
suitable solvent for PVDF-TrFE due to its highly volatile nature. Poling was done
using the high voltage DC power supply. Poling procedure is given in Figure (3.7),
and the poling setup is given in Figure (3.8a-b.). An additional 100 V was applied

for 1 pm thickness.
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Figure 3.7: The poling process of the 6.5 pm thick PVDF-TrFe material was done
in silicone oil to prevent electrical sparks under high voltage.
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Figure 3.8: a) Voltage values up to 2500 V could be applied with the supply b) The
test specimens were immersed in silicone oil to prevent sparks under high voltage.

The approach used in the process for voltage increments utilized a Sawyer-Tower
Circuit, which was built for conducting ferroelectric measurements with the speci-

mens. Figure (3.9) shows the result of these ferroelectric measurements, which were
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conducted with the circuit given in Figure (3.10) using the specimens in Figure

(3.11).
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Figure 3.9: Polarization results for 4 different test specimens are given. Measure-
ments are done using triangular waves with 20 V,,,,.

PVDF-TrFe Capacitor
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— b
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Figure 3.10: Sawyer-Tower circuit built with a reference capacitor having a thousand
times higher capacitance than the PVDF-TrFe capacitor.
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Figure 3.11: Piezoelectric specimen numbers match the test specimen numbers given
in Table (3.2).

3.3 Fabrication of Flexible Piezoelectric Energy Harvesters

To validate the fabrication flow, a 3 mm diameter hole on a 10x10 mm PET sheet
was created using a mechanical cutter. A thin double-sided tape was put on top of
a supportive PET cut into a 7x10 mm rectangle. Another PET sheet, which PVDF
will later replace, was then cut according to design constraints. This layer also had
parts shaped as the contact pads with 3x3 mm dimensions and was attached to the
double-sided tape. In the first step, plain PET sheets were cut in 10x10 mm size
with a mechanical cutter to fabricate the device. The sheets were 140 pm thick and
cut with a laser to form 3 mm diameter circular cavities. A 65 pm thick double-sided
tape was then put on the PET. The tape was used to fix the PolyK PVDF film on
the sheet. In addition, the tape was used as the structural layer for the harvester,
moving the piezoelectric layers away from the neutral axis. Figure (3.12) shows the

fabrication steps used to fabricate the PEH prototypes.
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Figure 3.12: (1) Plain PET sheets were cut in 10x10 mm size with a mechanical
cutter device (2) Sheets were cut with a laser to form 3 mm diameter circular cavities
(3) A thin double-sided tape was put on top of the PET (4) The tape was used to
fix the piezoelectric film on the sheet (5) Bonding connections were realized.

An 18 pnm PVDF-TYFE layer was then placed on the double-sided tape. Two 3x3
mm electrode pads were cut out of the PVDF film to make bonding easier while
getting connections from the device. The sheet was metal coated on both sides.
Using the described process, circular plate energy harvesters with 3 mm diameter
were fabricated, as shown in Figure (3.13a-b.). Another design is proposed in Figure

(3.14a-b.). The acoustic resonator tube length was fixed to 140 pm in all prototypes.
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Figure 3.14: Optical image of the second design for harvester.
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Chapter 4

TESTING

The experiment platform was built as shown in Figure (4.1a-b.). The setup
consisted of a Pulse Width Modulation (PWM) 4-wire fan, an Arduino Uno, a
dry air supply, and a BMP280 pressure sensor breakout board from Adafruit. The
output properties of the wind setup were studied experimentally and provided in

Figure (4.2a-d.).

a) b)
s ’

Dry Air Supply

Pressure
Sensor

Figure 4.1: a) Test setup was built using 3D printed parts which have a cavity for
dry air supply and a surface to fix the pressure sensor b) SPI communication was
used to get the values from the pressure sensor.

A code was developed to measure the pressure dynamically from serial pins.
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Serial Peripheral Interface (SPI) protocol was used for the communication. A unique
test setup was built using 3D-printed parts. Dry air was flown towards the fan’s
turning propeller, which creates pressure fluctuations by creating intervals. The
frequency of these intervals was set by changing the PWM frequency of the fan and
operating voltage value. PEH was fixed close to the fan to be vibrated by these
fluctuations, creating alternating voltage. The maximum wind speed measured was
20 m/s. The rotational speed of the fan was validated using a tachometer. Figure
(4.3) shows the current measurement’s experimental circuit and oscilloscope output.

The current output of the harvester was measured using an oscilloscope. The
tested harvester and the circuit schematic are given in Figures (4.4) and (4.5a-b.).
The output voltage was converted to the current by dividing the peak-to-peak CH2

output of the oscilloscope with the resistance value (1.5k €2).
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Figure 4.2: a) Pressure fluctuation spikes were plotted for 1680 RPM measurement showing peak-to-peak 45 Pa pressure changes
per hit b) Using the dry air supply, 400 Pa of pressure could apply to the piezoelectric plates ¢) Sweeping through 720 RPM
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= Bottom Electrode

—

Figure 4.3: The setup was used to measure the current output from the PEH by
applying pressure on top of the sensor; the voltage output was later converted to
the current; two flat tip crocodile wires were used to get contacts from the bottom
and top electrodes.

15K

Piezoelectric
Element

CH1

15K CH2

Figure 4.4: Circuit model used for harvester test. A 1.5k €2 resistor was used in the
measuring circuit. CH1 and CH2 are the two channels of the oscilloscope showing
two different outputs which can be converted to the output current.
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Figure 4.5: a) Oscilloscope output from the current measurements b) 1.5 kQ loads
used in the circuit.

The procedure was applied to both harvester designs.
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Chapter 5

RESULTS AND DISCUSSION

The research presents two 10 x 10 mm? transducers built on the PET layer.
Low resonance frequency PEHs can benefit from this because most environmental
vibrations are at low frequencies. Using measured layer thicknesses, the neutral axis
and its distance from piezoelectric midplanes were estimated; z = 74 pm. Figure
(5.1) and Figure (5.2) represent the voltage and current output of the harvester
having the first design, respectively, while Figure (5.3) shows the oscilloscope output

for the voltage values.
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Figure 5.1: The maximum peak-to-peak value seen was 1.4 V under impulse (First
Design).
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Figure 5.2: Voltage output of the harvester under impulse measured from the oscil-
loscope.
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Figure 5.3: The maximum current was 136.9 pA under impulse when taking the
average of the peak values (First Design).

It is also worth noting that the piezoelectric material can withstand significant
degrees of strain. Having higher power output, the second harvester design was

evaluated under a wind test setup. Figure (5.4) demonstrates the harvester’s voltage,
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current, and power output on the same time scale.
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Figure 5.4: a) The maximum voltage obtained from the wind setup was V0 =
937.01 mV while the sensor was connected to the current measurement circuit b)
The maximum current obtained from the wind setup was I, = 291.34 pA ¢) The
maximum power obtained from the wind setup was P,,., = 272.99 uW.

Figure (5.5) shows the peak-to-peak voltage graph obtained from the Picoscope
for the second design. It is worth noting that the output voltage produced is 6.61
vmax-
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Figure 5.5: The output voltage measured from the sensor. The output voltage
produced from the sensor was also validated by a multimeter under impulse (Second
Design).

Figure (5.6) shows the current output of the harvester under the impulse to make
a comparison with the first design. The power output difference between the two
designs is mainly based on the effective piezoelectric layer area, where the second

design has a 36.2% larger piezoelectric layer area compared to the first design.
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Figure 5.6: The output current from the sensor under impulse current of I,,,, = 273
BA (Second Design).

Impact applied to the sensor for measuring a capacitor charge-discharge curve.
The circuit given in Figure (5.7) was used for rectifying the AC output and capacitor

charging, and the output is shown in Figure (5.8).

Full Bridge
Rectifier

PVDF-TrFe )
Piezoelectric Element Oscilloscope
—
— e
(YY)

Capacitor

Figure 5.7: 104 nF ceramic capacitor was used for the circuit
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After the force was released from the piezoelectric element, the capacitor charge

was discharged due to the 1 M{2 oscilloscope input impedance.
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Figure 5.8: A single impulse contributes to a V4, ~64.4 mV

This experiment runs for 10k seconds to show the stability of the capacitor

charge. The test results are given in Figure (5.9).
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Figure 5.9: The 104 nF capacitor had a stable charge during the acquisition.

Figure (5.10) shows the sensor’s voltage output under wind load without any ex-

ternal circuit connection to validate the values taken from the current measurement

circuit.

1.0

\
0.0
|
_ |
—0.5 i |I

—-1.0

Voltage (V)

0 2 4 6 8 10
Time (s)

Figure 5.10: V,, = 1.74 V was measured from the wind tests
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The comparison of FEM values against values taken from the wind setup for

voltage is given in Figure (5.11).

Experimental Values
FEM Results
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Figure 5.11: Error bars representing 10.1% error between the experimental positive
maximum voltage value of 756 mV and the FEM result for pressure application 400
+ 30 Pa

The PVDF-TrFe energy harvester can run a MEMS BMP280 (Bosch) pressure
sensor, widely used in structural health monitoring applications in wind turbines.
The required inputs for running a BMP280 sensor are given in Table (5.1). Needing
2.7 pA current and 1.20 V voltage input, a BMP280 sensor can be run using the
PVDF-TrFE energy harvester.

Table 5.1: BMP280 Properties [120].

Feature BMP280
Footprint 2.0x2.5 mm?
Min. VDDIO 1.20 V

Current Consumption | 2.7 uA
RMS Noise 1.3 Pa

Pressure Resolution 0.16 Pa

Interface I? and SPI
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Measurement Rate Up to 157 Hz

Figure (5.12) reports the power and current requirements of two other commer-
cial pressure sensors having operating voltages of 1.5 V maximum together with

BMP280, showing that the PVDF-TrFe piezoelectric harvester can power these de-

PVDF-TrFe Power (uW)
PVDIE-TrTe Current (uA)

0 100 200 300

-

0 1 2 3
Power (UW)

e

0 1 2
Current (ud)

vices.

MSh637C
BMP280
DIP5310

Mbh637C
[BMP280
DPS310

Figure 5.12: MS5637C (MEAS Switzerland), DPS310 (Infineon), and BMP280
(Bosch) are widely used commercial pressure sensors that can be powered with
the harvester output [120, 121, 122].
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Chapter 6

CONCLUSION

It is believed that innovations for energy harvesting would overcome problems
caused by electronics’ fixed-capacity power sources. This thesis presented a piezo-
electric energy harvester that is adaptable and could be utilized to monitor structural
components’ overall health. It is feasible for autonomous sensor systems to acquire
energy from the environment around them, which may subsequently be utilized to
provide power.

The proposed device is meant to fulfill the prerequisites necessary for energy har-
vesters to function correctly. It is easy to apply using traditional methods because of
its straightforward design, and it permits the creation of sensors that are relatively
small in size. This study aimed to show and contrast various approaches that can be
taken to analyze the suggested device. Additionally, it ascertained whether or not
the proposed apparatus is a practicable alternative for energy harvesting in wind
turbines. The thickness of the PVDF-TrFe material and its pyroelectric and ferro-
electric properties were measured and used to characterize the material. Variations
in pressure were brought about due to the dry air passage toward the fan’s spinning
propeller. Two proposed transducers measured as 10x10 mm?.

Power output and mechanical reliability increase when a component can with-
stand high strain levels. Piezoelectric materials can sustain substantial strain, an-
other essential feature to consider. The PVDF-TrFe energy harvester can power a
MEMS BMP280 (Bosch) pressure sensor, which is a sensor that is frequently utilized
in structural health monitoring applications in wind turbines. In capacitor charging
experiments, the average voltage increase for a single impulse was measured to be
174 mV as the maximum. The force delivered to the piezoelectric element is directly
proportional to this value.

Soft and flexible PVDF-TrFE polymer provides benefits over other ferroelectrics.
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This study described the design, construction, and characterization of PEHs with
PVDF-TrFE layers. The proposed PEH structures were thin films with circular
plates of 1.5 mm. The neutral axis lies outside the active piezoelectric layers. The
thickness of the PEH designs was 223 pm after fabrication. On an impulse load,
the maximum harvested voltage was measured at 6.61 V and the current measured
at 273 pA, while on a wind load, the maximum harvested voltage was measured at
937.01 mV and the current measured at 291.34 pA giving a maximum power value

of 272.99 nW for the second energy harvester design.
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