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Abstract

Wearable devices have emerged as one of the most rapidly growing branches of the consumer
electronics industry in recent years. Having a wide breadth of applications, ranging from
leisure and fitness tracking to therapeutics and diagnostics, their development has become a
critical driving force in the field of personalised medicine and point-of-care technologies. With
the availability of more powerful processing techniques, efficient design approaches, and the
miniaturisation of the basic building blocks that conform them, the capabilities of wearable

devices have great potential for growth.

Energy sources are one of the critical challenges associated with the design of wearable
electronics. Renewable sources such as piezoelectric energy harvesters are of great interest,
offering a viable alternative that can help tackle the problem of e-waste by enhancing the
lifespan of a primary power source or as an independent power source. The piezoelectric
active core materials of energy harvesters are the elements that allow for the conversion of
mechanical energy to electrical energy. Contrary to the case of using piezoelectric ceramics,
polymer based active cores offer superior flexibility, low manufacturing costs, and are non-
toxic. However, their piezoelectric properties are comparatively lower than those of ceramics.
Micro and nanofabrication methods for the manufacture of polymer based piezoelectric
structures are of great interest in the field of energy harvesting because they allow for the
tuning of specific morphological properties of these materials, offering the possibility of
tailoring the material to the intended application and for the enhancement of the piezoelectric
properties of the manufactured structures in some cases, which can bring the piezoelectric

performance of polymer based materials closer to that of ceramics

Electrospinning is a technique for the fabrication of nano and microfibrous structures based
on the principles of electrohydrodynamics. This versatile manufacturing method not only
allows for the fabrication of diverse morphologies of a material depending on the working
parameters, ambient conditions and reagents, but can also intrinsically enhance the properties

of the product.

In this thesis, electrospinning will be used for the fabrication of polymer based piezoelectric
materials. The work presented in the following chapters will focus firstly on the optimisation of
the working parameters and on the composition of the polymer solutions for the fabrication of
morphologically stable fibres and consequently will deal with improving the electrical response

of these structures when they are used as the active core of a piezoelectric generator.



Initial experimental work deals with the optimisation of polymer solutions containing the
ferroelectric polymer poly(vinylidene fluoride) (PVDF). Favourable conditions for the
fabrication of PVDF nanofibres were identified, and the resulting 2D fibrous mats were used
for assembling a first iteration of piezoelectric generators. The findings indicated that the
electrospun PVDF product had a favourable electrical response in spite of the morphology of
the fibrous product not being ideal. Thus, improving the quality of the electrospun products

would certainly allow for the fabrication of better performing generators.

The use of chemical additives, solvent systems, and the combination of polymers for
electrospinning can heavily influence the quality of the product. This thesis proceeds with the
exploration of this premise, using combinations of PVDF with poly(ethylene oxide) (PEO) and
lithium chloride (LiCl) for improving the quality of the material. Fibre morphology improved
dramatically with the use of these additives, and it was observed that the fabricated fibrous
structures could now transition to 3D materials under specific conditions, with variants ranging
from a cloud-like structure to thick sponge-like fibrous mats. The conditions required for the
production of 3D structures were found to be compatible with poly(vinylidene fluoride-co-
trifluoroethylene) (PVDF-TrFE), a copolymer known to have intrinsically superior piezoelectric
properties than PVDF. The fabricated structures were used for assembling piezoelectric
generators, and their electrical properties were shown to be comparable or to outperform

similar state-of-the-art devices.

Design opportunities were identified while working on the proposed piezoelectric generator
architecture and the interfacing methods used for bonding the active core to the electrode
materials. The thesis finalises with an exploration of additional methods that can be used to
further increase the electrical response of generators with thick sponge-like fibrous PVDF-
TrFE/PEO active cores. The findings of this final study revealed that electrode placement and
design that conforms to the characteristics of the electrospun fibrous core and the use of
electrode materials that can interface with both the surface of the active core and the fibrous
network within the core material can improve the electrical output of the generators

dramatically.

The multidisciplinary work presented in this thesis explored fields ranging from chemistry and
materials science to electronics and electrical engineering, laying the ground work upon which
new research opportunities for the development of portable renewable energy sources can

develop.



Lay Summary

In recent years, wearable devices have become more readily available, being commonly used
for keeping track of parameters such as heart rate, counting steps, tracking sleep, among
other uses. The market for these types of devices is expected to keep growing steadily;
however, so is the demand for batteries which in turn will eventually reflect in the amount of
e-waste being generated globally. Renewable energy sources are an attractive clean
alternative that has the potential to extend the lifespan of the batteries used in these systems,

and might even be able to independently power up devices with more simplistic designs.

Throughout the day, a person will move as they go through their daily activities. Piezoelectric
energy harvesters can harness the residual mechanical energy associated with these activities
and convert it into electrical energy, which can then be stored and used for powering up
electronic devices. Piezoelectric active materials lie at the core of these type of energy
harvesters. The type of material determines how effective the generator will be for harvesting
energy, with some materials allowing for more electrical energy to be extracted than others.
The most effective piezoelectric materials are ceramics, which are known to be hard and
brittle. Polymer based piezoelectric materials offer flexibility and are non-toxic, but their
piezoelectric properties are not as potent as those of ceramics. Micro and nanofabrication
techniques can help to manufacture polymer based piezoelectrics with enhanced properties,
bringing their piezoelectric properties closer to ceramics while conserving their flexibility and

biocompatibility.

Electrospinning is one of those fabrication methods, and is typically used for the creation of
fibrous structures that range from micrometre thin membranes to thicker non-woven fabrics.
This method uses a very high voltage to eject liquid jets from a polymer solution towards a
charged collector. As the jets travel to the collector, the material elongates and twists around,
resulting in an assortment of micron-sized or even finer fibres depositing on the surface of the

collector.

The work presented in this thesis explores how electrospinning can be used to create
piezoelectric polymer based materials with enhanced properties and demonstrates how
effective the resulting materials are as part of a piezoelectric generator by testing various

energy harvester designs under different types of mechanical excitation.



Initially, it was necessary to evaluate the conditions, both those related to the ambient and the
controllable ones, which facilitate the fabrication of piezoelectric nanofibrous structures. The
study then moved forward, continuing with the evaluation of more complex conditions which
would ultimately allow for the fabrication of better quality materials. It was during this step that
the favourable conditions for fabricating electrospun 3D piezoelectric fibrous structures were
identified. Tweaking a few controllable conditions allowed for the resulting product to become
either cloud-like structures or thick, sponge like fibrous mats. The thick sponge-like mats were
used as the active core of an energy harvester, and were found to perform comparably better

or similarly to other state-of-the-art generators based on the same type of base materials.

The final part of this study deals with the exploration of design choices that would further
enhance the performance of the previously built generators. Not only was it found that
improving the interfacing materials used in the generator and the type of electrodes resulted
in a dramatic increase in the power generated by the device, but it was demonstrated that the
complex 3D morphology of the core material has the potential for achieving even higher output
figures if the designer can figure out more effective methods for interfacing with both the

surface and the complex inner network within the core material.

The work presented in this thesis shows that electrospinning allows for the fabrication of
piezoelectric polymer based materials which can be successfully used as energy harvester
components, and offers new generator design paths to explore by the introduction of

piezoelectric polymer based electrospun 3D fibrous structures.
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Chapter 1

Introduction

1.1 Problem statement and motivation

The field of implantable electronics and wearable medical devices has grown at a considerably
fast pace over the course of the last century. The availability of new technologies for the
fabrication of solid-state electronic components and a better understanding of the
physiological and biochemical aspects of health and disease are some of the main motivations
behind the rapid growth of this field. With the implementation of the first self-powered cardiac
pacemaker in the late 1950’s [1], technological and clinical research and development
activities have allowed for the continuous development of more effective interfacing materials
and electrode designs, signal processing techniques, and biocompatible design, among
others. Initial iterations of implantable medical devices often required complicated surgical
procedures and carried great risk to the users, primarily because of the lack of biocompatible
materials and the limitations posed by the energy sources available to the designers in those
days [2].

During the early 1960s, several studies were conducted to evaluate the condition of patients
who had received the earlier cardiac pacemaker implants, allowing both engineers and
scientists to identify the areas of opportunity in which the application of new technologies and
methodologies would provide critical improvements for patients [1, 3]. The applications of the
implants started to diversify as well, with other devices now being used to treat hypertension
or used as implanted defibrillators [4, 5]. The rapid development of solid-state devices and
integrated microelectronics were critical for the proposal of more complex devices. For
instance, an automatic implantable defibrillator was presented in 1980. This device was
designed to be fully biocompatible, fitted with lithium batteries which would allow it to deliver
a total of 100 shocks and operate for at most 3 years. The device had the processing power
to monitor the electrical activity of the heart, detect atypical patterns in the input signals being
monitored, and deliver a shock. It also had the capability of identifying if the application of a

shock had not been successful and consequently would deliver another one [5].

Progressively smaller, denser, and more powerful integrated circuits (ICs) and advances in

the implementation of Very Large-Scale Integrated circuits (VLSI) allowed for the design and

2
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implementation of systems capable of performing tasks such as supplying a drug as a
response to the current condition of the patient. At times, the ideas coming out of the
collaboration between medical professionals and engineers could not be realised mainly
because of technological limitations. For instance, the development of application-specific
systems (ASIC) for performing individual tasks such as controlling micron-sized pumps for the
handling of biological fluid samples, and the availability of low-power memory and input/output
modules, allowed for the creation of a fully programmable implantable drug delivery system.
This system was first conceived by its invertor in the 1970s, but was only realisable well into
the 1980s, highlighting how this field is highly dependent on advances in other fields such as
consumer electronics, and materials science, among others [6, 7]. During these decades,
various techniques and approaches for the design of implantable and wearable electronics
involving the development of specialised biomedical ICs and VLSI systems were developed
and became easily accessible to the wider research community, allowing designers and
engineers to create systems that were tailored for medical applications. These guidelines and
adopted techniques would be useful to tackle common challenges such as the presence of
interference in the form of external electromagnetic signals or internally in the form of sensor
drift [6, 8—13].

As stated previously, technological progress related to processing power and miniaturisation
was not the only aspect that allowed for the design of more complex and powerful devices;
the development of energy sources was a critical factor around which designers needed to
work around. The batteries used in the first implantable cardiac pacemakers had mercuric
oxide cathode and zinc anodes, battery chemistry which was in principle not adequate for
implantable devices because gaseous hydrogen would be released as a by-product of the
half-cell reactions [2]. This would be problematic for the implementation of sealed devices, as
the release of gases would compromise the structural integrity of the implanted device.
Additionally, the energy density of these types of batteries would only allow the implanted
devices to operate for a few hours or days for the earliest designs and up to 1 or 2 years for

more advanced ones [1, 2].

Lithium-based batteries became commercially available to the general public in the 1970s.
This type of battery had a much higher energy density, did not produce gases, and offered
higher stability, which was very attractive for designers and proved to be very beneficial for
the transition from concept to product for many implantable devices [2, 6]. The fabrication of
specialised batteries for medical applications has seen a very substantial development as well,
with very rigorous testing procedures being carried out spanning from the discharge

characteristics to the assembly and mechanical properties of the casing [14]. Additionally, as
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technologies such as the fabrication of nanostructured devices emerge, more efficient and

durable lithium batteries are expected to become available in the near future [15].

In more recent times, as communication among devices and approaches such as that of
Internet-of-things (loT) and telemetry become more commonplace, specialised devices such
as those employed for point of care (PoC) applications and wearables have also become
ubiquitous in daily life, enabling healthcare professionals to monitor vulnerable people or for
consumers to keep a record of their own parameters of interest [16—23]. As rechargeable
batteries with higher energy density became more widely available, and electronics became
more efficient and were capable of operating at low-power conditions, the idea of battery
replacement might not appear to be of much concern. However, the mass production of
wearable devices and consumer electronics, in general, is inevitably associated with the

production of e-waste at the end of life for these products.

The generation of e-waste is of great concern for public health institutions and environmental
agencies worldwide. As emergent economies develop, so does the annual consumption of
consumer electronics and thus the generation of e-waste. E-waste is a term coined for
encompassing all the parts associated with an electronic device such as printed circuit boards
(PCBs), discrete components, batteries, and casings, among others. Recycling approaches
target specific components such as electrode materials, heavy metals, and electrolytes, to
name a few examples. The implementation of legislation and policies for the correct
management of e-waste allows for the sustainable recovery of materials and for the safe
disposal of those that cannot be recovered [24]. Emerging technologies for more efficient
recovery processes are also helping to tackle the challenges associated with the sustainable
disposal of e-waste [25]. However, an estimate of around 82.6% of the total e-waste disposal
is informal, disorganised, and unregulated according to some studies. The unregulated
methods often involve the use of toxic mediators, incineration or incorrectly dumping the
devices into landfills, all of which have a severe impact on the environment and human health
[24, 26-28]. As pointed out in the Intergovernmental Panel on Climate Change (ICPP) reports,
while batteries can play a crucial role in diminishing losses and reducing fuel-production
emissions in sectors such as transport [29], legislation and policies for the processing of these

devices at the end of their life is also necessary for minimising their environmental impact.

The use of energy harvesters constitutes an alternative that not only offers the possibility of
slowing down the production of e-waste by extending the battery life of devices but may also
one day provide the means to fully power up implantable and wearable devices on their own.

Emerging self-powered devices and sensors, which are defined as those that are autonomous
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and supply their own energy, allow relatively simple sensing systems, wearables, implants

and wireless sensor networks to operate without the need for a primary power source [30-37].

Energy harvesting devices rely on active materials, which convert mechanical, chemical,
thermal, and biological energy to electrical power. Recent advances in nanofabrication
techniques for the production of active materials used for energy harvesting have resulted in
the production of materials, with emerging methods being capable of further enhancing the
efficiency of energy harvesters [38—43]. For instance, in the case of mechanical energy
harvesters, it has been observed that the fabrication of piezoelectric structures with very high
length to diameter aspect ratios exhibit a more powerful electrical response than those of lower

aspect ratios [44].

Piezoelectric ceramics and polymers are typically used to fabricate mechanical energy
harvesters [45]. Ceramic based energy harvesters can reach output power figures of up to the
range of milliwatts per square centimeter (mW cm™2), while those constituted of polymers or
of combinations of ceramics and polymers can achieve outputs in the range of single
nanowatts per square centimeter (nW cm™) to the tens of microwatts per centimeter square
(MW cm™2) [46-48]. While ceramics have higher output power figures, they are brittle and often

contain toxic materials such as lead.

Unlike ceramics, polymer-based piezoelectric elements are biocompatible, non-toxic, and
offer superior flexibility at low manufacturing costs [35]. A biocompatible material can be
generally defined as those which do not affect the biological and physical nature of living
beings or living tissue [49, 50]. More specific definitions of this term are highly dependent on
the context and scope of the project. In regards to the design of a wearable or an implantable
device, a biocompatible material is that which minimises the appearance of an inflammatory
response by having mechanical and chemical properties that closely match those of living
tissue, besides not being toxic [51, 52]. However, the definition of biocompatible materials will
be more restrictive for implantable devices, since it is necessary to understand how severe an
inflammatory response would be and how the body will react to an implanted foreign body on
alocal and a systemic level [49]. In the case of wearable devices, using flexible and stretchable
materials that conform to the shape of a stationary and moving body part can minimise the
chance of triggering an allergic reaction since friction between the skin and the material can
be minimized [51, 53, 54]. Since the scope of the work presented in this thesis is focused on
wearable devices, biocompatible materials will be defined as those that do not cause an
allergic reaction simply by touching the skin, and have properties such as flexibility and
stretchability that allow them to be manufactured in forms that will reduce the likelihood of

damaging the skin of the end user. Additionally, in regards to the power output associated with
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polymers, the work presented in this thesis will deal with mechanical energy harvesters with
only polymer based cores. Thus, in the scope of the project, the output power range of interest

will be defined between the hundreds of nW cm™ to the tens of yW cm™.

Electrospinning is a micro and nanofabrication technique that allows the user to create
polymer-based fibre mats with individual fibre tuneable properties such as dimension, porosity,
mechanical properties, among other characteristics. Typically, the most fundamental type of
structure that can be obtained from electrospinning consists of a single fibre, whether it has a
diameter in the nano or micrometric scale. A single fibre produced via electrospinning is often
categorised as a 1D structure [55-57]. A collection of electrospun fibres is known as a fibre
mat, and is often referred as a 2D structure [58, 59]. Given that the fabrication of 3D
electrospun structures has emerged only recently and there exist different approaches for the
production of this type of structures such as near-field techniques or those using liquid
collectors [60-62], the definition of a 3D structure in the context of the work presented in this
thesis will refer to those electrospun structures or fibre mats which have thicknesses greater
than 500 ym and can acquire this property in less than 30 minutes of continuous
electrospinning. Compared to the basic electrospinning method, near-field techniques
involving extrusion or others that rely on liquid collectors require additional specialised
equipment, accessories or additional processing steps to generate electrospun 3D materials.
Alternative methods which can reliably create electrospun 3D structures using the basic

electrospinning approaches have yet to be explored.

The electrospinning of ferroelectric polymers for the fabrication of 2D fibre mats for energy
harvesting has been studied extensively. Information about the production of different types
of structures with different types of polymers, as well as extensive documentation relating to
the effects that experimental conditions and additives have on the morphology and properties
of the final product [41, 60, 63-67]. However, the advantages that using electrospun 3D
ferroelectric polymer structures for fabricating mechanical energy harvesters may have in
terms of power output performance and their potential for integration into wearable systems

have yet to be studied.

The research work presented in this thesis is motivated by the need to create biocompatible
and efficient active core materials for mechanical energy harvesters based on emerging 3D
electrospinning technologies, aiming to help bring the transition to a more sustainable battery

life cycle closer to reality for wearable devices.
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1.2 Thesis aims and objectives

This thesis aims is to explore the usage of ferroelectric polymers for the fabrication of active
materials. Outlining a method that allows for the fabrication of structures that can be easily
adapted for integration into wearable devices and that may facilitate the formation of complex
3D structures are the core aims of the project. Electrospinning is a fabrication technique that
can potentially allow for reaching these goals, and will thus be the primary experimental
method for the fabrication of polymer-based active materials. A condensed list of the

objectives is as follows:

Electrospinning ferroelectric polymer fibrous structures
o Focus on materials and methods that will allow for the manufacture of
biocompatible active materials that can be easily adapted to diverse wearable
device design approaches such as textile-based wearables or that can be

integrated into accessories such as watches or bracelets.

Characterisation of the resulting fibrous structures

o Observe which conditions allow for the fabrication of the best fitting morphs of
the product. Use those particular fabrication settings and parameters as a basis
which can be further improved by controlled tuning, the use of additives or
different electrospinning setups.

o Assess the properties of the manufactured materials and evaluate their
suitability as cores for a mechanical energy harvester.

e Use the fabricated fibrous product to design and implement a mechanical energy
harvester.

o Demonstrate the properties of the fabricated materials and designed generators by

evaluating their electrical response.

o Evaluate the effects of using different electrode designs and materials. Assess
how assembly, placement, and interfacing methods affect the electrical
response of the generators.

o Characterise the electrical response of the generators under different testing
conditions. For instance, evaluate under controlled mechanical excitation

conditions and when being used by a test subject.

If any improvements to the designs or material fabrication methods are found,

implement and re-evaluate the electrical responses.
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1.3 Thesis outline

o Chapter 1: This introductory chapter describes the motivations behind the project in
the context of the historical and recent developments associated with electronic
wearable devices, as well as the challenges that arise from the rapid growth of these
technologies. A brief discussion of these aspects leads to the formulation of the aims
and objectives of the project, followed by a description of the contents corresponding
to each of the chapters presented in this thesis.

e Chapter 2: This chapter presents an overview of the concepts, methods, working
principles and theory associated with the project. It begins by introducing the reader to
the basics of energy harvesting, the different methods that exist for this purpose, and
outlines the reasons why a mechanical energy harvesting approach was chosen for
this project. This is followed by an introduction to piezoelectric materials, their
properties, and a discussion of the differences that exist between 2D and 3D structured
materials when used as active cores for mechanical energy harvesting. A variety of
ferroelectric polymers and their properties are also discussed in this section. The
chapter continues with a section dedicated to electrospinning, including the principles
behind the technique and an introduction to the different available techniques. The
chapter concludes with the fundamentals of AC signals and the electromechanical
characteristics of mechanical energy harvesting devices in general.

o Chapter 3: This chapter describes the materials employed in this thesis, as well as the
general methods used for fabricating the active cores and generators. The methods
used for characterising their mechanical properties, and their electrical response are
also outlined, including brief introductions to the working principles of some of the
characterisation techniques used. This section also includes information on custom-
built devices for mechanical testing.

o Chapter 4: In this chapter, the reader will find the experimental work carried out for
determining the best fitting electrospinning and solution parameters for the fabrication
of ferroelectric polymer polyvinylidene fluoride (PVDF) fibres. A range of favourable
parameters for the electrospinning of PVDF polymer solutions is the result of these
experimental trials. This data will serve as the basis on which efforts for improving the
morphology and adapting the resulting product for wearable integration would be
investigated at a later stage. A preliminary overview of the electrospun PVDF as the
core of a piezoelectric generator is also presented.

e Chapter 5: This chapter presents the experimental work that resulted in the fabrication

of electrospun 3D PVDF structures. The use of additives such as lithium chloride (LiCl),
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polyethylene glycol oxide (PEO), and carefully controlled ambient and electrospinning
conditions allowed for the electrospinning of 3D PVDF structures with tuneable
morphologies, which ranged from dense cloud like structures to thick sponge-like non-
woven fibre mats. The compatibility of the methods and electrospinning parameters
used for obtaining 3D structures for similar copolymers such as PVDF and
Trifluoroethylene (TrFE) is demonstrated as well. The electrical response of the
resulting materials was characterised by fabricating piezoelectric energy harvesters.

o Chapter 6: This chapter describes further work that builds upon the results obtained
from the previous chapter. Experimental methods related to improving the active core
to electrode interface for the generators presented in the previous chapter. Conductive
fabric electrodes and conductive thread, carbon and silver glue, and a combination of
copper foils and conductive fabrics were used for exploring methods for further
enhancing the response of the proposed generators. This work was inspired by
observations done on the experimental work of the previous chapter.

e Chapter 7: This chapter provides a conclusion for the research work presented in this
thesis. The reader will find a brief presentation of future work, a final reflection on the
accomplishment of the goals laid out for the project, and a description of the

contributions that this work offers to the field of energy harvesting for wearables.

Keywords: Mechanical energy harvesting, Electrospun materials, 3D electrospinning,

Ferroelectric polymers.
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Chapter 2

Literature Review

2.1 Energy harvesting overview

2.1.1 Energy demands of implantable and wearable electronics

The concept of wearable and implantable sensing systems has evolved from describing those
that integrate additional functions such as self-diagnosis [1] into the inclusion of more
advanced features such as self-calibration and self-compensation [2]. Some examples of
desirable features are improved accuracy, precision and sensitivity while minimizing the
effects of drift, noise, interference from cross-reactants and other artefacts. The additional
elements that allow sensing systems to perform such tasks can be implemented on software
as compensation algorithms [3] or additional on-chip analogue or mixed signal processing

blocks [4], just to mention a few of the possible techniques available.

Typically, along with the previously discussed added features, wearable devices often require
additional data storage, transmission and energy management modules tailored for the

intended application. Figure 2-1 shows the general architecture of a wearable system [5].

Energy
management

.

transmission
. Signal Analog to
; i acquisition ==  digital = processing,

element e
crcmt comverter storage

Figure 2-1: Simplified architecture of a wearable system.

System design that allows for added features that improve device performance and its

capabilities will demand more processing power and additional or improved instrumentation
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when compared with a simplistic one. Currently, blocks that are often found in wearable
devices such as voltage regulators, amplifiers and radio frequency (RF) transmitters have
been shown to consume power in the order of tens of microwatts (W) up to tens or hundreds
of milliwatts (mW) individually [6-8]. Using combinations of these building blocks, some
designs may adopt a fully on-chip integrated approach or rely on discrete components to build
the system. Some applications will require continuous-sampling approaches while, for others,
sample recording only after long time intervals have elapsed may suffice; these fundamental
differences will determine the energy needs of the device. Considering current power
consumption figure estimates, the energy needs of a system would range from the tens of yW
for very simple devices to possibly tens or hundreds of mW for the more complex ones. A low-
power design approach both in terms of hardware and algorithms running the device can
further prolong battery life for these systems [9]. However, the most demanding would still
require frequent recharging or would need to accommodate for larger batteries to satisfy their
power needs. Energy harvesting elements offer an alternative power source that may be

successfully integrated into any design as a complementary or main power source.

Energy harvesters are often regarded as secondary power sources that extend and maximise
the lifespan of primary power sources. However, whether powering up the simplest or the
more complex systems, energy harvesters have shown the potential to become reliable and
independent power sources. For instance, a very low voltage, fully integrated continuous-
sampling device was built with both the sensor and the energy harvester being implemented
as a single functional module [10]. Devices that solely depend on energy harvesters are often
referred to as self-powered, independently of it being a device that obtains its energy from the

very same process it is intended to sense or from scavenging from another energy source.

Considering all current developments, energy harvesters can complement other power
sources and, in some instances, provide sufficient power to drive wearable sensing devices
independently. However, several energy harvester iterations still have output power figures
that would not fully cover the energy needs of the more complex designs. Literature often
shows promising output power figures which have been obtained under carefully controlled
experimental conditions; actual performance in vivo will most likely be afflicted severely due
to variations in the environment and the condition of the end user. For instance, the presence
of an analyte in a bodily fluid required by a biofuel cell will change depending on the current
time and what kinds of activities the end-user has been doing. Still, energy harvesters have
been observed to be compatible with low-power designs and self-powered schemes. With new
implementations and improvements on existing schemes being under development, the

outlook for energy harvesters as an alternative source for providing power for a broad range
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of wearable devices is promising. The following sections will present a general description of

the most common energy harvesting techniques.
2.1.2 Enzymatic biofuel cells

An enzymatic biofuel cell (EBFC) can be defined as a device that obtains electrical energy
from biochemical reactions, using enzymes as the catalysts that convert biological fuels into
electrical energy, typically relying on a pair of functionalized bio-electrodes or a bio-anode
paired with a non-biological cathode [11]. At a fundamental level, EBFCs rely on redox
reactions for supplying an electrical current for a load. The power density performance of these
cells is a function of parameters associated with the selected biofuel, electrode geometry and

structure, additives, and substrate material selection.

Initial implementations of these devices required membranes for isolating the reactions
occurring at each electrode. By selecting bio-cathode/bio-anode pairs functionalized with
carefully selected enzymes, newer generations of EBFCs architectures no longer need a
membrane or separate compartments. Enzyme selectivity can be used to effectively avoid
crossover between the reactions occurring at each electrode, thus allowing the setup to be

dimensionally compact while preventing the shorting of the electrodes [12].

The addition of mediators that can facilitate electron transfer, the fabrication of micro or
nanostructures on the electrodes or the fabrication of artificial enzyme mimic structures is
directly linked to power density figure enhancement. The inclusion of micro and nanostructures
aids electron transfer by physically reducing the distance between the electrode and the active
sites of the enzymes, which are often hidden deep within the structure of the protein. Since
the rate of electron transfer between enzymatic active sites and electrodes decays
exponentially as a function of the distance between them [13], bringing the active site as close
as possible to the electrode via nanoscale structures would increase the efficiency of the
electron capture process. The fabrication of artificial enzymes that are more stable, easier to
immobilize and possibly more active would result in functionalized electrodes with a longer
lifespan and thus more reliable power density figures [12]. Additionally, since protein electron
transfer rates are closely linked to the distance between donor and acceptor sites, modifying
or creating structures that bring these sites closer together may increment the rate of electron
transfer [14].

EBFCs have the potential to power up complex, fully integrated wearable systems as well as
being suitable for implementing self-powered biosensors. As long as the biofuel concentration
remains within an optimal level and other essential analytes such as oxygen are not depleted

in the probed fluid, EBFCs are capable of providing a constant figure of power density within
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a range of physiological concentrations of the target analyte. However, EBFCs have relatively
low open circuit voltage (Voc), which may require stacking many functional units to rise the
voltage and will require additional instrumentation for conditioning the harvested energy.
Typical Voc values for a single unit can reach up to hundreds of mV under controlled
conditions, which often deviate significantly from those found in vivo. However, they do have
the potential to offer a relatively high current density as long as the enzymatic loading density

is enhanced [15]

2.1.3 Triboelectric generators

Kinetic energy harvesting has attracted much attention given the presence of residual
mechanical vibrations and friction present in the environment and living organisms [16]. When
two different materials come into frictional contact and separate, the resulting charge
separation and distribution in the materials can be harnessed as a power source [17]. The
tendency of a material to either accumulate positive or negative charges, as well as how easily
it can achieve that, is illustrated on a scale known as the triboelectric series. Although
materials are ordered relative to their interactions with others, it is claimed that the series

remains consistent across a wide spectrum of material families [18].

The working principle of triboelectric generators (TEGs) can be described as a four-stage
process. The first stage corresponds to when the surfaces of two materials that are on
opposite sides of the triboelectric series come into contact with each other. Charge transfer
between them is promoted, often resulting in charge accumulation along the contact area. The
second stage occurs when the surfaces are being separated. The opposite ends of the
surfaces that were in contact will experience charge build up due to electrostatic induction.
When this occurs, if the external surfaces are connected to a load, it is possible to induce a
current flow on it. The third stage happens as, after separation, charges recombine, thus
polarization will be neutralized on the materials. The last stage occurs as the materials are
brought together again, resulting in charge induction and a current will flow through the load,
but the direction will be reversed relative to that observed in the second stage. It is the cyclic

separation and union of the surfaces that results in energy generation [19].

TEGs can deliver Voc values in the range of hundreds of volts and, depending on the design
and post-processing done on the surfaces, and can be implemented in forms such as fabrics
due to their flexibility. However, the short circuit current (/sc) figures are lower than those
obtained from EBFCs. The output voltage and current of TEGs are not a DC waveform, thus

requiring additional instrumentation for rectifying and conditioning the obtained signals.
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However, they do offer flexible solutions that can be easily adapted for wearables such as

wristbands or clothing.
2.1.4 Piezoelectric generators

The piezoelectric effect can be defined as the generation of a voltage across a material that
is exposed to a mechanical stimulus [16]. Crystalline materials with specific structures exhibit
piezoelectric properties. Under no strain, crystal subunits are electrically neutral. When
subjected to a mechanical deformation, dipole charges align, resulting in a net electric
polarization on the material [20]. Taking zinc oxide crystals as an example, the undisturbed
tetrahedral crystal subunits of the material will exhibit a neutral polarity given that both charge
centres for their respective positive and negative charges are coincident. When an external
force is applied to the material, the mechanical deformation will cause those charge centres
to separate, causing the formation of a dipole [21]. Polymers and ceramics exhibit piezoelectric
properties, with the former having the advantage of being flexible and less brittle than
ceramics. However, their electromechanical coupling constants, generally used as a measure
of performance for piezoelectric materials, are comparatively low to those found in ceramics
[22].

While recent examples will show that both ceramics and polymers have been successfully
employed for developing PEGs, device architecture and the approach used for their
implementation can vary significantly, with some proposals being flexible enough to be easily
integrated into textiles while others would be limited to rigid structures [23-25]. In general
terms, the performance of PEGs depends on the piezoelectric strain coefficient dy, a
parameter that measures the electric polarisation generated in the material in direction j as a

response to a mechanical stress applied to the material in direction j [26].

Piezoelectric generators (PEGs) can have an output of tens to hundreds of Volts. However,
their output currents are in the nA to YA range. Similar to what was discussed for TEGs, the
output of these devices is in the form of an AC signal. Thus, additional instrumentation for
rectifying and converting these signals to DC values will be required. Several examples of the
integration of PEGs into wearable systems have been documented, with applications ranging

from smart textiles, shoe pads, and backpack straps, among others [23, 26, 27].
2.1.5 Thermoelectric generators

The thermoelectric effects were first described by Seebeck, Peltier and Thomson. These refer
to electrical and thermal effects that occur when a material is exposed to a temperature

gradient, to an electrical current or both. The Seebeck effect consists of the generation of an
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electric potential difference when two surfaces with different temperatures come into contact.
A thermoelectric generator (ThEG) converts a portion of the thermal energy into electrical
energy using an arrangement of thermoelectric materials thermally in parallel and electrically
in series [28]. The output of a ThEG is a function of the temperature difference AT and the

figure of merit of the thermoelectric materials employed ZT [28-30].

ThEG layout design plays an important role for determining the observed surface power
density figures of the device. For instance, using flexible materials for manufacturing the layers
that surround the thermoelectric couples enhances the power density figure because it
facilitates contact with the heat source, which would help reduce the thermal interface
resistance between that surface and the device [31]. Another important consideration is that,
while this family of generators is capable of outputting a constant power figure given that,
physiologically, the temperature of the human body surface is relatively stable, ambient
conditions do have a critical effect on their efficiency. For example, the power figure obtained
from a person at rest will be much lower than that observed from someone who is on the
move. The reason is that incident airflow on the ‘cool’ surface increments the temperature

differential across the device, resulting in an increased electron-hole pair production [31].

ThEGs provide a constant power output figure under steady-state conditions, which is one of
its greatest advantages since it is not limited by variations in analyte concentration or lack of
mechanical stimulus. However, this figure tends to stabilize at an equilibrium point which is
often well below the estimated temperature differential for a system mainly because of poor

insulation and heatsink design.
2.1.6 Hybrid energy harvesters

Individually, the previously discussed energy harvesting families have limitations that would
affect their feasibility as an individual power source of a wearable device. Hybrid energy
harvesters, which could be defined as devices that combine different harvester families in a
single system, address those limitations by increasing the situational coverage of power

generation.

The integration of two or more different types of energy harvesters can increase the likelihood
of an energy harvesting system to work in practical situations by allowing for the extraction of
energy from more than a single source. For instance, the combination of a ThEG with a TEG
would allow for a system to obtain a constant output from the ThEG when no motion is
occurring and an enhanced output when the user starts to move. Another advantage of hybrid
systems is that they may also be able to operate over an enhanced range of electrical loads.

For PEGs and TEGs, power extraction is maximised when the electrical load has a high
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impedance value, typically over 1 MQ. For ThEGs, the most efficient extraction occurs at
comparatively very low loads, often below 10 Q. Combining these two energy harvesting
approaches would result in a system that can adapt to two different ranges of electrical loads,
which could be advantageous for smart, adaptable systems that can switch and match loads

depending on the situation.
2.1.7 Comparing the different energy harvesting techniques

The idea of having a complex system being reliant entirely on energy harvesters as a power
source gets increasingly difficult as the implementation scenario gets closer to what can be
found in practice. The selection of the type of energy harvester to use is also of great
importance, mainly because of the situational limitations associated with the implementation

of the system.

EBFCs offer the greatest current densities with Vocs in the order of tens of millivolts. As
outlined previously, this family of generators is heavily dependent on the concentration of an
analyte, which is most likely variable due to multiple factors related to metabolic differences
between users [32]. The encapsulation of the device would also add another layer of difficulty
to the implementation of EBFCs. The designer would have to consider the best scheme for
maximizing the exposition of the EBFC to the analyte, keeping the effect of cross-reactants at
a minimum and possibly dealing with diffusion rates for chemicals which might take some time
for being replenished in the probed medium. In terms of energy conversion and management,
EBFCs have an advantage in being a DC power source. The instrumentation required for
power conditioning, typically a DC-DC converter that adjusts the EBFC output into a higher
voltage but lower current, offers relatively better efficiency with less complex designs when
compared with AC to DC conversion. Basic AC to DC conversion techniques typically require
a secondary DC-DC converter to condition the intermediate stage DC-like power into true DC,
as seen from works that discuss on the efficiency of the converters used for mechanical energy

harvesters [33].

Mechanical energy harvesters offer higher Voc figures and arguably offer the most flexible
formats that are capable of being integrated into clothing and other accessories that are
compatible with wearable design. However, the current output is typically low and the
instrumentation needed for conditioning the raw output power of the generator can be
complicated, often requiring more processing stages. This can be addressed by tailoring the
instrumentation to the needs of the device; the inclusion of an advanced AC-DC conversion
module with a feedback control architecture can potentially increase the conversion efficiency
figure by having power scavenging occurring only at those moments when the available

energy is sensed to be at a maximum. These improvements are often achieved by techniques
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that employ switching devices, such as synchronized switch harvesting on inductor or

synchronous electric charge extraction [34, 35].

ThEGs provide a constant power output figure under steady state conditions, which is one of
its greatest advantages since it is not limited by variations in analyte concentration or lack of
mechanical stimulus. However, this figure tends to stabilize at an equilibrium point which is
often well below the ideal AT because of poor insulation and challenging heatsink design.
Typically, the Voc of these devices will be close to tenths of millivolts with current levels closer

to the pA level, placing these devices in between EBFCs and mechanical energy harvesters.

Thus far, a general overview of the capabilities of each type of energy harvester has been
provided. While the nature of their output signals and fundamental characteristics are shared
within each family, the output Voc, Isc and estimated power figures can be enhanced by the
introduction of new materials, fabrication methods or architectures. Table 2-1 provides some
examples of the measured outputs of different types of energy harvesters belonging to the

groups discussed in the previous sections.
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Table 2-1: A list of energy harvesters belonging to each of the four families discussed in this text.

Architecture or

Maximum Open

Maximum Short

Maximum

Maximum Power

Material Circuit Voltage Circuit Current  Current Density Density Figure Conditions Reference
aterials
(mV) (nA) (A cm™?) (LW - cm™%)
EBFCs
Oxygen bubbled
Phosphate Buffer
Hybrid EBFC 459.6 28.9 1.3 at 90mV solution (PBS) [36]
with 20mM
Glucose
Graphite
electrodes with 5mM Glucose in
650 410 275 at 300mV [37]
pyranose PBS
dehydrogenase.
Paper based 1M PBS with
570 148 46 at 310mV [38]
glucose EBFC 100mM glucose
Gasl/Liquid
porous
. 700 285 70.7 at 300mV 5mM glucose [39]
diaphragm
EBFC
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EBFC based on
a 3D gold coated 580

nickel foam

9040

2320 at 350mV

PBS with 100mM

glucose

[15]

Carbon cloth
electrode with
hydrogel
yareg 109
containing
cholesterol

oxidase

11.4 at 53mV

0.5mM
cholesterol

solution

[40]

Gold
nanoparticles on
bacterial
cellulose EBFC,

glucose oxidase

500

and laccase

2800 (per cm?3)

345.14 at 247mV

(per cm?)

50mM glucose

[41]

Compressed
carbon
nanotube
electrodes with 681.8
glucose
dehydrogenase

and laccase.

202.2

67.86 at 335mV

45mM glucose

[42]
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Stretchable skin
EBFC, silver and 500 1100 1200 at 200mV 20mM lactate [43]
lactate
Lactate Oxidase 14mM lactate,
and 0.1mM glucose,
800 1600 760 380 [44]
dehydrogenase 17mM urea and
EBFC 0.8mM table salt
Triboelectric
Hydrogel based
generator, :
200k peak-to- 22.5 peak-to- Bending
PDMS, 31.25 [45]
o peak peak frequency of 2Hz
aluminium and
nickel fabric
Rotating disk
240k peak-to- 2200 peak-to-
scheme, copper 500rpm [46]
peak peak
stator/rotor
3D orthogonal
woven textile, 45k k-t k 2.2 k-t k 0.55 26.33 Tappi t 3H [47]
eak-to-pea .2 peak-to-pea : . apping at 3Hz
PDMS and steel P P P P PPing
yarn
Generator
200k peak-to-
formed from 200 peak-to-peak 76 Excitation at 5Hz [48]

multiple silicone

peak
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coated steel

threads.

Aluminium and

kapton half
300k peak-to-

generator with
peak

several contact

materials

610 peak-to-peak

0.013 Excitation at 1 Hz

[49]

Thin, on-skin

generator, made
115k peak-to-

peak

of 2 elastomer
films and carbon

grease.

5 peak-to-peak

10

[50]

Copper
electrode
covered in 800k peak-to-
kapton, mercury peak

acts as a

tribocouple.

16 peak-to-peak

670 Excited at 2.5Hz

[51]

Piezoelectric

Self-powered
cardiac 8k peak-to-peak

pacemaker

145 peak-to-peak

Excited at 0.3Hz

[52]
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Zn0O nanorod

array between

0.035 peak-to-

Excited at roughly

silver paste and 8k peak-to-peak [24]
peak 1Hz
nylon fabric
substrates
Boron Nitride
nanowires 0.280 peak-to-
50k peak-to-peak Excited at 11Hz [53]
encased within peak
PDMS
Fibre-based
generators, 0.0012 peak-to- Single fibre
3k peak-to-peak [54]
PVDF and low peak tested, 83mHz
density PE.
Barium titanate
nanopartices,
. 5.5k peak after 0.590 peak after _
silver and Excited at 20Hz [55]
rectification rectification
alginate ‘worm’
generator
Sponge-Like
. . 11.1 k peak-to- Operated at 40
Piezoelectric 9.7 peak-to-peak [56]
peak Hz
Polymer Films
Bioinspired 0.55 peak-to- Maximum output
25k peak-to-peak 2.6 [57]
elastic peak power recorded
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piezoelectric

composite

at a load value of
400 MQ

Flexible
piezoelectric
nanogenerator
made of PVDF-
TrFE thin film

[58]

Double-layer
structured PVDF
nanocomposite

film

[59]

Thermoelectric

Stretchable
inorganic-
g . 18
organic

generator

0.017 AT of 75 °C

[60]

Silk fabric-based

generator

10

0.015 AT of 35 °C

[61]

Woven yarn

thermoelectric 14.8

textiles

0.21 AT of 55 °C

[62]
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2.1.8 The case for mechanical energy harvesting

In the previous section, the characteristics of each family harvesting technique were
discussed. In the context of energy harvesting for wearable devices, some of the previously
mentioned families would have more favourable working conditions than others. For example,
EBFCs have the advantage of generating power in the form of a DC signal. However, their
output depends on the concentration of particular analytes; thus, the available output power
would vary over time and at different rates depending on what activity levels the end-user is
having. Perhaps the most challenging aspect of designing an EBFC for a wearable device
would be devising a strategy for the non-invasive collection of the bodily fluids. Instances of
self-powered systems based on EBFCs with such collections systems have been
demonstrated, with the most advanced ones integrating microfluidic devices for sample
collection and flexible electrodes, substrates, and interfaces for constructing the system.
However, the use of such collection techniques is still in a developmental stage and the

implementation of low-cost and flexible electrodes and substrates has yet to be achieved [63].

ThEGs offer the possibility of a relatively constant DC power output. However, similar to what
has been mentioned about EBFCs, the design of ThEGs for wearable devices is still limited
by elevated costs and reduced flexibility; the cost of the active materials and electrodes, the
lack of cheap, flexible, and high ZT materials, and the relatively low AT that exists between
the ambient and the human body are some of the main challenges to address when designing
a wearable ThEG [30].

Both PEGs and TEGs have the advantage of being compatible with a wide range of low-cost
fabrication techniques and of being highly flexible depending on material selection [64].
Approaches such as screen printing, spin coating, mould casting, electrospinning, and
extrusion can be used for fabricating functional materials for mechanical energy harvesting
and for developing the interfaces needed for harnessing their output power [64, 65]. For both
of these types of devices, the maximum output power that can be extracted from the device
occurs at a higher resistive load value than that observed for ThEGs or EBFCs, with average
figures for both types of mechanical energy harvesting approaches being on the range of
single digits to hundreds of MQ [66—-68]. The output power density that can be obtained from
both these kind of devices is in the order of 100 nW to 100 yW cm™2; while it is true that this
figure is relatively lower than those observed for EBFCs operating in ideal conditions [30, 63],
the low-cost of implementation and the diverse types of flexible materials that can be used to
design a mechanical energy harvesting device coupled with the range of obtainable output
power density figures were the aspects that led to the decision of exploring mechanical energy

harvesting for the work presented in this project.
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Piezoelectric energy harvesting was selected over triboelectric energy harvesting mainly due
to the relatively higher output current that these type of generators can source when compared
to triboelectric generators [66, 69]. TEGs tend to have higher peak-to-peak output voltage
figures, generally one order of magnitude greater than those observed for PEGs [64, 69].
However, when considering the output power of both devices, TEGs have slightly higher

figures.

From the perspective of the electronic design for the interfacing circuits and other
instrumentation needed for harvesting the energy, dealing with inputs signals in the range of
hundreds of volts would require additional functional blocks for component protection [70]. The
instrumentation needed for harvesting the AC waveforms produced by both these types of

generators is very similar otherwise.

Taking into consideration the differences between PEGs and TEGs discussed previously, the
focus of this project will be directed to PEGs. However, the work undertaken for this thesis
should be open to the development of a hybrid system considering how advantageous that

would be for the performance of an energy harvesting device.
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2.2 Piezoelectricity

A very brief overview of piezoelectricity was covered in section 2.1.4. This section presents a
more detailed of piezoelectric effect theory, types of materials and the behaviour of polymer-

based piezoelectric structures.
2.2.1 The piezoelectric effect

As described in the previous sections, the piezoelectric effect can be defined as a property of
some materials for becoming electrically polarised when under mechanical stress, or vice
versa [71]. Not every type of material has this property; only some crystalline materials are
piezoelectric. Crystalline materials are classified into one of 32 crystallographic classes
depending on their symmetry. Only 20 out of 32 groups do not have a defined centre of
symmetry and can exhibit polarisation, thus, allowing these materials to show separate,
opposite charge centres when the material is deformed mechanically [72]. Of these 20 groups,
some will only get polarised when subjected to mechanical stress while others will be
inherently polarised. These groups are classified under the category of pyroelectrics, since
they not only get polarised under mechanical stress but also by changes in temperature.
Among the group of pyroelectrics, there is one more subset for which the axis of polarisation
can be modified when exposing the material to a very high electric field. These materials are

known as ferroelectrics [73]. These will be discussed at a later stage in this section.

Crystals are highly ordered materials composed of repeating units of a fundamental entity
known as the unit cell [74]. The atoms constituting a unit cell can be described within an
arbitrary three-dimensional coordinate system, with the lengths and angles describing the unit
cell relative to a three-dimensional Cartesian coordinate system being defined as the lattice
constants of the unit cell. Considering operations such as rotations, inversions, reflections,
among others, it is possible to reduce the whole universe of possible structures into the 32
general symmetry groups mentioned previously [74]. Thus, any unit cell can be described in
a three-dimensional space as belonging to one of those crystallographic classes groups.
Some of these classes are grouped into six systems depending on the number of mirror

planes, inversion axes, among other characteristics that are common to them [75].

The polarisation of a material as a response to mechanical stress is referred to as the direct
piezoelectric effect, with the opposite being referred to as the indirect piezoelectric effect [71,
76]. Equation 2.1 shows an simplified expression for the direct piezoelectric effect, and
Equation 2.2 shows one for the indirect effect [77]. D represents the electric displacement, Tn,

is the stress, sn, is the strain, E is electric field, the subscripts i represent a three-dimensional
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coordinate plane system and m represents a direction parallel to one of the axis or a rotation

relative to one of the axis [77].
Equation 2.1 D; = dynTm
Equation 2.2 Sm = dimE;

The dim term represents a piezoelectric tensor, and has units of coulombs per Newton. In
rough terms, a tensor is a mathematical object that allows for proportionally relating a set of
conditions with others. In the case of the direct piezoelectric effect, a piezoelectric tensor or
coefficient relates the change in net polarisation arising from the deformation of the material
to the applied stress mediating that deformation. The net polarisation is a vector and can be
described relative to the planes of the three-dimensional Cartesian coordinate system, and
thus can be indexed as 1, 2, and 3. The applied stress is also a vector, and describes stress
exerted along the three axis of the coordinate system and also for rotations occurring along
these, thus being indexed 1 to 3 for stress applied along an axis and 4 to 6 for shear stress
[77-79]. It is of interest to note that the applied stress vector would in reality involve not just
six possible states but nine. However, given that stress and strain are symmetrical, three pairs
can be reduced [75]. The group of piezoelectric tensors is thus a 3-:6 matrix. The vector and

matrix representation of equation 2.1 is shown in Equation 2.3.

m]

Dy di; dip diz dig dis dgs Tz

Equation 2.3 Dyl =|dz1 dyz dpz dpy dps dae|- T3
D3 d3; dsp dzz dzq dzs dze |Tz|

7|

Each piezoelectric tensor represents the change in polarisation occurring on the surface of
the material relative to a reference direction as a response to stress applied to the surface of
the material. This is more easily explained in Figure 2-2. Figure 2-2a shows a solid in a three-
dimensional space. In figure 2-2b, polarisation along axis 3 occurs when applying a
compressive stress on the surfaces of the object lying in the 1-2 plane can be described by
the piezoelectric tensor dss. Applying a shear stress on the surface of the object along the 1-
3 plane, as shown in figure 2-2c and observing a polarisation oriented along the positive axis

labelled 1 can be described by the piezoelectric tensor dis.

Depending on the type of crystal being considered, an applied stress might not result in a net
electrical polarisation, thus, the corresponding piezoelectric tensor is effectively zero in that
case. Thus, the responses of individual crystal classes depend on their particular symmetry
can be associated to a specific piezoelectric tensor matrix [80, 81]. Figure 2-3 illustrates this

by showing the piezoelectric tensor matrix associated with a polar crystal belonging to the
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tetragonal system category [80, 82]. It is important to note that the previous discussion mostly

applies to a single crystal unit cell.

4
6 E E d.. f
4

1 5

¢)
Applied stress
d15 PP
\l\- Resulting
polarisation

Figure 2-2: (a) Reference three-dimensional place notation used for describing piezoelectric
tensors. (b) Tensor dss describes polarisation observed along axis 3 when compressive stress is
applied relative to axis 3. (c) Tensor dis describes polarisation observed along axis 1 when shear

stress is applied relative to the rotation labelled as 5. Adapted from [79].

0 0 0 0 dis O
0 0 0 dis 0 O
dz; dz dizz 0 0O 0

Associated piezoelectric
class crystal

Figure 2-3: Each crystal class can be related to a specific tensor matrix depending on its

symmetry. Adapted from [80] and [82].

As mentioned previously, ferroelectrics are a subtype of piezoelectric materials characterised

by having spontaneous electric polarisation, and the observed polarisation can be
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manipulated by the application of a very strong external electric field [76, 83, 84].The
procedure of reorienting the dipoles in a material by means of applying a strong, external
electric field is known as poling. Ferroelectric materials can be considered to be systems with
memory, since the dipole orientation acquired after poling will remain, ideally until the material
is exposed once again to an external electric field [76, 83, 84]. A representation of the process
of poling is illustrated in Figure 2-4. Figure 2-4 a shows discrete ferroelectric units immersed
in an unspecified medium that won’t react to an external electric field. Figure 2-4b shows how

the discrete units are reoriented after poling.

a) b)

o 6 B g am
Taety'n (Tngug'n

Matrix Applied electric field
. Ferroelectric unit Electrode

Figure 2-4: Reorientation of the dipoles of discrete ferroelectric particles. (a) Before poling, the dipoles
are oriented at random directions. (b) The application of the external electric field causes the dipoles to

be reoriented.

Observing the response of material as it is poled with a variable electric field can be used to
identify whether the material is ferroelectric. If varying the strength of the electric field causes
a remnant net polarisation on the material, showing that the current state depends on the
previous conditions, then it can be confirmed that it is a ferroelectric material. This is also
known as hysteresis, and curves showing the measured polarisation P or displacement D as
a function of the applied electric field E are referred to as hysteresis P-E or D-E loops. An

example of such curve is shown in Figure 2-5.

Piezoelectric materials are often classified in four main categories, which are ceramics, single
crystals such as some minerals, polymers, and composites [85]. Each of the families have
unique properties, such as magnitude of the piezoelectric response, stiffness, brittleness,

among others.

Single crystal piezoelectric materials are often found in nature, but are often grown
synthetically for fine-tuning the material and improving its properties. This is commonly done

with crystals such as quartz [85, 86]. These materials are characterised by strong piezoelectric
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coefficients, but their brittleness and hardness can make it difficult to process and reshape
them [87].

PorD [uC cm?] 4

Figure 2-5: Hysteresis loop of a ferroelectric material. The electric field is varied while the polarisation is

recorded. Figure adapted from [84].

Piezoelectric ceramics are polycrystalline, inorganic, non-metallic processed materials with a
perovskite structure [83, 85]. Perovskites are crystals that follow the form ABXs, which is a
type of ternary structure consisting of two different ions typically linked by oxygen, represented
by the X [88]. Ceramics are hard and brittle, but can be easily be manufactured in complex
shapes, and may be processed and structured with different intermediate layers or post-
processing steps for fine-tuning its properties [88]. Piezoelectric ceramics in general can have
high piezoelectric coefficients; for instance, lead zirconate titanate (PZT), which is a widely
used ceramic with excellent piezoelectric properties, boast ds; values of up to 593 pC N~ [83].
However, piezoelectric ceramics may contain elements that are toxic to living beings, such as
lead. The study of lead-free ceramics has gained much interest, and has shown potential for

the development of ceramics that can be used in implantable or wearable devices [89].

Polymers are materials composed of long chains of repeating units called monomers. In
contrast to ceramics, polymers are commonly biocompatible, may be biodegradable, are
flexible, can endure higher strain before breaking, and, depending on the manufacturing
method, have the potential to be less expensive and easier to manufacture than ceramics [79,
85]. In contrast with ceramics, the main disadvantage of piezoelectric polymers are the
comparatively low piezoelectric coefficients. However, diverse methods for increasing the
piezoelectric potential of these materials have been identified and are being continuously
developed [26, 79].

Composite piezoelectric materials consisting of a mixture of fillers and polymers have been
developed, offering an alternative that bridges the disparities between these two groups. A

filler can be a ceramic, an organic piezoelectric structure, and carbon nanotubes, among other
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materials. Composite piezoelectric materials can be tailored for specific applications and
targeted for achieving particular properties. For example, PZT particles embedded in a
polymeric matrix may offer the chance of using this ceramic for implantable or wearable
devices without exposing the user to dangerous substances. As an example, a composite PZT
and ferroelectric polymer Poly(Vinylidene fluoride) (PVDF) film was measured to have a dss of
84 pC N after increasing the volume fraction of PZT to 30%. This is in contrast with the ds3
of =30 pC N™' measured for a PZT-free PVDF film [85].

While ceramics clearly offer the highest piezoelectric potential out of all the materials
discussed previously, they are also known for being hard and brittle, and generally not being
biocompatible. Composite piezoelectric materials offer an intermediate alternative in terms of
performance, mechanical properties, and compatibility with wearable applications. However,
these still carry the risk of exposing a user to harmful substances in the event that the
encapsulating materials were damaged. Piezoelectric polymers have very attractive properties
in relation to the design of portable energy harvesters for wearable devices. Their flexibility,
biocompatibility, and the potential of manufacturing at lower costs, as well as the potential of
finding alternative manufacturing methods that would allow for the conservation of these
characteristics while offering an improved piezoelectric response, are all promising
characteristics that align with the aims of the project. For this reason, piezoelectric polymers

have been selected as the materials that will be explored in the work presented in this thesis.

2.2.2 Implications of using 2D or 3D structures for mechanical

energy harvesting

As discussed in the previous section, the most fundamental piezoelectric element consists of
a crystalline unit. In the context of nanostructures, a single piezoelectric crystal is considered
to be zero-dimensional. Structures such as nanowires or single fibres are 1D, while thin-films
are considered to be 2D piezoelectric materials [90]. According to some authors, collections
of 1D and 2D materials in close contact with each other can be considered as 3D piezoelectric
structures [90, 91].

The formation of 3D piezoelectric structures can be achieved using diverse methods, and is
not limited to structures constituted purely of piezoelectric materials. For instance, additive
manufacturing methods can be used to 3D print structures consisting of stacked layers of the
active material while approaches using moulds can use chemical processes such as dip-
casting a template in a solution containing the active material and then proceeding with the
calcination of the structure for crystallising it, yielding structures consisting of a complex

interconnected network of the active material in the shape of the mould [57, 92]. Several of
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these 3D manufacturing methods allow the user to maximise the piezoelectric potential of their
products by being compatible with or integrating a poling technique. For instance, extrusion-
based methods can be adapted for integrating the poling process by the installation of an
electrode on the printing bed and having the printing head of the device house another

electrode [91-94]. Other methods rely on pre or post-processing techniques.

Independent of the approach used for creating the 3D piezoelectric structures and whether
they contain purely piezoelectric materials or not, the use of 3D over 2D structures provides
several advantages. From the point of view of the manufacturing process, 3D techniques have
the potential to create structures that conform to complex architectures without the need to
resort to the user of adhesives or other interfacing elements, effectively limiting the generated
power that is lost at those interfaces [93]. Additionally, the mechanical properties of brittle
materials such as ceramics can be dramatically enhanced for some 3D manufacturing
methods, in which the nanostructured material can be taken beyond its elastic limit, up to the

point where it can be deformed plastically [95, 96].

Another advantageous aspect is the potential for the materials to have an enhanced
electromechanical response. This is mainly attributed to the increased effect that out-of-plane
strain has on the structure, as well as the more effective distribution of the incident force on
the material in cases where it is embedded within a flexible elastomer [57]. Studies in which
the performance of 3D and 2D structures were compared revealed that the output voltage can
increase by a factor of 10 in some cases, and that the efficiency of strain to voltage conversion
can increase dramatically, with some examples achieving 30 times the figures observed for
2D devices made with thin films of the same material [57, 93]. The potential for obtaining more
sensitive responses or obtaining comparatively greater power out of 3D structures rather than
from 2Ds with identical incident forces offer the possibility of fabricating more efficient

sensors/actuators and generators [57, 97].

The experimental work presented in this thesis will focus on the use of piezoelectric polymers.
While composites and ceramics have higher piezoelectric coefficients than polymers, they lack
the biocompatibility, flexibility and ease of manufacturing that are characteristic of polymers.
Additionally, as discussed in this section, successfully achieving the fabrication of 3D polymer
structures can potentially compensate for their low piezoelectric coefficients by allowing for
greater efficiency and a net increase in the electrical outputs of the resulting structures. The
following section will discuss the properties of polymers in general and provide an overview of

some of the existing types of piezoelectric polymers.

2.2.3 Piezoelectric polymers
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2.2.3.1 Polymers: an overview

Polymers have several key characteristics, such as elasticity, that make them very attractive
for developing unique products for specialized environments and conditions. By definition, a
polymer is a molecule that is comprised of one or more types of atoms or functional groups
linked together. The simplest units are typically known as monomers, and the chemical
process of linking these elements together is known as polymerisation [98, 99]. If the polymer
is formed only by identical monomers, it may be referred to as a homopolymer. A copolymer
is defined a chain of repeating groups comprised of complex combinations of two or more
different unique single units. Both polymers and copolymers can exist as linear, branched or
more complex structures such as three-dimensional networks or combinations of linear,
branched and cyclic sections [98]. The process of polymerisation may require complex
chemical processes, and determines the degree of branching and cross-linking, among other
properties. For instance, careful control of the time of polymerisation is what allows
manufacturers to create elastic and strong materials instead of an amorphous, brittle product
[100].

The physical properties of polymers are heavily dependent on characteristics such as the
individual interaction among each monomer link within the chain and the overall interaction
between individual polymer chains, for example. The electrostatic interaction of individual
functional groups may influence the orientation of the molecules in the chain, resulting in the
formation of dipoles, which can be induced or permanent [98, 100]. Conformational changes
in the spatial or steric configuration of the individual molecules relative to each other can occur
due to the electrostatic interaction between functional groups, which results in the rotation and
reorientation of the elements within the chain. While there might exist several possible
rotational states for a given molecule, the electronic charge of a functional group and how
bulky the adjacent molecules are will determine which is the most favourable or stable
configuration. Thus, the shape and the size of a polymer chain is determined by the local
spatial or steric restrictions arising from the interactions occurring between each part of the
chain [101, 102]. For instance, a polymer for which the most stable configuration at a given
temperature consists of mostly all-trans chemical bonds will have a linear configuration. A
trans bond configuration is defined in the context of a single molecule having a double covalent
bond. If both carbons are each bonded to a specific functional group, the bond is said to be
trans if the specific functional groups are across each other relative to the double bond. If two
or more conformational states are favourable, then the overall configuration of the molecule

will be a random combination of segments with these favourable segments [101].
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Additionally, depending on how the chains that constitute them are arranged, groups of
polymeric chains can exist in either an amorphous or a crystalline state [100]. Crystallinity in
polymers is observed when individual chains become aligned. Steric restrictions, electrostatic
interactions, and the formation of hydrogen bonds among adjacent chains are some of the
aspects that influence the crystallinity of a bulk polymer structure and the form that it acquires
[101]. Independent of the fabrication method used, bulk polymer structures will acquire a
degree of crystallinity. The degree of crystallinity and the proportion of specific crystal
configurations acquired by the bulk material can be fine-tuned by carefully controlling the
fabrication conditions. The proportion of crystalline regions within the bulk material relative to
the amorphous regions and boundaries surrounding them is used to quantify the degree of
crystallinity [101, 103].

Temperature is one of the critical parameters that influences the degree of crystallinity and the
existing proportion of specific configurations or domains in a bulk structure. As discussed in
the previous paragraphs, the overall polymer chain size is determined by steric restrictions,
electrostatic interactions, and other aspects. Individual molecules in the chain will try to adopt
the most energetically favourable configuration, corresponding to the one that has the least
potential energy. However, if the temperature of the system is increased, then none of all the
possible configurations is favoured, thus resulting in all of them being viable. Under these
conditions, the bulk material is said to exist in an amorphous state. Reducing the temperature
of the system will result in the material once again adopting the most energetically favourable
configuration, which will in turn affect the shape and properties of the polymer chain and of
how it interacts with others in the bulk material, ultimately affecting the degree of crystallinity
of the material [101, 103]. If the bulk polymer is exposed to a temperature high enough for it
to transition from a rubbery solid to a viscous liquid comprised of randomly distributed polymer
chains, known as the crystalline melting temperature (Tw), and then brought back to a lower
temperature, the bulk polymer will begin to crystallise again. This lower temperature, which a
user is able to control, is typically known as crystallisation temperature (Tcr). Selecting a
specific crystallisation temperature determines how fast the bulk material will crystallise,
influences which crystalline configurations will be formed and how much individual crystallising
regions will grow. Additionally, applying a temperature gradient or a uniform temperature
determines the growth direction of the crystalline regions. Figure 2-6 shows an example of
radially growing crystal structures in a molten bulk polymer sample being held at a Tcr of 165
°C. At this particular temperature, this type of polymer can crystallise into two different
configurations or phases. The larger sphere represents the most common crystalline phase
on which the material would exist if a lower Tcr had been used. Having the higher Tcr value

allows for the likelihood of one of the other possible yet not the most energetically favourable
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spatial configurations of the individual molecules in the polymer chains to increase. This
change reflects in the configuration of the overall polymer chain structure, which in turn
changes how this chain interacts with others on its vicinity. This results in the formation of a
different crystalline phase [103]. Another important property associated with temperature is
the glass transition temperature Te. While Tu represents the temperature at which the bulk
polymer transitions from a rubber solid to a viscous liquid state, T¢ corresponds to the
temperature at which an amorphous polymer transitions from a rubbery state to a glass-like
brittle, rigid and stiff state. Materials for which Tg is well below 0 °C exist as flexible and

stretchable solids at room temperature [99, 104].

Figure 2-6: Holding a material at a particular Tcr after having melted it by going above its Tm promotes
crystallisation. The circles represent radially growing crystal regions, while the black background

represents the amorphous phase of the material that has yet to crystallise. Adapted from [103].

Other methods and parameters can be used to influence the crystallisation of polymers.
Applied strain can be used to mediate the transition from an amorphous state into a particular
crystalline structure [105, 106]. The elongation of a piece of bulk polymer material can be used
to orient the individual chains in the direction of pulling. In the case of polymer melts or polymer

solution, shear flow of the material can induce the flowing material to crystallise [1086].

2.2.3.2 Piezoelectric polymers

The theory of piezoelectricity discussed in previous sections has been historically built around
crystalline solids [107, 108]; for this reason, it is necessary to discuss how these principles
extend to polymers and which additional conditions should be considered for evaluating their
properties in comparable terms to those other solid materials. The discussion presented in

this section will exclude the group of composite piezoelectric polymers, which consist of a
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polymeric matrix and ceramic particles, since some piezoelectric ceramics are not

biocompatible.

The piezoelectric effect has been observed in different types of polymers, whether these are
naturally occurring or synthetic [85, 109]. Biologically occurring polymers such as cellulose
[110, 111], collagen [112, 113], silk fibroins [114, 115], polymers artificially synthesised from
naturally occurring substances such as poly(lactic acid) [116, 117], and organic polymers such
as some polyamides [118-120] and fluoropolymers [117, 121] all have the potential to exhibit
some degree of piezoelectric activity [73, 122—124]. Although all of the previously mentioned
polymers and many others can exhibit piezoelectric properties, the underlying mechanism
responsible for this effect will differ depending on the particular characteristics of each material
[125]. One common characteristic that piezoelectric polymers have with other piezoelectric
materials is that the strength of the response is heavily dependent on the symmetry of the
material [77, 109, 110, 126].

Piezoelectric bulk polymers are often classified as semi-crystalline or amorphous depending
on their degree of crystallinity [109, 125]. In the previous section, it is mentioned that bulk
polymers exist as a combination of piezoelectric phase embedded within a non-piezoelectric
phase [110]. The piezoelectric phase can be either a crystalline regions or highly-ordered,
uniaxially-oriented domains, while the non-piezoelectric phase is usually an amorphous matrix
[110]. The degree of crystallinity and dominance of a particular type of crystalline domain
depending on the processing conditions [26, 109]. Figure 2-7 shows an example of the

composition of a semi-crystalline piezoelectric polymer.

Figure 2-7: Representation of a semi-crystalline polymer, formed by an amorphous region or non-

piezoelectric phase and crystallised regions or piezoelectric phases. Adapted from [109].

In general, the critical characteristics that define a piezoelectric polymer are permanent
molecular dipoles that susceptible to reorientation, and they should be capable of conserve
the orientation of the dipoles [109]. While these characteristics can explain piezoelectricity in,
for instance, individual crystalline or highly-oriented domains existing within an amorphous

matrix in a bulk polymer, this is not necessarily the case for the bulk semi-crystalline polymer
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as a whole; it is possible for a multiple piezoelectric domains to exist as discrete domains
within a matrix, but the material as a whole may exhibit poor macroscopic piezoelectric
properties [77, 109]. This could be because, for instance, the individual crystalline domains

are non-polar or the dipole orientation distribution is random.

Some processing methods are very effective for modifying the properties of the material,
allowing the users to effectively influence properties of the material such as the net
macroscopic dipole orientation and the degree of alignment of the chains constituting the
amorphous phase of the bulk material [109]. As discussed in the previous section, annealing
a bulk polymer and varying the Tcr allow users to promote the formation of a specific
crystalline phase. Mechanically stretching a bulk polymer promotes the alignment of the
amorphous phase of a bulk material [109]. Poling the material, which consists in exposing the
bulk material to an external electric field, can effectively reorient the piezoelectric phases
within the bulk polymer as long as the material is ferroelectric [109, 122]. Poling ferroelectric
polymer structures have been exhaustively studied for thin films and membranes [127-129].
Combinations of these techniques, as shown in Figure 2-8, are often used for processing bulk

polymers and can successfully result in piezoelectric films and structures.
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Figure 2-8: Processing a bulk polymer allows for the material to gain a bulk piezoelectric response.
Mechanically stretching and electrically poling the material allow for the reorientation of the dipoles of
the piezoelectric phase of the sample and the alignment of the non-piezoelectric phase. Adapted from

[109]

Depending on the processing method used, the resulting material may show a shear and/or
longitudinal/transverse piezoelectric response(s) [77, 110, 130]. Recalling the discussion on
tensors from a previous section, the piezoelectric tensor matrix for piezoelectric polymers with
both shear and longitudinal/transverse responses is shown in Figure 2-9a and that for a
material with only shear response in shown in figure 2-9b. The effect that these processing
techniques have in the bulk polymer is ensuring the macroscopic asymmetry of the material,
thus resulting in piezoelectric structures [77]. Both the processing method and characteristics

of the polymer are of critical importance in determining the types of response. In the case
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piezoelectric polymers in which the piezoelectric phase consists of crystalline regions, poling
and combined poling and stretching result in a material with both longitudinal/transverse and
shear responses [77]. In the case of polymers in which there is chirality, drawing alone results
in a shear piezoelectric response [77]. Biologically occurring polymers typically exhibit this
type of behaviour [110, 111, 114, 131].
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Figure 2-9: Piezoelectric tensor matrices associated to certain processing methods. (a) Matrix describing
the tensors for a sample that was mechanically stretched and poled. It shown both
longitudinal/transverse and shear responses (b) Matric associated with a sample that was mechanically

stretched, showing only a shear response. Adapted from [110].

The properties of cellulose as a piezoelectric material were first studied in wood [111], with
further analysis being carried out in nanocrystals or nanofibres that may be obtained by
different processing methods [131]. This naturally occurring polymer is biocompatible,
biodegradable, has be proven to have tuneable physical and chemical properties, and has
been used in combination with other materials for producing state-of-the-art energy harvesting
devices. The shear piezoelectric coefficient d14 for cellulose films has been measured as 0.41
pC N7, and has been observed to increase up to 7.3 pC N™' when stretched using a one-to-
two ratio [111, 131].

Silk fibroin is another type of naturally occurring piezoelectric polymer. This material is formed
by repeating chains of aminoacids, forming a-helixes and B-sheets which in turn may form
semi-crystalline regions out of which that known as silk |l represents the most electroactive
[114]. Silk fibroin is biocompatible, biodegradable, and can potentially reach d14 values of -1.5
pC N~" when subjected to stretching with a one-to-2.7 ratio [114]. Thin films of collagen have
also been shown to have a shear piezoelectric response, with measured di4 values between
2and 3pCN"[112].

Lactic acid (LA) is a chiral molecule obtained from processing naturally occurring materials.
LA polymerisation methods can be selected depending on the desired L or D form content,
allowing the manufacturer to produce materials with specific properties; for instance, L-LA

chains are known for their piezoelectric potential [116]. Stretching and thermal annealing of
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PLLA structures promote the re-orientation of the molecular chains of the material into a
piezoelectric crystalline phase. Similar to the biologically occurring polymers mentioned
previously, PLLA has a shear piezoelectric response, which has been measured to from 6 to
12 pC N for this processing method [79, 132]. PLLA is biocompatible, biodegradable, flexible,

and non-toxic [116].

The fluoropolymer Poly(Vinylidene fluoride) (PVDF) has been extensively studied, being one
of the earlier polymers to be identified not only as piezoelectric but as ferroelectric as well
[121]. This semi-crystalline polymer has four different crystalline phases, with the one known
as the B form having the greatest piezoelectric potential. PVDF is known for being
biocompatible, flexible, non-toxic, being resistant to chemicals and harsh environmental
conditions [133]. An example of measured ds1 and dsz values for PVDF samples that have
been stretched and poled are 17.9 and —27.1 pC N~ respectively [121]. Copolymers of VDF
and other fluoropolymers such as trifluoroethylene (TrFE) or Hexafluoropropylene (HFP) have
been shown to have enhanced piezoelectric coefficients; for PVDF-TrFE, measured dsz1 and

das values are 25 and —-30 to —40 respectively [58].

Polyamides, most commonly known as nylons, were one of the first commercially available
synthetic materials, becoming an important component in the manufacture of clothing and for
other industries [118]. Nylon monomers typically consist of either a continuous chain of methyl
groups terminated in an amine and a carboxyl functional group, or a chain of methyl groups
terminated in carboxyl groups and a chain of methyl groups terminated in amino groups linked
by an amide bond formed by a reaction involving the terminal groups of both chains. The
polymer is labelled depending on the number of methyl groups contained in the chain(s) [134].
Only odd-numbered polyamides have been observed to have piezoelectric responses, with
these arising from their polar structure [85]. For an odd-numbered polyamides, the negative
charge associated with the carboxyl groups exist on one side of the polymer chain while the
positive one associated with the amino groups are on the opposite one, considering the carbon
chain as the symmetry axis. In the case of odd-numbered nylon, the terminal functional groups
alternate, resulting in the polymer chain being non-polar. For nylon 11,11, measured ds3 values
of =3.9 pC N™" have been reported in the literature [119]. As a material, nylon is known to be

flexible and biocompatible, well suited for medical applications [135].

Table 2-2 summarises the properties of the piezoelectric polymers discussed previously. Out
of all the polymers explored in this section, PVDF and its copolymers have the most promising
piezoelectric properties. Additionally, these materials are non-toxic, flexible, and have strong
chemical and abrasion resistance. These characteristics are favourable for the development

of a generator intended for wearable devices, and are compatible with the aims and
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requirements of the project presented in this thesis. Thus, these polymers were selected as
the materials to be explored. The following sections will provide a more detailed description of
PVDF and PVDF-TrFE.
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Table2-2: List of some piezoelectric polymers and their characteristics.
Polymer Primary monomer structure Additional monomers for Processing Piezoelectric Reference
use as a copolymer method modulus (pC
N-")
Cellulose
HO
—H
HO o7
OH Mechanical du=7.3 (11 131]
oQ stretching ’
OH OH
HO| OH
= =n
Silk fibroin Repeating units of these amino acids:
Mechanical
Glycine-Serine-Glycine-Alanine- - diu=-14 [114, 115]
stretching
Glycine Alanine
Collagen Repeating units of these amino acids _
o Electrodeposited
(most common variation): - i disu=2t03 [112, 114]
ilms
Proline-Hydroxyproline-Glycine
Poly(L-lactic
acid) (PLLA) Electrical poling,
. d14=—1 0
- mechanical [132]
stretching

47



48

Literature review | Chapter 2

Poly(vinylidene PVDF:
fluoride) (PVDF) e TrFE d31 =17.9
and its (Trifluoroethylene) dsz=-29.1
copolymers F e HFP Electrical poling,  PVDF-TrFE: (58, 85
(Hexafluoropropylene) mechanical d31 =25 1:;>6] ’
F e CTFE stretching daz= 30 to
4 (Chlorotrifluoroetylene) -40
Polyamides
(Nylon) H O Electrical poling,
N. hanical ds=-3.9  [119,120
k>2m+1 CHQ(CHQ)kCHQ mechanica 33=—3. [119, ]
stretching
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2.2.3.3 PVDF

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline fluoro-homopolymer that typically exists
at a 35 to 70% crystallinity in its bulk form depending on the processing method that was used
to fabricate it. The VDF monomer is formed from carbon (C), fluorine (F) and hydrogen (H)
atoms, with the backbone of the molecule being C-C bonds, and the pendant functional groups
of the monomer being C-F or C-H bonds [133, 136]. The polymerisation process of PVDF is
often achieved by techniques such as emulsion or suspension mediated by persulfates or
peroxides as the initiators of the reaction [136]. The chemical structure of PVDF is shown in
Figure 2-10.

F

- -Nn
Figure 2-10-Chemical structure of PVDF.

PVDF has a linear backbone, and is non-centrosymmetric. Being a dielectric material, PVDF
exhibits electric, ionic, and dipole orientation polarisation. Dipole orientation polarisation arises
from the spatial configuration of the pendant functional groups. In the case of PVDF, the
orientation of the two F and H atoms determine the net dipole polarisation, with a strong dipole

moment that is perpendicular to the backbone of the molecule [136].

PVDF has a T¢ of =35 °C, a Tw ranging from 140 to 170 °C, and has a density of 1.76 g cm?.
The Curie temperature (Tc), which can be defined as that beyond which the magnetic and
ferroelectric properties of a material are lost, is estimated to be close to 170 °C for PVDF.
Processed forms of this polymer have favourable mechanical properties such as resistance to
deformation, damage from abrasion, and to repeated bending. It is resistant to several organic
solvents with the exception of polar solvents. It also resists a variety of acids and bases,
alcohols, halogens, among other substances. These properties make PVDF a material with
attractive chemical resistance properties that has been widely used as an electrical insulator

and a coating to protect tools or structures [133].
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PVDF is known to exist in 4 different crystalline phases, which are commonly named a, B, v,
and 9, with each one of these being determined by the orientation of the C-F and C-H bonds.
Figure 2-11a and b shows the ball-and-stick model and crystalline unit-cell for some of these
crystalline phases respectively. The a-phase has an orientation defined as an alternating
trans-gauche configuration, often shortened as TGTG’, and exists as a combination of a helical
and planar structure. A gauche configuration can be described as a stable conformational
state for a molecule in which the electronic interactions have a stronger effect than steric or
spatial restrictions. The electronegativity of the F atoms in PVDF and how this influences the
electronic interaction between elements in the chain plays a role in determining the most
favourable spatial conformation for the molecule, and thus, the crystal phase of PVDF. The a-
phase is the most common for bulk PVDF produced by melt crystallisation using a Tcr of
160°C or less [136, 137]. Individually, each TGTG’' segment has a net dipole moment.
However, the a-phase crystalline unit has no net polarity because of antiparallel dipole

moments, as can be seen in Figure 2-11 [133, 136, 138].
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Figure 2-11: (a) Ball-and-stick model of a, B, and y PVDF. (b) Crystalline unit cells of a, B, and y PVDF.
Adapted from [138].

The B-phase consists of VDF linked in an all-trans configuration, thus resulting in planar zigzag

conformation. Since all the F atoms are positioned on one side of the chain, this crystalline
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phase has the highest net dipole moment of all PVDF phases. For a B unit-cell, all dipoles are
coincident in direction and aligned along a single axis, forming an orthorhombic unit-cell with
lattice constants of a = 8.58, b = 4.91 and ¢ = 2.56 A [136—138]. Another feature exhibited by
the B-phase of PVDF is that it is permanently polarised and the net polarisation can be
switched between two stable states by exposing the material to high electric fields [139]. Thus,
B-phase PVDF is a ferroelectric material. Some sources indicate that f-phase PVDF has a ds3
of =27.1 pC N™" and a dss of 17.9 pC N™' [121]. Both ball-and-stick model and unit-cell

representation for this phase are shown in Figure 2-11.

The y-phase has VDF monomers linked in a TTTGTTTG’ configuration. This crystalline phase
has a net dipole orientation, although this is not as strong as that observed for 3-phase PVDF
[136, 137] Some sources mention that this crystalline phase has a ds3 of —13.3 pC N™' and a
ds1 of 4.9 pC N7 [121]. The d-phase is thought to occur as a distortion of all previous crystalline
phases [136].

Previously, it was mentioned that the a-phase is the most commonly found in bulk PVDF
processed by melt crystallisation. However, as mentioned in the previous section, it is possible
to transform the crystalline phases present in a sample by using methods such as electrical
poling, stretching or drawing, and annealing. Some of these techniques in combination with
other conditions such as temperature and the magnitude of the mechanism driving the
transformation result in different crystalline phases [136, 137]. A diagram illustrating the
methods that can be used to transform from different phases into B-phase is shown in Figure
2-12.
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Figure 2-12: Diagram showing the different methods that can be employed for transforming PVDF

crystalline phases. Adapted from [136].

While some PVDF phases have been shown to have a net dipole orientation that confers its

piezoelectric properties, the B-phase offers the most promising piezoelectric properties. Out
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of all the crystalline phases, p-phase also exhibits the strongest ferroelectric behaviour. This
is illustrated in Figure 2-13, in which the electric field vs dielectric displacement hysteresis
loops for different PVDF crystalline phases are shown [136]. Common methods for producing
bulk PVDF often result in a material that is 35 to 70% crystalline and the a-phase will be the
most common of them all. This is a consequence of the TGTG’ configuration being favoured
over others because of the highly electronegative F atoms in the chain. The electronic
interaction of these atoms with the opposite charged functional groups tends to be stronger
than the effect imposed by the steric restrictions that would normally favour a TT rather than
aTGor TG form [136-138].
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Figure 2-13: Hysteresis loop of a, B, and y PVDF. Adapted from [136].

Mechanical means such as compression, shearing and tensile forces can be used to mediate
the transition of the bulk material into having predominantly B-phase. Methods such as
electrospinning, on which an electric field is used to create fibres from a polymer solution and
on which the manufactured product is being exposed to a high electric field and stretching
forces arising from perturbations due to the influence of this field can be used to subject the
material to both electrical poling and mechanical stretching. It is possible to obtain samples
with up to 82% B-phase content with this method [138].

In summary, PVDF is a flexible, resistant material with dielectric properties that are dependent
on its crystalline structure. The properties of the can be fine-tuned by diverse techniques,
which allow for the transformation of the existing phases into the preferred one. In terms of its
cost, it is relatively cheap if compared to other piezoelectric polymers [136]. Since PVDF is
also a ferroelectric polymer, processing techniques which employ very high electric fields for
creating structures with it have the potential to enable the user to obtain PVDF optimised for
applications such as mechanical energy harvesting based on piezoelectrics. Compared to
PLLA, odd-numbered polyamides, and biopolymers such as silk fibroin, PVDF can be easily

processed to have relatively high ds3 and ds1 indexes without having to rely on the use of
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additives that would make the material a composite rather than being purely polymer-based.
Based on these characteristics, PVDF was chosen as one of the materials that would be

explored for the work presented in this thesis.

2.2.3.4 PVDF-TrFE

In a previous section, copolymers of VDF and other fluoropolymer monomers such as
trifluoroethylene (TrFE) were mentioned as one of the other existing types of piezoelectric

polymers.

TrFE is a monomer very similar to VDF, with the exception that instead of having two C-F and
C-H bonds it has three C-F bonds and a single C-H. PVDF-TrFE is typically classified by the
molar percentage for each type of monomer used for producing it. Copolymers for which the
amount of TrFE constitutes between 20 and 50% of the total composition tend to favour
crystallisation in the p-phase rather than in the a-phase. The reason for this is that a larger
steric restriction is imposed in the molecule by substituting one C-H bond with a C-F bond.
Therefore, contrary to what occurs with PVDF, it is possible to tip the balance so that an all-
trans configuration is favoured over the TGTG’ because the compressive forces exerted by
the steric hindrance have a stronger influence than the electronic effects of the individual
atoms. This causes bulk PVDF-TrFE to crystallise predominantly in the B-phase if processed
from solutions or from melt crystallisation [138, 140]. The chemical structure for PVDF-TrFE

is shown in Figure 2-14.
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Figure 2-14: Chemical structure of PVDF-TrFE.

The Tc value of PVDF-TrFE is estimated to be around 100 °C. The Twvalue is close to 148
°C. These values correspond to a molar percentage of 70% VDF and 30% VDF [136]. The
lower Curie temperature is a consequence of the introduction of TrFE; adding this molecule to
the mix causes the crystal unit cell to increase in size, with the same happening for the relative
distance between dipoles. Since the interaction between dipoles is reduced, less thermal
energy is required to promote the random shift of dipoles, thus facilitating the loss of dipole
alignment for the material [141]. In contrast with the crystalline structure of PVDF, the lattice
constants for PVDF-TrFE depend on the molar percentage of the copolymer. For an 80% VDF
20% TrFE copolymer, these are a = 8.9, b = 5.05, and ¢ = 2.55 A. For a 70% VDF 30% TrFE,
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these would be a =9.05, b = 5.23, and ¢ = 2.55 A [142]. The PVDF-TrFE ball-and-stick model
and its crystal unit cell are shown in Figure2-15.
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Figure 2-15: (a) Ball-and-stick model of PVDF-TrFE. (b) Crystalline unit cell of PVDF-TrFE. Adapted from
[141].

The lower T¢ of PVDF-TrFE affects its performance in higher temperature conditions. While
the material itself will not melt when exposed to temperatures higher than 100 °C, it will lose
its ferroelectric properties and behave as a paraelectric material, which is defined as the

materials that does not preserve the net polarisation it has been exposed to [138].

Compared to PVDF, PVDF-TrFE has been reported to have a ds; of -30 pC N™' and a ds+ of
25 pC N7'[58]. The electric field vs dielectric displacement hysteresis loop for various molar
percentages of PVDF-TrFE are shown in Figure 2-16. In contrast with that shown in the
previous section for B-phase PVDF, 65:35 PVDF-TrFE has a remnant polarisation value closer

to saturation [143]. For this reason, PVDF-TrFE is often for developing ferroelectric memory
devices [138, 139].
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In summary, PVDF-TrFE is a ferroelectric polymer with properties that depend heavily on its
molar ratio of VDF and TrFE. It is similar to PVDF in that it is a flexible material that can be
processed by relatively simple methods and can be fine-tuned to acquire excellent
piezoelectric properties. The addition of TrFE results in the crystalline -phase being more
favourable than the a-phase, thus allowing for the bulk polymer to acquire favourable
properties for piezoelectric applications even by processing it by melt crystallisation [58]. This
copolymer has piezoelectric constants values of -30 pC N™' for ds3 and of 25 pC N~ for day,
values which are greater than those reported for PVDF. The fact that the B-phase is the most
likely crystalline phase to form when the material is being processed from a solution or melt
crystallisation, this copolymer is often used for applications related to mechanical energy
harvesting since further processing might not be required for optimising its properties.

However, in contrast with PVDF, its use in high-temperature applications is limited.
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Figure 2-16: Hysteresis loop of PVDF-TrFE, for three different molar ratios of the substance. Adapted
from [144]

In the context of the scope of the project, the temperature conditions will be close to ambient
and possibly body temperature. Therefore, the limitations of a lower T¢ will be of no concern.
The prospect of using a material that will tend to crystallise in a phase favourable for
mechanical energy harvesting and its greater piezoelectric properties when compared to other
piezoelectric polymers are the main reasons why this material has been chosen for being

explored in this thesis, along with PVDF.

In this section, it has been discussed how processing methods such as stretching and poling
can enhance the piezoelectric properties of a material. The piezoelectric polymer PVDF and
its copolymer PVDF-TrFE have been selected as the materials to explore in the experimental
work outlined in this thesis because of their high piezoelectric properties in comparison with
other polymers, and their suitability for being included in wearable devices. One material

manufacturing method that can provide both stretching and poling to a bulk polymer solution
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is electrospinning. In the following section, the principles of electrospinning and diverse

variations of this technique will be explored.
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2.3 Electrospinning

Electrospinning as a fabrication method was first observed several centuries ago, with an early
description of how bringing a charged object close to a droplet deposited on a flat surface
would result in the droplet acquiring a cone-like shape that grew towards the charged object
having been recorded in the early 1600s [144]. It was until the early 1900s, after equipment
for producing high-voltages had become more readily available, that patents describing the
earliest electrospinning apparatus began to be filed [144, 145]. In recent years, this method
has evolved rapidly, allowing for the scaling of the method to industrial levels and the

manufacture of complex fibrous structures [146, 147].

Electrospinning is a fabrication method that uses electrostatic forces to mediate the formation
and stretching of a jet from a viscoelastic solution, such as polymer solutions or melts, yielding
fibres that can have diameters ranging from micrometres to nanometres. The fabricated
electrospun materials are characterised by a very high surface area, which can be
advantageous in applications such as catalysis and electrode design [148—150]. This versatile
fabrication technique has been used extensively in applications including biomedical science,

electronics, and renewable energy, among others [145].

The following sections will describe the principles of this fabrication method in detail,
discussing the effect that the working parameters and environment have on the morphology

of the resulting products.

2.3.1 Principles of electrospinning

The electrospinning process consists of biasing a pair of electrodes with a very high
electromagnetic field, typically in the order of kilovolts, and placing a polymer solution in direct
contact with one of the charged electrodes to force the solution to become charged and to
create jets of liquid that travel towards the opposite electrode, producing fibres in the process
[145, 149, 150]. An electrospinning setup will typically have a high voltage (HV) power supply,
which can be either an AC or a DC source [151], a collector electrode, an emitter electrode,
and a mechanism for continuously supplying the polymer solution or melt to the system [150,
152].

The process of electrospinning occurs as follows. When the polymer solution that is in contact
with the emitter electrode becomes charged as a result of applying the HV to the system, point
charges on the solution separate, with those having the same polarity as the electrode
accumulating on the surface of the solution. The surface tension of the solution tends to keep
the liquid in even, spherical or curved shapes. However, the electrostatic forces acting on the

charged surface of the solution attempt to reshape the surface of the liquid into spike-shaped
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protuberances since this type of shapes tend to attenuate the repulsion of the charges
accumulated in the solution by increasing its surface area [144, 145, 149]. If the electric field
is strong enough to cause the electrostatic repulsion to surpass the surface tension, the spike-
shaped protuberances will continue to develop into a cone-like structure, known as Taylor

cone, out of which a jet of liquid will be expelled [150, 153, 154].

The liquid jet expelled from the tip of the Taylor cone travels towards the collector, attracted
by the opposite polarity of the latter. As the jet travels towards the collector, in the immediate
vicinity of the electrode and Taylor cone, it keeps a relatively stable, straight shape and
trajectory. As it keeps travelling further away from the electrode, the jet becomes unstable,
resulting in it being stretched as it whips around and accelerates towards the collector. The
point at which this transition occurs is known as the first critical point. As the whipping jet keeps
traveling towards the collector, it starts thinning and branching as further bending instabilities
occur [145, 150]. The solvent starts to evaporate during this stage, thus resulting, most of the
time, in a dry product depositing on the collector [155]. For a nozzle-based system with a
simple stationary collector, the fibres being formed in the process deposit as a collection of

randomly oriented and overlapping fibres, a structure known as an electrospun fibre mat [145].

Figure 2-17a shows a schematic diagram of a nozzle-based electrospinning setup, showing
the basic elements most electrospinning setups will have. Figure 2-17b shows a schematic
diagram of the formation of the Taylor cone. Figure 2-17c shows the stages that the ejected

jet goes through as it travels towards the collector.

The electrospinning process can be better understood by exploring the underlying phenomena
of its various stages from a first-principles approach. The following subsections discuss some
of the principles that govern the formation of the electrospinning jet and its motion as it travels
towards the collector, all of this considering that a nozzle-based system with a stationary
collector is being employed to electrospin a polymer solution consisting of a polymer dissolved

in a solvent system. The nozzle is assumed to be a capillary.

2.3.1.1 The formation of the Taylor cone

For a single nozzle system, a syringe pump will be used to pump the solution or melt into the
charged nozzle. Considering the instant at which the pumping of the solution causes a droplet
to start forming on the tip of the nozzle, there will be three forces influencing its shape. One of
these will be the surface tension; the molecules of the polymer solution that are located at the
liquid and external media interface will experience an imbalanced attractive force towards
other molecules within the fluid or also at the interface. Since these molecules are right at the

edge of the interface, they will experience a net attractive force directed towards the interior
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of the solution [156]. The solution-to-external-media interface will tend to acquire a spherical
shape since this minimises the surface area of the interfacial region for a specific volume at

equilibrium [157].
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Figure 2-17: (a) Nozzle-based electrospinning apparatus. (b) Formation of the Taylor cone in a nozzle-

based device. (c) Regions of the electrospinning jet. Adapted from [145], [149], and [158].

The other two forces acting on the droplet are those related to the electric field that is being
applied to the system. One of them is the electrostatic attraction/repulsion force arising from
the interaction between two molecules, in this case point charges within the solution. The other
is the electrostatic force exerted on each individual molecule within the solution by the electric
field being applied to the system [153, 156, 158]. The combined effect of these two
electrostatic forces will result in a net outbound force that opposes the surface tension.
Equation 2.4 corresponds to the Rayleigh condition, an expression that describes up to which
point a droplet will retain its shape in relation to its surface tension and an applied electric
potential [153].

1
Equation 2.4 Dy(mRyo) 2 < 4

@y corresponds to the applied electric potential, Ro describes the volume-equivalent radius of
the droplet and o is the surface tension coefficient. Increasing the magnitude of the electric
field being applied to the system causes the droplet to deform since the net charge

accumulated at the surface of the droplet increases. In relation to equation 2.4, this means
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that the applied electric field approaches critical values for which the Rayleigh condition is
disrupted [153, 156, 158]. Beyond a critical applied field value, the droplet tends to deform and
might transition to a cone-like shape if the magnitude of the field is great enough. Taylor, the
person after which this cone-like shape has been named after, described the critical voltage
that needs to be applied for ejecting a jet of liquid from a droplet formed on the tip of a capillary

as shown in equation 2.5 [159].
Equation 2.5 v2 =42 (nZ - 15) (0.117nyR)

Vcis the critical voltage needed to form the jet, H is the effective distance between the nozzle
and collector, L is the length of the nozzle capillary, R is the radius of the capillary, and y is the
surface tension. As long as a voltage equal or greater than V¢ is applied, a jet will be ejected

from the tip of the Taylor cone.

2.3.1.2 Straight jet region

The jet that is being ejected from the nozzle is charged and will tend to travel towards the
collector. For distances that are relatively close to the nozzle, the jet is relatively stable. For

this reason, it is known as the straight region or segment [158].

At this stage, jet properties such as diameter, velocity, length of the stable region, and others
can be modelled by taking some considerations into account. For instance, the diameter of
the straight segment can be estimated by taking into consideration the flow rate of the solution,
the velocity of the jet, and the time elapsed [160]. For a section of the straight segment for
which the cross-sectional area is S+, the speed is v4 and the elapsed time is t, the amount of

solution consumed, Qs can be estimated as shown in equation 2.6.
Equation 2.6 Qs = Sivit

Using Qs, Ding et.al derived an expression of the initial diameter, ds, of the jet as it is ejected

from the Taylor cone [160]. This is shown in equation 2.7.

Equation 2.7 d 4% %
S
The authors observed that the diameter of the straight segment was larger at the beginning
and decreases as it travels away from the tip of the Taylor cone; thus, the velocity of the jet
as it thins will increase dramatically. For instance, a study in which the jet velocity in this region
was measured by Doppler velocimetry revealed that the increase went from 1 to 15 m s~ [156,
160].
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The electric field also influences the behaviour and characteristics of this region of the
electrospinning jet. The effect that the electric field has on the jet is opposed by the viscoelastic
forces and the air drag forces. At some point, the air drag force overcomes the electric
stretching force due to the applied electric field, which may cause the jet to bend [156, 161,
162]. Additionally, other instabilities attributed to perturbations arising from self-repulsion of
point charges within the jet as they start to overcome the viscoelastic forces keeping the jet
from deforming contribute to the bending of the jet [153, 156]. The point at which the bending
is observed is known as a critical point, and marks the region after which the electrospinning

jet starts whipping.

2.3.1.3 The whipping jet region

The whipping motion that starts to occur as the jet travels further away from the collector can
be mainly attributed to the combined effect of instabilities occurring in the jet. These are the

axisymmetric instability and the whipping instability [156].

The axisymmetric instability consists of two different effects, the Rayleigh-Plateau instability
related to the electric field and the oscillatory conducting mode of the jet [163]. The Rayleigh-
Plateau instability is related to the degree of molecular interaction within the electrospun
solution. It can be modulated by changing the polymer concentration or by changing the
viscosity. For solutions with low degrees of molecular interactions, the surface tension of the
solution will amplify small perturbations occurring on the fluid column, something that could
eventually build up and result in the jet being broken into droplets [153, 156, 164, 165]. When
factoring in the presence of an external electric field, the Rayleigh-Plateu instability can be
further supressed [163]. The conducting mode instability relates to how the charge density of
the surface of the jet is not stably coupled to the external electric field. Thus, this instability is

being driven by an electric potential dependent component [163].

The bending instability, also known as Earnshaw’s instability, describes how the jet
experiences self-repulsion in the regions that deviate slightly from the axis of travel. When a
deviation occurs, a net force perpendicular to the axis of travel is exerted on the jet. The
viscoelastic properties of the jet resist the pull of this force, but the pull will eventually be
stronger, contributing to the whipping motion of the jet and on its stretching [144, 156, 158].
Figure 2-18 shows a schematic diagram of the net force driving the bending instability. This
net force causes the jet to stretch, which in turn increases the surface area of the jet but
reduces the charge density of the surface [156, 164, 166] The net force responsible for causing

the bending instability can be expressed as indicated by Equation 2.8 [156].
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Figure 2-18: Net force driving the bending instability in the whipping jet region of an electrospinning jet.

Adapted from [166].
Equation 2.8 F = —o2Inz|k|dé

F represents the net force, osis the surface charge of the jet, L is the radius of the jet, and k
is the curvature of the jet. This is relative to changes for the reference axis g [156]. At this
point, the jet starts to move in loops and continues to stretch as it travels towards the collector.

Depending on the conditions, it is possible that other critical points appear in the jet.

At this stage, the electrospun fibres are subjected to a very high ratio of stretching; depending
on the conditions, this would be comparable to that used for uniaxial mechanical stretching
[167, 168]. For certain types of polymers, this may be a determining factor for the crystallinity
of the fibrous products. For some ferroelectric polymers such as PVDF, a combination of
exposure to a high electric field and the net forces mediating the stretching of the material
while in the whipping jet region can promote the resulting fibrous mat to have a higher content
of one crystalline phase when compared to those that are predominant when other

manufacturing methods such as spin-coating or casting [168].

2.3.1.4 Fibre deposition on the collector

Further travelling of the jet in a whipping motion causes it to stretch and thin even more, which
in turn also causes the loss of solvent, eventually resulting in the jet transitioning into a solid
state [156]. This mostly or completely dried product is what would ideally be deposited on the
collector. Different sources indicate that the drying process contributes to some properties
such as the degree of crystallinity of the material, the tensile strength of the fibres, among
others [152, 156, 158].
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2.3.2 Electrospinning parameters and their effect on the resulting

products

The stages of the electrospinning process discussed in the previous section have components
dependent on the electric field, the viscoelastic properties of the solution, the geometry of the
nozzle, the distance between the nozzle and the collector, and other aspects. While the
working principles behind electrospinning remain relatively the same irrespective of the type
of device being used, there are a series of conditions that will affect the properties of the fibres

being produced.

2.3.2.1 Voltage

As discussed in the previous section, the role of applied voltage is of great importance for
electrospinning. In accordance to equation 2.5, the applied voltage must overcome a critical
value for the electrospinning process to take place. Furthermore, it is also a determining factor
affecting the time of flight of the jet being emitted from the Taylor cone and contributes to the
disturbances that influence the whipping motion of the jet as it travels towards the collector
[156, 159, 164, 166]. Thus, the applied voltage is one of the main contributing factors to the

stability of the Taylor cone and the electrospinning process in general [169].

While the effect that the applied voltage has on the morphology of the electrospun product has
been observed to vary depending on the properties of the polymer solution being employed,
parametric studies have revealed that, in some cases, its magnitude directly affects the
diameter of the fibres being produced [169—-171]. Increasing the applied voltage means that
also the electric field is being increased, which will result in greater electrostatic forces acting
on the jet. Since the electrostatic repulsion is being amplified by applying an electric field of a
higher magnitude, the disturbances driving the whipping motion become stronger, which leads
to the narrowing of the jet [152, 170, 172]. However, the opposite has been reported from
other parametric studies. For instance, varying the voltage from 16 kV to 35 kV while keeping
parameters such as distance or flow rate constant has resulted in a net diameter increase
from 860 nm to 1.18 um for fibres obtained from a polyvinylpyrrolidone (PVP) solution [171].
Figure 2-19 shows one instance for which fibre diameter increased as a result of an increase

in the applied voltage.

The uniformity of the electrospun product has also been identified as one of the characteristics
being influenced by the voltage. High voltage magnitudes relative to the critical value needed
for the formation of the Taylor cone have been observed to cause the electrospun product to

acquire shapes that appear as beads connected by strings [152, 169]. It is theorised that the
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instability of the electrospinning jet as the electric field is increased is responsible for the
formation of beaded structures [152]. However, it is also necessary to consider the viscoelastic
properties of the solution being used. The formation of beads in relation to the properties of

the solution will be further explored in section 2.3.2.7.
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Figure 2-19: PVP fibers from 36 wt % solutions of PVP in a mixture of pure alcohol/distilled water (9:1,
w/w) at applied voltages of 16 and 35 kV. Adapted from [171]

The effects discussed previously apply to electrospinning setups that use a direct current (DC)
high-voltage (HV) power sources. Alternate current (AC) sources differ from DC sources in
that the voltage measured to ground or reference is not constant, instead having a varying
magnitude that follows a time dependent sinusoidal waveform. AC sources have been tested
as alternative power sources for electrospinning setups, with some proponents of this
alternative stating that the changing polarity of an AC source can add further control to the

electrospinning process.

Considering that in electrospinning with DC sources the charged jet can be modelled as a
series of similar point charges, just as previously mentioned when describing the regions of
the electrospinning jet, in the case of AC electrospinning this is instead thought to be a series
of point charges with alternating polarities, as shown in figure 2-18. Thus, the net force that
causes the bending instability in the electrospinning jet would be reduced since the balance
of individual electrostatic interactions is now constituted by both event of repulsion and
attraction [151]. Figure 2-20 shows a schematic diagram of the net forces driving the bending

instability in a jet for a DC and an AC source.
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An analysis of the stages of fibre formation during AC electrospinning with a high-speed
camera revealed that for both the positive and negative half-cycles of the AC wave, the
formation of the Taylor cone remains the same as in DC electrospinning as long as the
effective voltage value is higher than the critical value calculated from equation 2.5. If this

condition is not met, no Taylor cone will be formed [173].

a)

' )

Figure 2-20:.Differences in the forces driving the bending instability of the electrospinning jet in the

whipping jet region for DC and AC electrospinning setups. Adapted from [151].

When using DC HV sources, it is possible to obtain fibres if using a negative DC source. The
effect this would have on the morphology of the obtained product will depend on the
characteristics of the polymer solutions. In some instances, studies have shown that reversing
the polarity of the electrodes causes the electrospun fibres to be slightly thicker and for the
yield to be reduced [174, 175]. However, other parametric studies have demonstrated that, for
certain solutions, increasing the magnitude of applied positive DC voltages results in
increasing fibre diameter while increasing the magnitude of applied negative DC voltages

promote a reduction of the diameter of the final product [176].

2.3.2.2 Flow rate

Flow rate is defined as the rate at which the polymer solution is being fed to the electrospinning
system. While this parameter can be controlled in electrospinning setups that depend on a
syringe pump to feed the solution to a nozzle, this will not be the case for free surface methods
[177]. These will be discussed in section 2.3.2.6.

The flow rate will influence the speed of the fluid as it leaves from the tip of the needle.
Recalling equations 2.6 and 2.7, it can be appreciated how this parameter will be determining
the velocity of the jet on the straight segment region [160]. If the time it takes for the
electrospinning jet to travel from the tip of the Taylor cone to the collector is too short, the
morphology of the fibres depositing on the collector tend to be non-uniform, with a heavy
presence of beads. Thus, a low flow rate is associated with more uniform fibres because the
travel time of the product is increased as well, which in turn allows for more time for solvent

evaporation to occur on the whipping jet region [170]. Additionally, flow rate influences the
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degree of polarisation of the jet, with lower rates allowing for the fluid to be more uniformly
polarised [172].

2.3.2.3 Working distance

The working distance also affects the thickness of the fibres, and can be adjusted to elongate
or shorten the time of flight of the electrospinning jet. While it has been discussed how the
applied voltage influences the increase or decrease of the fibre diameter, the role of the
working distance has been unequivocally identified. The greater the distance between the
collector and the emitter electrode, the smaller the average fibre diameter will become [178].
Figure 2-21 shows and example of the effect of varying the working distance. Additionally, as
the distance required for the product to reach the collector has increased, the solvent may

have more time for evaporating fully [156, 170, 178].

Figure 2-21: 20% polysulfone in acetone and N,N-dimethylacetamide solution, the applied voltage was

10 kV. (a) 10 cm working distance. (b) 15 cm working distance. Adapted from [178].]

2.3.2.4 Temperature

The effects that ambient temperature has on the morphology of the electrospun product are
very closely related to other parameters, mainly to those related to the properties of the
polymer solution being used. For instance, temperature (T) has an effect on the evaporation
of the solvent and on the viscosity of the solution [179], which influences the diameter of the
fibres [180].
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Studies evaluating the role of temperature in electrospinning have revealed that an increase
in the ambient temperature decreases the viscosity of the solution and increases the

evaporation rate of the solvent [144, 170].

2.3.2.5 Relative Humidity

The relative humidity (RH%) can have a big impact on an electrospinning setup. If the RH%
is too high, water condensation on the Taylor cone can affect charge density on the surface
of the solution, disrupting the formation of the jet. A high RH% may also affect the evaporation
rate of the solvent as the fibre jet travels to the collector, which in turn may produce thinner
fibres as the jet may take longer time to solidify before depositing on the collector [181].
However, in some cases, an increase to fibre diameter has been observed for increasing RH%

values [182]. This is shown in Figure 2-22.

Figure 2-22: Effect of relative humidity in the diameter of electrospun fibres. (a) 23% (b) 43% Adapted
from [182].

The relative humidity also plays a role in the formation of pores in the surface or within the
electrospun fibres. [183, 184]. These pores arise from phase separation that occurred in the
early stages of the electrospinning jet, namely, the straight segment and early whipping jet
region [183]. As the jet is travelling towards the collector, water molecules that interact with it
may deposit and remain on the surface or might penetrate into the jet. Once the jet starts to
stretch and both solvents and sequestered water evaporate, only pores will remain [183].

Images of fibres electrospun at different RH% conditions are shown in Figure 2-23.
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Figure 2-23: Image of the surface of fibres that were obtained from electrospinning a polymer solution
of polystyrene in tetrahydrofuran electrospun at different RH% conditions. (a) 2% (b) 42%. Adapted from
[183].

2.3.2.6 Electrode geometry

The contents of the sections discussed previously refer to single needle-nozzle systems.
However, other electrode geometries, both for the collector and for the emitter, are compatible
with the fabrication process, and each has the potential to create fibrous products with unique
properties. This section will first describe the different types of emitters based on nozzle

emitter electrodes.

One of the main limitations of using a single nozzle-based system is the production rate of the
device. While the yield of the process depends on the solutions and parameters being used,
common figures range from 0.1 to 1 grams of product per hour [185, 186]. One type of methods
that have been proposed for potentially increasing the yield of nozzle-based systems is the
use of emitters that can produce multiple electrospinning jets [185, 187—189]. One approach
employs arrangements of multiple nozzles [188, 189], and is illustrated in Figure 2-24a.
Multiple-nozzle systems consist of a series of nozzles carefully spaced out and all biased at
the same voltage. One of the main limitations of using multiple-nozzle systems is that adjacent
nozzles and jets interfere with each other, causing the trajectory of the fibres as they travel
towards the collector to be deflected up to some degree as a result of coulombic and electric
field dependent forces. Another limitation is that nozzle-based systems in general may
become clogged, interrupting the process. Spacing out the needles can be used to prevent

the nozzles and jets from interfering with each other [185, 187].

Another emitter geometry that is often grouped with other the nozzle-based systems are
known as porous electrodes. The porous emitter electrode may be stationary or rotating; if

rotating, the likelihood of the pores clogging is reduced since the solution is continuously being
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pushed out by the centrifugal force. If stationary, feeding a gas into the system can also be
used to facilitate the outward flow of the solutions [186]. The use of these kind of electrodes
can reduce the influence each individual Taylor cone and jet exert on the neighbouring

structures [188]. An example of a porous, rotating emitter is shown in figure 2-24a.

Free-surface electrodes do not rely on nozzles or capillaries for facilitating the formation of the
electrospinning jets; instead, the solutions are unconfined, left to flow freely over surfaces such
as spheres, cylinders, baths or wires [177, 190, 191]. These surfaces can be stationary or they
may move [188].. Some examples of these types of collector are shown in figure 2-24b. The
principles governing the formation of the Taylor cone and of the electrospinning jet that were
described earlier are still valid for free-surface electrospinning. However, since this technique
lacks a nozzle or capillary, the electric field exerted on the system is comparatively weaker.
For this reason, free-surface techniques often require greater applied voltage magnitudes for

promoting the formation of the Taylor cones [152, 187, 189, 191].

The mechanism mediating the formation of the Taylor cones in these kind of emitter electrodes
can be described as an effect of waves forming on the freely flowing surface of the solution
arising from disturbances mediated by the effect of the electric field, gravity, and capillary
effects [190, 191]. The angular frequency w of the waves being formed is described by the

expression shown as equation 2.9 [190, 191].
Equation 2.9 w? = (pg + vk? — eEgk)%

The acceleration due to gravity is g, p is the density of the solution, k is the wave number, Eo
is the field strength, and y is the surface tension. Since the motion of a wave can be described
by a sinusoidal function, and the electric field strength Eo can be adjusted by the user, varying
the applied voltage will determine the stability of the system. If the angular frequency remains
positive, the waves on the surface of the solution will have either constant or damped
amplitudes. However, if Eo goes beyond a critical value, Ec, then the angular frequency term
becomes negative, thus resulting in the system becoming unstable [190, 191]. An expression

for the critical value Ec is shown as equation 2.10.

Equation 2.10 E; = /“Zﬂ

The formation and growth of unstable wave crests favours the formation of a Taylor cone and
electrospinning jet at those locations. Furthermore, crests are forming one wavelength apart
from each other; thus, using a free-surface electrode also results in the self-organised

formation of Taylor cones [190, 191].
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Figure 2-24: Different emitter electrode geometries. (a) Multiple nozzle electrodes. (b) Free surface

electrodes. Adapted from [188] and [199].

Collector [188, 189]electrode geometry also plays an important role on the properties of the
electrospun product. In general terms, these can be classified in two categories, stationary
and dynamic [189]. The most basic stationary collector geometry consists of a flat, continuous
plate, and allows for the collection of a single mat of randomly aligned fibres. Modifying the
shape so that the electrode becomes a continuous curved or ridged structure greatly
influences the distribution of the electric field on the system; these kind of surfaces can
mediate the formation of multiple Taylor cones from one single droplet for nozzle emitter
systems, allowing for the collection of multiple fibre mats [152, 189]. Discontinuous surfaces
can also be used as alternatives. Arrays of physically separated plates or wires can mediate
the deposition of highly aligned fibres [152, 192]. Examples of stationary collectors are shown

in Figure 2-25a.
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Rotating collectors can also be used to obtain highly aligned fibres. These are typically
cylindrical or disc-shaped continuous structures, although discontinuous rotating structures
have also been proposed [149, 152, 189]. Systems employing rotating collectors fitted with
speed control modules can be used to modulate the degree of alignment of the product. While
low rotating speeds still result in the deposition of randomly oriented fibres, operating the
device at more than a thousand revolutions per minute (RPM) will result in the fibres deposited
on the collector to become aligned [193]. Examples of rotating collectors are shown in figure
2-25b. [149, 152, 192]

a)

Flat, continuous plate \
/

Rotating cylinder

Rotating discontinuous cylinder

Parallel plate Rotating disc

Figure 2-25: Different collector geometries. (a) Stationary collectors. (b) Rotating collectors Adapted from
[149], [152], and [192].
2.3.2.7 Solution dependent parameters and the role of additives

Among the parameters that a user can control, there are those related to the properties of the

solvents being used for preparing the polymer solutions. The choice of solvent depends on
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the type of polymer being used, with some of them being water soluble while others would
require organic solvents such as dimethylformamide (DMF) or dimethyl sulfoxide Solvents can
be used on their own or combined in complex mixtures. The boiling point, volatility and surface

tension of the solvent influence the properties of the fibres obtained from the process [170].

Using a solvent with a high boiling point prevents the solution from drying on the emitter
electrode allowing for continuous electrospinning to take place. However, a very high boiling
point may cause the fibres that deposit on the collector not to be completely dry. This would
cause the collected fibres to dissolve and fuse on the collector since the remaining solvent

may dissolve some of the fibres [144, 170].

Recalling how the perturbations that drive the motion of the electrospinning jet in the whipping
jet region, the role that the viscoelastic properties of the fluid has on the stability of the jet and
thus on preventing it from breaking into a spray, are crucial for determining the viability of the
process [156, 164, 165].

The surface tension of the solvent affects the uniformity of the individual fibres. A high surface
tension causes the polymer jet being ejected from the Taylor cone to become a chain of beads
and thin thread-like regions instead of a straight jet. This occurs since the high surface tension
of the solvent prevents some regions of the jet from stretching. The combination of solvents

can be used to modulate these effects on a polymer solution .[172, 194, 195].

Having a solution with low viscosity causes surface tension to be dominant, thus resulting in
the production of beaded fibres or could even cause the process to transition into
electrospraying. Increasing the polymer concentration results in the production of more
uniform fibres. Solvent composition of the solution, polymer concentration and molecular
weight (MW) all influence the viscosity of the solution. Polymer MW and its concentration in
the solution are often regarded as a figure of merit for how likely it is that a solution can used
for electrospinning. If the viscoelasticity or extensional viscosity of the polymer solution jet is
low, it will break or lead to the formation of beaded fibres. The viscoelasticity depends on the
concentration of the polymer and the MW; the higher the concentration of the polymer and the
higher its MW, the likelihood of polymeric chains overlapping will increase. Overlapping
polymer chains cause entanglement, which provides enough viscoelasticity to the solution for
the formation of a jet at the tip of the Taylor cone instead of causing it to break into droplets.
Only solutions with a polymer concentration above a critical value will be compatible with the
electrospinning method. Thus, tuning the polymer MW and solvent viscosity can be used to
make a solution more compatible with the electrospinning process [145, 150, 196]. An
expression for the critical value of polymer concentration for a solution to be “electrospinnable”

is shown in equation 2.11 [197].
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. _ 3MW
 4mR3N,

Equation 2.11

The critical polymer concentration C’ can be estimated from the MW of the polymer, the radius
of gyration of an individual polymer molecule Ry, and Avogadro’s number. The term Ry is
related to the effective volume that is occupied by each polymer molecule in the solution, and

can be modelled as a sphere occupied by an individual polymer chain [197].

Other chemicals such as salts and acids can be added to the electrospinning solutions to
modify the properties of the final products being fabricated; these are often referred to as
additives in the literature [198]. The addition of minute amounts of acids or salts can effectively
alter the conductivity of a solution. Increasing the conductivity of the solution may result in a
reduced fibre diameter as the jet will carry more charges, ultimately affecting the balance of

the disturbances that govern the motion of the jet in the whipping region [152, 198].

In some instances, additives can be used to improve the uniformity of the fibres being
produced and to reduce the fibre diameter. For instance, the addition of 0.5 pL per mL of a
18% weight to volume solution of thermoplastic polyester-polyurethane resulted in the fibre

diameter of an electrospun product being reduced from 1.048 pym to 231 nm [199].

Inorganic salts have also been extensively studied as additives for electrospinning. In general,
salts help to increase the conductivity of the solutions, which can influence the diameter of the
produced fibres and can also prevent the formation of a beaded product. The use of salts as
additives has also been associated with an increasingly unstable jet that is more susceptible

to develop more critical points in the whipping jet region [170, 200, 201].

Lithium chloride (LiCl) is a low toxicity metal chloride salt with a colourless, crystal-like
appearance [202]. While other salts such as sodium chloride or nickel chloride have been
used as additives for the electrospinning of the ferroelectric polymer PVDF [203—-205], a study
on which different inorganic salts were used as additives for electrospinning identical solutions
indicated that Lithium Chloride achieved the greatest solution conductivity increase for unit of
added weight per volume of solution, as well as the second best reduction of solution viscosity
[200]. Considering that, as discussed previously in section 2.2.3.3, an increase in the
conductivity of PVDF solutions can potentially increase the likelihood that the material will
crystallise in the B-phase during polling, and taking into account the claims that LiCl mediates
the greatest solution conductivity increase relative to the performance of other salts, it was
selected as the additive that would be explored in the experimental work presented in this

thesis.

2.3.2.8 Specialised emitter electrode topologies
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The previous sections have provided an overview of the many parameters that affect the
properties of the electrospun fibres; thickness, uniformity, degree of alignment, and other
properties can be fine-tuned by the careful selection of the electrospinning setup and
conditions. Specialised modifications to the emitter electrodes can allow for the production of
more complex fibrous products. Co-axial electrospinning is defined as the technique that
allows for the formation of layered fibrous structures out of two or more solutions [197]. The
nozzles used for this electrospinning technique consist of an arrangement of concentric
capillaries, with each compartment being dedicated to one of the solutions to be used. The
selection of solvents and polymers allows for the fabrication of fibres with several interesting
properties, such as structures with conductive cores but inert shells, or cores loaded with
bioactive elements coated in a biodegradable shell for drug delivery applications [197, 206].
Additionally, using other fluids such as mineral oils as the core material can result in the

formation of completely hollow fibrous structures.

The various types of emitter and collector electrodes can be mixed and matched for creating
fibrous structures with unique characteristics. A visual summary of the various product
morphologies that can be obtained from different electrode combinations is shown in Table 2-
3.

2.3.3 Electrospinning setup selection

The experimental work presented in this thesis focuses on the use of two different
electrospinning setups. The first one consists of a single nozzle setup with a stationary
collector and a pumping system for feeding the solution to the nozzle. The aim of choosing
this setup was that the solution and working parameter optimisation process would be easily
carried out since critical parameters such as working distance, voltage and flow rate can be
easily controlled and varied. A free-surface method consisting of a rotating cylindrical emitter
similar to that shown in figure 2-24b and a rotating cylindrical collector similar to that from
figure 2-25b was also employed in the experimental work that will be explored in further
chapters. The reasons for choosing this method were mainly related to the advantages that a
nozzle-free setup has in terms of product formation rate. Compared to the 0.1 to 1 g hr™
produced by single-nozzle systems, free-surface methods can produce figures such as 50 g
hr~'[188] or even in the range of g min™ . The use of this type of emitter electrode would allow
the upscaling of the production of the active core materials, which is one of the main objectives

of this thesis.

Up to this point, a selection of piezoelectric polymers and the methods that will be used to

process them have been discussed. One of the main goals of the project is the fabrication of

74



Chapter 2 | Literature Review 75

piezoelectric energy harvesting devices. As discussed in a previous section, piezoelectric
generators and mechanical energy harvesters in general have electrical outputs in the form of
AC signals. In the following section, basic and advanced concepts of AC circuits are
presented, offering an overview of the theoretical knowledge required for understanding the
fundamentals and the complexities of AC signals, which will be essential for designing the

electronic instrumentation needed for extracting the output power from the generators.
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Table 2-3: Different types of products can be obtained from using different kinds of emitter and collector

electrodes.

Type Setup image Product image Referenc
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Stationary
plate
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2.4 Harvesting energy from a piezoelectric generator

The output signals that can be obtained from a piezoelectric generator have specific
characteristics that depend on the mechanical excitation being imparted on the generator and
the internal properties of the generator itself. This section provides the basic theoretical
background for understanding the output response of these generators, showing how the
circuit equivalents of these devices are modelled and outlining the analytic tools that will allow
for the characterisation of their electrical response. Methods for conditioning the harvested

energy are also discussed in detail.

2.4.1 Piezoelectric device as electromechanical systems and

equivalent electrical models

Piezoelectric devices are electromechanical systems that can be modelled as circuit elements
depending on the implemented design. For instance, a piezoelectric crystal oscillator is often
used in certain circuits for generating an electrical signal with a constant frequency. These can
be modelled as a capacitance, which arises from the crystal being a dielectric material
sandwiched between two electrical plates, in parallel with an inductance-capacitance-
resistance (LCR) branch that represents the mechanical properties of the crystal such as

stiffness and friction in the system [209, 210].

The equivalent circuit for a piezoelectric generator depends on how the device was
assembled, the geometry of the design, types of materials used, among other aspects. For
instance, generators built in a plate configuration that have been mounted as a cantilever
beam fixed on one end and fitted with a mass on its other end is mechanically equivalent to a
spring-mass-damper system [211-215]. In the case of compression piezoelectric generators,

an equivalent mechanical model is shown in Figure 2-26 [214].

The complexity of the model and how it can be described as an electrical circuit equivalent
depends on considerations pertaining to the degrees of freedom of the system, adoption of a
lumped parameter or distributed parameter model, taking into account the effect that the
electrodes have on the piezoelectric material, among others. However, a simplistic lumped
model can be taken as an approximation [215, 216]. A generalised electric circuit equivalent
model for a piezoelectric generator is shown in Figure 2-27 [217]. In this ideal model, the
generator is shown as a current source in parallel with the capacitance Cp, which depends on
the geometry of the device and the piezoelectric properties of the material. Under mechanical
excitation conditions, a current will be produced and will be distributed between the electrical

load and Ce. In practice, the branch with Cp will include a resistive element that represents the
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internal loss of the generator. Thus, the generator is equivalent to a current source in parallel
with passive elements representing the characteristics of its construction, materials and the
losses that would occur because of contact resistance issues, mechanical damping, etc [214,
216].
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Figure 2-26: Mechanical model of a compression piezoelectric generator. Adapted with permission from

[214]. Copyright 2003 IEEE.
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Figure 2-27: Generalised electrical circuit equivalent of a piezoelectric generator. Adapted with

permission from [217]. Copyright 2010 IEEE.

Following the assumption that a generator can be modelled as a spring-mass-damper system,
the expected impulse response for these are in the form of a damped sinusoidal waveform
[218]. Sinusoidal signals are a class of alternating current (AC) signals. The following section
will discuss the AC signal fundamentals required for understanding this class of output

responses.
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2.4.2 AC signals

AC signals are defined as any electrical signal with a magnitude that varies as a function of
time. The instantaneous magnitude value can be either positive or negative, thus indicating
that the current flow is reversed at certain times. Sinusoidal signals are regarded as the most
general and fundamental type of AC signal. The general equation that describes such a signal

is shown as equation 2.12.
Equation 2.12 f() =V, sin(wt +0)

1, is the peak value or amplitude, w is the angular frequency, which is equivalent to 2rf, and
6 is a phase shift in degrees for this example. An example of a sinusoidal signal is shown in
Figure 2-28.

Figure 2-28: Generic sinusoidal signal

The analysis of AC circuits is often simplified by the use of phasors. A phasor is the
representation of a sinusoidal function as a vector which rotates counter-clockwise in the
complex plane. Phasors are represented in polar form, which consists of a magnitude and an

angle. The polar form of the signal from figure 2-28 is shown in equation 2.13.
Equation 2.13 V.6

While the magnitude V of a phasor can be the amplitude value seen on the sinusoidal
representation equation, V,, it is more common for the root mean square (RMS) value (Vzys)
to be used instead. The RMS voltage or current can be defined as an AC value that can deliver
the same power to a constant resistive load as a DC source. Equation 2.14 can be used to

calculate the RMS value of a periodic signal, in which T represents the period of the signal.
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Equation 2.14 Vews = (3 Jy (f(©))?dt )’

The derivation of Vrus for sine wave relative to its amplitude V, is shown in equation 2.15.

Equation 2.15 Vrms = %
Adhering to the principles of linear, time-invariant (LTI) systems, it is understood that feeding
an electrical load with a specific type of input signal results in a known output behaviour which
depends on the characteristics of the load and the previous state of the system in some cases.
Similarly to what is observed in DC circuits, having an input voltage in the passive element
results in a particular electrical current being observed in the load. The electrical load of an
AC circuit is known as impedance (Z), which is defined as the ratio of the observed voltage to
the measured current on a circuit element, or, alternatively, as the ratio of the voltage to current
phasors. The currents observed for capacitive (C), resistive (R) and inductive (L) loads when

excited by a sinusoidal voltage can be described as follows.

For an ideal resistor, Ohm'’s law states that the voltage V observed across a resistor is equal
to the current | multiplied times R. If the voltage is a function of time instead of a constant
value, it follows that the current is also a function of time. The current observed for an input
sinusoidal voltage is shown in equation 2.16, and the impedance constant and equal to R, as

shown in equation 2.17.

Equation 2.16 —‘:: -sin(wt) = I(t)
. Vo'sin(wt) VrRMs20° o
. —_— = = —— =R/
Equation 2.17 Vo in(at) R Vaus, R£0

In the case of an ideal capacitor, the general form of its current to voltage relation is shown in
equation 2.18. The expression shown in equation 2.19 corresponds to the current observed
for the ideal capacitor when the input voltage is a sinusoid. The current has a different phase
than that of the input voltage signal; this is why, for ideal capacitors, the voltage is said to lag
90° behind the current.

Equation 2.18 I(t) = C- 20
Equation 2.19 I(t) =w(C - COS((Ut) — (IJCVO . Sin((,()t + 900)

The impedance for a capacitive load is shown in equation 2.20. Contrary to the case of the
ideal resistor, the impedance of a capacitor is a function of the frequency of the sinusoidal
excitation input, and is associated with a phase shift of —90° when compared to R. This

parameter is called capacitive reactance, X.
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. Vosi t %4 20° 1
Equation 2.20 osin(@t) __ _ _Vems<0" _ 1, _gpe =y,
WCV,sin(wt+90°) wCVRrMms£90° wC

For an inductor, for which the voltage to current relation is defined as shown in equation 2.21,
the observed current would be equal to what is shown in equation 2.22. For the inductor, the
current waveform has a different phase than that of the input voltage signal as well, with the

voltage signal leading the current by 90°.

Equation 2.21 V) =L %

. 1 1 1 . o
Equation 2.22 I(t) = zf V(t)dt = ==V, - cos(wt) = —V, - sin(wt — 90°)
The impedance of an inductor is shown in equation 2.23. Its value is also a function of
frequency, and is associated with a 90° phase shift when compared to R. This parameter is
known as the inductive reactance, X;.

Vo sin(wt) _ VRms40°
1 . o 1 o
EVO'Sln(wt—‘)O ) EVRMSL_QO

Equation 2.23 = wlL £90° = X;

Figure 2-29 shows a series LCR circuit, a plot of the individual V for each element as both sine
waves, and a phasor diagram of the same signals. As it can be observed from both the plot
and the phasor diagram, the voltages for reactances X; and X, are 180° out of phase with
each other. Depending on the values of L, C and w, it is possible for the these to cancel each
other out completely and thus have input V being in phase with | or for either one of them to
dominate, which would result in V lagging or leading | by an angle that is a function of L, C
and w. This is reflected in the total impedance of the network, which exists as a linear
combination of an active and reactive component. The active component is that for which the
V to | ratio has an angle of 0° and is associated with resistive elements. The reactive
component has a +90°, depending on which is more dominant, either X; or X.. The equivalent
impedance Z can be expressed as the complex number shown in equation 2.24. Any complex
load network consisting of LCR elements in series, parallel or combinations of these can

ultimately be reduced to a single equivalent impedance that can be expressed in that form.
Equation 2.24 Z=R+jX, —X¢)

The concepts discussed above can be extended to any periodic signal, allowing the use of AC
circuit analysis techniques for signals such as those obtained from a heart rate monitor or a
microphone. Any periodic signal can be described as an infinite weighted sum of sine and
cosine functions; this description is known as the Fourier series. The general form for the
Fourier series is shown in equation 2.25. The value a, represents the DC offset of the signal,

a, and b,, are the amplitudes for the sines and cosines, w, represents the fundamental angular
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frequency and n is the multiplier for the fundamental frequency, which indicates that forn > 1
we are now dealing with harmonics. The a,, a,, and b,, terms can be calculated from equations
2.26, 2.27 and 2.28 respectively.

Figure 2-29: Voltage observed across individual components for a series LCR circuit. (a) Circuit diagram

(b) Sinusoidal voltages observed across each element. (c) Phasor representation of each element’s

voltage.
Equation 2.25 f(t) = ag + X1 ay - cos(nwot) + Xo—q by, * sin(nwyt)
1 4
Equation 2.26 ap = ;f_zzf(t) dt
2
, T
Equation 2.27 a, = ;f_zzf(t) - cos(nwyt)dt
2
, T
Equation 2.28 b, = ;f_zzf(t) - sin(nwot)dt
2

The power consumed by an electrical load is simply the multiplication of the voltage observed
across its terminals and the current flowing through its ports. The instantaneous output power
figure is defined as the product of the current and voltage values at a specific moment. This
value is often used to express maximum instantaneous power figures. Obtaining the average
power figure for a load in an AC circuit introduces a slight degree of complexity, requiring
careful consideration of the active and reactive components of the load. The power consumed
by the active component of the load impedance is simply known as the active power (P), its
unit being Watts (W). This value represents the power that is actually being converted to

productive work and is often used to easily compare AC power to DC power (only if RMS
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values have been used for calculating it). The power consumed by the reactive elements is
known as the reactive power (Q), which has reactive volt-ampere (VAR) as its units and
represents the power that is being lost to the network. The combination of the active and
reactive power is known as apparent power (S), and has volt-ampere (VA) as its units. S is

calculated by calculating the vector addition of P and Q.

Considering the voltage and current signals for an ideal capacitor, at the instant when the
current is at its maximum or minimum, the voltage is zero given the 90° phase difference
between these waveforms. When the voltage is at its maximum and minimum values, the
current is zero. Mathematically, this implies that the instantaneous power is zero at those
specific moments. Practically, this means that the energy stored in the capacitor is being lost
in the network. The same occurs for the ideal inductor, only at complementary instants due to
phase differences. The efficiency of powering up an AC load can be measured by comparing
the angle of S relative to P. The closer this angle is to 0, the more efficient the system is since
power is only being used to perform a task rather than being lost in the network. A diagram

showing how S is constructed from Q and P is shown in Figure 2-30.

Reactive
power (Q)

'
Real power (P)
Figure 2-30: The apparent power is equal to the vector sum of the real power and the reactive power.

One method for enhancing the efficiency of the system is to calculate the reactive impedance
component of the load and add an additional reactive load that has the same magnitude but
an opposing nature (adding X; to compensate for a dominant X or the other way around).
These concepts can be extended to the evaluation of the conditions required to maximise the
output power for an AC source, which can be critical for designing the circuit blocks used for

energy conversion and storage for energy harvesting systems.

On an additional note about energy conversion and storage, portable electronics are typically
DC systems. Thus, methods for transforming the AC output of a piezoelectric generator into a
DC output will be necessary. One way for converting an AC signal to a DC signal is to use a
full-wave rectifier, which is a functional block composed of 4 diodes that allow for both the
negative and positive peaks of an AC signal to be delivered to a load, each with the same
polarity/direction of current flow. A diode is a circuit element that allows current to flow through

only in one direction [219]. A schematic diagram of a generic full-wave rectifier is shown in
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Figure 2-31a. Figure 2-31b shows the AC input waveform. Figure 2-31c¢ shows the converted

waveform on the load.

Full-wave
rectifter

AC
source

Load

Figure 2-31: AC to DC conversion. (a) Circuit diagram of a full-wave rectifier. (b) Input sinusoidal

waveform. (c) Output waveform.

2.4.3 Maximum power transfer theorem

In practical situations, any power source has an internal impedance. Independent of the type
of electrical load that this source is powering up, there will inevitably be a power loss since the

internal impedance of the source itself is also consuming part of the supplied energy.
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Similarly to what happens in DC circuits, it is possible to derive an expression for the maximum
power that can be transferred to a load. A power source can be modelled as a Thévenin
(voltage source in series with a source impedance) or a Norton (current source in parallel with
a source admittance, which is the reciprocal of impedance) equivalent circuit. These are
shown in Figure 2-32 [220].

Figure 2-32: Equivalent circuit for a power source (a) Thévenin equivalent. (b) Norton equivalent. Adapted

with permission from [220]. Copyright 2018 IEEE.

The following analysis uses the Norton equivalent. Connecting a load impedance to the Norton
equivalent results in a series circuit for which the source and load impedance share the same
current. For calculating the power supplied to the load impedance, it is possible to derive an
expression based on the product of the voltage and current of the load. Equation 2.29 shows

the current, and equation 2.30 the voltage for the load impedance.

: Vin'Z Vin'(R +jX
Equat|on 2.29 VLoad — in'4Load — in"(RLoad +iXLoad)
ZLoadtZsource ZLoadtZsource
. V;
Equation 2.30 [ = —n
ZroadtZsource

Since, as discussed previously in section 2.3.1, the power value of interest when analysing
AC circuits is the active power P, the expression of interest in regards to power should then
be in relation to the active component of the load impedance, R;,,q. Assuming that the load
impedance is composed of a real component R;,,; and a reactive component X;,.q4, the
previous equations can be combined to obtain an expression for the power. The real

component of this expression is shown in equation 2.31.

Vin . Vin'RLoad — (Vin)z'RLoad

Equation 2.31 Prear =

ZioadtZsource ZLoadtZsource (ZLoad+ZSource)2

Working with this equation will show that for the maximum power delivered to the delivered it

is necessary for R, ,,4.t0 be equal to. R,,,,-c. and for the reactive component X; ,,4 to be equal
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in magnitude but opposite in nature to Xg,,-c.. In other words, the real components should
have identical magnitudes, just as in DC circuits, and the reactive components should cancel
each other out. In mathematical terms, when the load impedance is the complex conjugate of
the source impedance, maximum AC power transfer is achieved. This is shown in equation

2.32, in which the asterisk operator signifies the complex conjugate.

Equation 2.32 Zioad = Zsource
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2.5 Interim summary

This chapter provided a summary of the essential theory and concepts relevant to the
experimental work covered in this thesis. It begins with an overview of the existing energy
harvesting methods that can be considered when designing wearable devices. Comparing
features such as their working principles, output type, additional elements required for their
operation, and their limitations is essential for selecting the one that fits best the target
application. Additionally, depending on the type of materials and generator design, it might be
possible to implement a hybrid design that can potentially allow for a more efficient and

effective solution.

This section is followed by a detailed introduction to the piezoelectric effect. The different types
of materials that show piezoelectric behaviour are discussed, with particular focus on
polymers, followed by a detailed discussion of the properties of those chosen for the project.
The following section deals with electrospinning, which is the main fabrication technique that
will be employed in this thesis. Two of the electrospinning methods discussed, nozzle-based
and nozzle-free, will allow first for the development of an optimised polymer solution and for
the identification of the favourable conditions that facilitates the fabrication of quality fibrous
products. Once these have been achieved, the two different electrospinning setups can be
used for further developing novel structures and for the extrapolation of the previous conditions

to the high-throughput setup, potentially allowing for upscaling of the process.

The final section of this chapter describes the theory related to extracting energy from
piezoelectric generators. The concepts presented in this explain the equivalent models and
electrical output characteristics that make it possible to implement the appropriate auxiliary
instrumentation that will guarantee that a piezoelectric generator is being used to its maximum

potential.

The contents of this chapter discussed the fundamental knowledge that allowed for the work
presented in this thesis to progress from an initial exploration of material fabrication to the
application of the obtained products in the form of functioning piezoelectric energy harvesters.
The following chapter will describe the general materials and methods employed in the project,
outlining the approaches that were followed for the fabrication of materials and their

characterisation, generator design and assembly, and the implementation of testing fixtures.
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Chapter 3
General Materials & Methods

3.1 Introduction

This chapter introduces the reagents, devices, characterisation techniques and general

methods used in this thesis. Specific materials or methods required by particular experiments

are described in the corresponding chapters.

3.2 Materials and devices

3.2.1 Reagents

Table 3-1: The chemicals and other materials used in the thesis

Chemicals
Product name Supplier Description
poly(vinylidene fluoride) ) .
(PVDF) Sigma-Aldrich Ltd., UK 180k MW
poly(vinylidene fluoride-
co-trifluoroethylene) Sigma-Aldrich Ltd., UK Solvene ® 300/P300
(PVDF-TrFE)
poly(ethylene oxide) Sigma-Aldrich Ltd., UK 100k MW

(PEO)

N, N-dimethylformamide
(DMF)

Sigma-Aldrich Ltd., UK

=299% pure

Ethanol

Thermo Fisher Scientific,
UK

299.8%

Acetone

VWR International, France

299%

De-ionised water (DI

Provided by the laboratory

water)
Lithium chloride (LiCl) Sigma-Aldrich Ltd., UK >299%
Zinc nitrate hexahydrate Sigma-Aldrich Ltd., UK 299%

106



Chapter 3 | General Materials & Methods

107

Zinc acetate dihydrate

Thermo Fisher Scientific,
UK

297%

Hexamethylenetetramine
(HMTA)

Sigma-Aldrich Ltd., UK

299.0%

poly(dimethylsiloxane)
(PDMS)

Easy Composites Ltd, UK

CS25, temperature
vulcanizing, condensation
cure, tin-based catalyst.
Shore A 25 (hardness)

SYLGARD 184, transparent,

room temperature or heat

PDMS DOW Inc., USA
cure compatible. Shore A 43
(hardness)
RS PRO PLA 3D printer
RS Components, UK @ 2.85mm

filament
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3.2.2 Electronic components and electrical devices

Table 3-2: Electronic components, modules and interfacing materials used in the thesis

Electronic components and other materials

Product name Manufacturer/Provider Description

Aluminium electrolytic KEMET/Mouser Electronics 100 VDC, 20% tolerance, 1,
capacitors UK 4.7 or 10 yF

Metallised polyester film Panasonic/Mouser 250 VDC, 5% tolerance, 1
capacitors Electronics UK or 4.7 uF

Light emitting diode (LED)

Broadcom/Mouser

Electronics UK

1.9 V forward voltage, 2 mA
forward current, green

colour.

Small signal Schottky
diode

Vishay/Mouser Electronics
UK

BAT82S-TR Schottky diode.
Low forward voltage drop,

low leakage current

Operational amplifier
CA3140 integrated circuit

Renesas/Mouser

Electronics UK

1.5 TQ input impedance,

very low input current

Force sensitive resistor
(FSR), model 406

Interlink Electronics/Mouser

Electronics UK

4 cm wide, 4 cm long active

area

Metal film resistors

SIQUK/Amazon UK

1% tolerance, 0.25 W rating,

various resistance values

Copper wire

Available in the laboratory

23 AWG, bare copper

Copper foil

Sunhayato/RS Components
UK

0.3 mm thickness, adhesive

Copper tape

3M/RS Components UK

Embossed, adhesive

Liquid crystal display
(LCD) and keypad shield

module

DFRobot/ RS components
UK

Includes a 2x16 LCD and 6

push buttons.

A4988 stepper motor

driver

Polulu/ RS components UK

Adjustable current limiting,
various microstep

resolutions.

Stepper motor

Sanyo Electric Co./ RS

components UK

2-phase, 56 mm, 1.8° per
step
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Development board based
Arduino Mega2560 Arduino/RS components UK on the ATmega2560

microcontroller

842AR Silver conductive Silver based conductive
RS components _ ]
pen paint, acrylic base.

Conductive fabric made of
1168 Woven conductive

. Adafruit nickel, copper and
fabric
polyester.
641 Stainless medium _ Conductive thread, rated at
. Adafruit
conductive thread 10 Q ft™
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3.2.3 Equipment

Table 3-3: The main and auxiliary equipment used for the characterisation of the properties of the

materials and generators

Equipment
Name Manufacturer Model
Scanning electron
. JEOL Ltd. JEOL JSM-IT100

microscopy (SEM)
Sputter coater Agar Scientific AGB7341
Digital photography Canon EOS 6D
Conductivity metre Traceable 4063 CC
Digital thermometer

HTC Co Ltd. HTC-1
hygrometre
X-Ray diffraction (XRD) Bruker D2 Phaser
Electrochemical
. Princeton Applied Research  Parstat 2273
impedance spectroscopy
Oscilloscope Agilent MSO6054A
Nozzle-based

IME Technologies EC-DIG

electrospinner

Nozzle-free electrospinner

Built in-house

Mechanical testing device

Designed and built in the
laboratory. Used for exerting

controlled cyclic mechanical

impacts
3D printer Ultimaker BV Ultimaker 3
3D scanner Shining 3D EinScan Pro 2X Plus

3.2.4 Software

Table 3-4: List of the software used for various purposes.

Software used

Name Developer Version
Matlab Mathworks R2016a
Ultimaker Cura Ultimaker B.V. 3.4.1
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Rasband, W. and

ImageJ 1.53e
contributors, NIH

EX Scan Pro EinScan 3.6.0.5

Meshmaker Autodesk 3.5.474
Riegel, J., Mayer, W., van

FreeCAD 0.18

Havre, Y.
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3.3. Active core material fabrication by electrospinning

3.3.1 Nozzle-based electrospinning

The nozzle-based electrospinning setup consists of a stationary collector, a nozzle mounted
on a frame that allows for adjustable working distance, and a syringe pump. The collector and
nozzle are both contained within an acrylic chamber. Figure 3-1 shows a photograph of the
device. The experimental conditions for these trials were varied depending on the type of
solution being electrospun. This electrospinning setup was used for fabricating the materials

described in sections 4.2.1, and 5.2.1.

Control panel

Nozzle electrode

Figure 3-1: Image of the nozzle-based electrospinning setup. The user can select the voltage applied to
the system and the flow rate with the control panel. Inlets on the electrospinning chamber allow for the

insertion of gas lines that can be attached to other accessories.
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3.3.1.1 Nitrogen flow adapter for the nozzle-based electrospinner

The nozzle-based setup includes an accessory that can be used to force gas to flow around
the needle electrode. The device consists of an inner disc electrode surrounded by an outer
casing that has an input port for the gas. When the needle tip is inserted and secured to the
inner electrode, the needle will be positioned within a cylindrical hollow space on the opposite
end of the outer casing. The input port injects the gas into the hollow space, forcing a laminar
flow along the direction of the length of the needle, surrounding the needle tip as it is ejected.
This allows the user to reduce the RH% and control the ambient temperature at the tip of the

needle depending on the gas being fed to the system. The adapter is shown in Figure 3-2.

This adapter was used for fabricating materials described in section 4.2.1.

/

"

Taylor cone

e

Gas flow

Input port for gas

1.5cm |8
Figure 3-2: Accessory used for nitrogen gas flow for the nozzle-based electrospinning setup.

3.3.2 Nozzle-free electrospinning

The home-built nozzle-free setup had a rotating collector and a rotating drum partially
immersed in a Teflon bath containing the polymer solution. Negative and positive high voltage
sources are used, each connected to either the drum or collector. A 6 V DC motor is used for
keeping the drum rotating at a constant 5 RPM. A brushed 12V DC motor rated at 4500 RPM
and a speed controller module is used for rotating the collector and modulating its RPM. The
speed controller module allows the user to reliably select the rotating speed of the collector
from any value between 100 to the maximum RPM. It is possible to achieve lower RPMs by
changing the maximum current and voltage fed to the motor. An adjustable DC power supply
that allows for operation in constant current or constant voltage mode is used for powering up
the motor that drives the rotating collector. The power source should always be operated in

the constant voltage mode at 12 V if the user aims to set the collector speed at 100 RPM or
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above. The working parameters such as voltage and RPM of the collector were varied

depending on the experiment. These will be outlined individually in their relevant chapter.

An additional feature of this electrospinning setup is that the environmental chamber can be
kept at a specific temperature and RH% settings. This can be achieved by using accessories
which allow for a conditioned gas to be pumped into the chamber. For the experiments
conducted in this thesis, a heat gun was mounted close to the environmental chamber and
pointed towards the rotating drum. This would allow preheating of the environmental chamber
to a specific temperature value, which would also result in a reduction of the RH%. The setup
is illustrated in Figure 3-3. This device was used to fabricate some of the materials described
in section 5.2.1

Heat gun b{,,

\_ - . /i ' Motor power source

Il Rotating collector

Wi
Rotating drum

I e

| Teflon bath () c | DC motor

Figure 3-3: Schematic diagram of the nozzle-free electrospinning setup.

3.3.3. Relative humidity and temperature measurements

The temperature and relative humidity conditions during electrospinning were measure with a
digital thermometer hygrometer, model HTC-1. This device was kept within the electrospinning
chambers. The relative humidity and temperature readings were taken at the start of the

electrospinning process. The device is shown in Figure 3-4.

{  TEMPERATURE

Figure 3-4: Digital thermometer hygrometer HTC-1
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3.4. Mechanical testing device design and manufacture

The original idea was to create a device that would allow for repeatedly striking a sample with
a constant force and controllable impact frequency. The resultant design resembles a slider
and crank mechanism, converting rotational motion into linear motion. A stepper motor, a
motor driver shield and an Arduino MEGA 2560 were used for controlling the impact frequency
of the device. All parts except for the slider were 3D printed in the nanomaterials laboratory.
The critical parts required for the device were a slider, a connecting rod, the crank and a guide
block. This device will be referred to as the cyclic mechanical impact device. A photograph of
the in-house built device is shown in Figure 3-5. This device was used for the experiments
dsecribed in sections 5.2.2, 5.2.3, 6.2.1, and 6.2.2.

FARLLLETEITErreess ——
e | P -

. ‘ s Guiding
C ran}c - block

Figure 3-5: Cyclic mechanical impact device.

While the Arduino platform can be convenient for quickly developing a functional system, it is
associated to several limitations that need to be taken into account when writing the code for
the system. The desired impact frequency range ideally was between 0.5 to 10 Hz. Given that
the stepper motor used in the design has a resolution of 1.8° per step, achieving a 1 Hz impact
frequency (or 60 RPM) would require the system to send a step trigger signal once every 5
milliseconds. For a 10 Hz impact frequency, the trigger must occur every 500 microseconds.
While driving the system at the lower impact frequency range is perfectly possible, driving it at
a frequency closer to the upper limit of the desired range was found to be problematic. In fact,
in ideal conditions, considering only the effects of integer rounding in the calculations used to
set the impact frequency, the highest value that can be reliably reproduced would be 9.42 Hz.
This is because both calculations for 565 RPM and 566 RPM return 531 as the number of
microseconds required to elapse before triggering a step. Higher RPM values will share

identical microsecond values, resulting in the observed frequency deviating from the desired
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one. If one took this situation to a more realistic scenario in which other limitations such as
those inherent to timings in Arduino are taken into account, the desired impact frequency
would start deviating from the observed value at an even lower value. Thus, the custom-built
mechanical testing device is only recommended for testing with impact frequencies in the 0.5

to 5 Hz range.

A hollow cylindrical structure and various smaller cylinders that were fitted inside it were used
for housing the force sensitive resistor (FSR) and as a sample holder. The interchangeable
smaller cylinders and additional thin disks and slides with indentations allowed for positioning
the samples depending on how large they were and on their interfacing element type (copper
wire or conductive thread). The slider was fitted with one of two different types of impact heads.
One of these was a cube with an impact area of 2.6 cm?. The other was a model of a human
heel. This model is shown in Figure 3-6. This impact head was used for the experimental work

described in section 6.2.1.

Figure 3-6: 3D model of a heel obtained with a 3D scanner.

All parts were printed using PLA filaments, with the printing settings being a layer height of 0.1
mm and 20% infill. All other settings were left untouched. Printing times ranged from only a

few minutes to up to 7 or 8 hours.
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3.5. Mechanical energy harvester assembly

Flat PVDF fibre mats, thick sponge-like PVDF/PEO and PVDF-TrFE/PEO mats, and PVDF-
TrFE/PEO cloud-like 3D structures were used as the active core material of prototype
piezoelectric generators. Differences in active core material morphology required different
active core preparation methods. For both the flat fibre mats and the thick sponge-like mats,
1 cm? square-shaped sections were cut. For the cloud-like 3D structure, a medical-grade
scalpel was used to obtain a 1 cm?® cube-shaped section from a region close to the core of the

cloud structure to secure a sample with higher fibre density.

Electrode bonding to the active core was achieved using different techniques. An initial
approach consisted of using adhesive copper tape and foil, which was simply cut in the
required shape and placed directly on the surface of the active core. Copper wire was then
soldered to separate cut sections of either the tape or foil and pasted to the electrodes as
required to provide interfacing ports. Figure 3-7 illustrates the copper foil electrode bonding
process. This technique was used for assembling the generators tested in sections 4.2.2,
5.2.2,5.2.3,5.2.4,6.2.1,and 6.2.2.

——
WY
SRS
2,

Y. we 2D b
mel s

Figure 3-7: Preparation and placement of the copper foil electrodes on the active core materials. (a)
Copper wire has been soldered to copper foil pieces. (b) The trimmed foil pieces are then placed on the

core material.

A further evaluation of enhancements to this bonding technique involved pre-treating the
surface of the active core that would be in contact with the electrodes. One pre-treatment
scheme involved coating the required active core surfaces with 15 nm of gold using the sputter
coater and masked with waxed paper stencils. The process is shown in Figure 3-8. Conductive
silver ink was used for pre-treating the required surfaces as well, with the liquids being brushed
on the active core using a size No.1 standard brush and left to dry for a day at room

temperature. Copper foil or tape was then placed on the pre-treated surfaces and interfacing
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ports attached to the electrodes as described previously. This bonding technique was used

for fabricating generators tested in sections 6.2.1 and 6.2.2.

Figure 3-8: Method for coating specific areas of the thick sponge-like materials with gold. (a) The material
was fixed in place with tape and waxed paper stencils were used to cover the regions that would remain

unmodified. (b) After sputter coating with gold. (c) After removing the stencils.

The thick sponge-like structures resembled a non-woven fabric, an observation which inspired
a different approach for electrode placement that would involve conductive threads and
fabrics. Sections of the fabrics cut in the desired shape were held in place on the active core
with a binder clip. A size 7 embroidery needle was then used to sew the electrode fabric to the
active core. 5 cm long pieces of conductive thread were sewn to the electrodes as interfacing
ports. The generator assembly process for samples with conductive fabric and thread
electrodes is shown in figure 3-9a and 3-9b. This method was used for fabricating the

generators tested in sections 6.2.1 and 6.2.2.

1.8 cm

Figure 3-9: Thick sponge-like core generator with conductive fabric and thread electrodes assembly
method. (a) One conductive fabric electrode has been sewn to the generator core. (b) Both electrodes
have been attached to the core. (c) This generator was encapsulated in clear PDMS to show the layout of

the generator.

An active core with electrodes and interfacing ports constituted the fundamental generator

subunit. Specifically for the thick sponge-like structures, the implementation of these subunits
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allowed for the creation of complex arrangements of multiple subunits in either parallel, series
or a combination of these. Copper tape and conductive thread were both used as the

interconnecting material, each of these restricted to the type of electrode to connect.

Preparation of the PDMS with a tin-based catalyst used as an encapsulation material for the
flat mat or thick sponge-like core generators starts with pouring the required amount of rubber
and catalyst into a beaker. The mix ratio indicated by the manufacturer is 100:5 rubber to
catalyst. The fluid is thoroughly mixed until it transitions into a uniform grey colour. The mixture
is then placed inside a vacuum chamber and exposed to vacuum until all air bubbles have
been extracted from the mixture. An initial layer of the mixture is then poured into the empty
moulds, which on this case were glass petri dishes. The generator core fitted with electrodes
is placed on top of the initial layer, and then more mixture is added to the mould, until it covers
the generator. The mould was degassed once more to ensure that no air bubbles would remain
within the dense fibrous structure. It is left to cure for a minimum of 12 hours under standard
ambient conditions. Excess silicone surrounding the generator may be trimmed after the
material has cured. The preparation method for the transparent PDMS is somewhat similar,
requiring instead a mix ratio of 1:10 catalyst to rubber. The fluids are placed on a beaker,
thoroughly mixed and degassed as indicated for the other PDMS. However, this PDMS
allowed for heat curing, thus allowing for speeding up the curing process. An initial layer of
PDMS was poured into the mould and placed in an oven at 90°C for 15 minutes. The mould
was taken out of the oven, then the generator units were placed on top of the cured PDMS
layer and covered with the remaining PDMS mixture until all elements were completely
covered. The mould was then placed in the oven again at the same temperature but left for 30
minutes instead to allow for the relatively thicker PDMS layer to cure. The mould was then
taken out of the oven and left alone at room temperature for it to cool down. As with the
previous PDMS, excess material can then be trimmed safely. Figure 3-9c shows an
encapsulated generator after the excess PDMS has been trimmed. This PDMS encapsulation
technique was used for fabricating the generators used in sections 5.2.2, 5.2.3, 6.2.1, and
6.2.2.

The approach used for bonding an electrode to the 3D cloud-like active material described in
section 5.2.1 consisted of attaching adhesive copper tape on two opposite sides of the cube-
shaped sample. Copper wire soldered to copper tape was then pasted on top of the electrodes.
Encapsulation of the cube-shaped active core was achieved by using a glass test tube as the
mould. An initial amount of transparent PDMS was poured into the test tube, which was then
placed in an oven at 90°C for 15 minutes for curing. The test tube was to be kept vertical over

the whole process and thus was held in this position inside the oven. Once the PDMS was
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cured, the sample with electrodes and wires attached was deposited on top of the cured
surface. PDMS mixture was then poured on the mould until it had covered the sample. The
integrity of the cubic shape was preserved by holding the tips of the interfacing wires to the
walls of the mould with binder clips. The mould was degassed one more time before curing to
ensure that no air bubbles would remain within the dense fibrous structure. The mould was
then placed in the oven at the same temperature for 30 minutes. It was taken out and left to
cool down at room temperature, after which the generator was extracted from the mould. This

procedure was used to fabricate the prototype generator shown in section 8.3.
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3.6. Polymer solutions and electrospun material characterisation

3.6.1 Scanning electron microscopy (SEM)

The fabricated fibre samples were analysed with scanning electron microscopy. Samples were
coated with 15 nm of gold using a sputter coater. A probe current of 30 out of 100 and a voltage
setting of 15 kV were preferred when operating the device. These particular conditions made

it possible to obtain clear images with magnifications of up to 23 000x in some instances.

Further fibre size analysis was done with the Imaged image processing software. Average
fibre size and standard deviations were obtained from measuring 100 individual fibres per
SEM image.

The analysis of SEM images was used for the work presented in sections 4.2.1, 5.2.1, and in

Appendix B.

3.6.2 Digital photography

Objects such as the electrospinning apparatus, tools, generators and samples were
photographed using a Canon EOS 6D DSLR camera. For instance, the thickness of the
sponge-like sample was obtained by measuring the cross-section of each sample using the
Imaged software on digital photographs. A cylindrical SEM stub with a height of 5 mm was

used as the reference.

Digital photography was used to capture some of the images shown in chapter 3,4 5and 7.

3.6.3 X-ray diffraction (XRD)

X-Ray Powder diffraction (XRD) was used to analyse the crystalline structure of the
electrospun products. The performed scans were done over a 26 range of 5° to 60°, using a
scanning rate of 6° per minute. Copper Ka radiation was used for the scans. This technique
was used for analysing samples that were obtained in the experiments described in sections
4.2.2and 5.2.1.

3.6.4 Polymer solution conductivity measurement

The conductivity of the different polymer solutions that were used for creating electrospun
fibrous mats and structures was evaluated with a model 4063 CC Traceable portable system.
The probe of the device, which is kept immersed in DI water when not in use, was transferred

to a flask with DMF and stirred frequently until the reading in the metre stabilised. The probe
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was then placed inside the flasks containing one of the polymer solutions, and stirred
frequently until a stable reading was obtained. The probe was then taken out of the polymer
solution and rinsed with DMF. This process, used mainly for the experiments described in

section 5.2.1, was repeated for measuring the conductivity of all the other polymer solutions.
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3.7. Electrical response characterisation of the mechanical energy

harvesters

3.7.1 Mechanical stimuli

The performance of the piezoelectric energy harvesters assembled over the course of this
project was evaluated by observing their electrical response to different kinds of mechanical

stimuli. The general methods for delivering mechanical impacts were employed.

3.7.1.1 Dropping a 100 g weight

The generators being tested were connected to an oscilloscope probe without employing any
interfacing circuits. The oscilloscope probe was set at 10x, thus making the equivalent load
resistance of the system 10 MQ. The output voltage response of the generators was recorded
when 100 g weights were dropped on the samples from a height of 10 cm. The electrical
response was recorded for a total period of 5 seconds per test. The method is illustrated in

Figure 3-10. This technique was used for the experiments described in section 4.2.2.

10 cm

Figure 3-10: Simplified representation of the drop test. The electrical response of the generator as the

weight dropped on its surface was recorded with an oscilloscope.
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3.7.1.2 Automated impacts

The cyclic mechanical impact device was used to deliver controlled mechanical impacts to a
sample. As mentioned previously in this chapter, the system allows for the selection of an
impact frequency. The samples were placed on the corresponding holders, with their output
terminals attached to wires that were in turn connected to circuits used for varying the electrical
load of the system. The device was allowed to strike the sample continuously for different time
intervals depending on the type of experiment being conducted, ranging from 2 seconds up to
500 seconds. This method provides controlled mechanical impacts, which is essential for
ensuring consistency when comparing the results obtained for different generator types. This

method was employed in sections 5.2.2, 5.2.3, 6.2.1 and 6.2.2.

3.7.1.3 Test subject mediated impact

A test subject (Male, height of 1.65 m and weight of 63 kg) was asked to march at different
speeds wearing a modified flip-flop fitted with a compound generator. As the test subject
marched, he would step on the generator, which would result in an electrical response. While
this method would not allow for the delivery of controlled mechanical impacts in the sense that
the user might at times vary the force with which they step depending on the marching speed,
degree of tiredness, among other parameters, it allows for the observation of the electrical

response of the generators in practical conditions. This method was used in section 5.2.4.

3.7.1.4 Impact force monitoring

The impact force was only monitored when using the cyclic mechanical impact device. An
oscilloscope was used to record the electrical output signals obtained from the piezoelectric
generators and for the force sensing instrumentation. The force sensitive resistor (FSR) was
used to monitor the impact force being exerted on the samples. The squared shaped FSR was
placed within the sample holder. A thin, protective PDMS layer was placed on top of the FSR
so that the cylinder piece upon which the sample was placed would not damage its surface.
As suggested in the datasheet provided by the manufacturer, the FSR was connected in a
voltage divider configuration, being in series with a 15 kQ resistor. An operational amplifier in
buffer configuration was connected to the node shared by the 15 kQ resistor and the FSR.
The buffer is supplied with £ 9V. To eliminate the offset voltage observed at the outputs of the

amplifiers, the offset nullifying recommendations outlined in the datasheet of the operational
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amplifier were followed. A schematic of the circuit is shown in Figure 3-11. This circuit was

used when acquiring the signals obtained in sections 5.2.1, 5.2.2, and 6.2.2.

+9V
FSR %

+9V
> —0o V¢
-9V
15kQ <

<

Figure 3-11: Connecting the FSR and a 15kQ in a voltage divider configuration allows for the monitoring of
the impact force on the sample. The resistive value of the FSR changes depending on the force being applied

on its surface.

The FSR has an equivalent resistance value of 10 MQ when not pressed. When pressed, its
resistive value drops to almost short-circuit conditions. Using a series of calibration curves
provided by the manufacturer as reference, a scaled output voltage to force estimating function
was calculated. It was necessary to scale the curve taking into account the original calibration
references, the original conditions used for those curves and scaling those values to the ones
present in our experiments. For instance, the family of calibration curves provided by the
manufacturer correspond to a buffer with a saturation voltage of 5 V. In our circuits, this voltage
was 9V instead. Equation 3-1 shows the equation obtained for the voltage to force conversion.

The calibration curves provided by the manufacturer are shown in Figure 3-12.

Equation 3-1: Vout = 1.0991In(F) + 3.5657

ﬁ RM VALUES

T 1 ssOuen100Kk
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™
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F vs. V for Part No. 402
Interlink Force Tester
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Figure 3-12: Calibration curves relating force for output voltage with the

circuit shown in figure 3-6. Provided by the manufacturer.
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3.7.2 Electrochemical impedance spectroscopy

The potentiostat (Parstat 2273) was operated in the EIS mode. EIS consists of feeding a small
AC current to a sample at different frequencies. The voltages observed on the sample are
recorded and used to calculate the impedance of the sample across a broad range of
frequencies based on the magnitude and phase of the observed V and | [1]. These devices
are often calibrated with a dummy cell, which consists of an arrangement of discrete resistors
and capacitors. This method was used for assessing the equivalent impedance of one group
of generators for a broad range of frequencies, ranging from 1 Hz to 200 kHz, with a fixed
amplitude of 10 mA. The data points collected from this test were used to calculate the
equivalent capacitance value of the generators. The samples were connected to the terminals
of the generators as follows: Working and sense electrode on one terminal, counter and

reference electrode on the other terminal. This device was used in section 4.2.3.
3.7.3 Variable load resistance conditions

The circuit diagram shown in Figure 3-13 details the elements used for measuring voltage and
current for different resistive load values. This test consists of connecting the piezoelectric
generator to a variable resistive load, allowing us to observe changes in the output current
and voltage. The instantaneous output power was obtained from multiplying the V and | signals
after processing them (offset removal if necessary and filtering out a residual 50Hz signal). As
shown in Figure 3-13, the load resistors ranged from 10 Q up to 15.1 MQ. For current
measurements, the circuit includes an operational amplifier (CA3140) configured as a
transimpedance amplifier (TIA). Assuming that the output current was to be in the order of
tenths of micro Amperes at most, a 470 kQ gain resistor was chosen. For stability, a 30 nF
capacitor was placed in parallel with the gain resistor; its value was calculated using
specifications provided by the supplier in the amplifier's datasheet. Ideally, virtual ground
conditions ensure that the voltage signal recorded at the output of the TIA accurately

corresponds to the current being delivered by the generator.
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The point marked as B in figure 3-8 is the node on which the output voltage of the generator
is recorded. For all resistive loads under 100 kQ inclusive, this node is also directly connected
to a generator lead. In other words, if the load resistance is 100 kQ or less, node A was
connected directly to node B. For the higher resistive loads (1.6 MQ and 15.1 MQ total), the
additional resistive load is connected between this node and a generator lead, resulting in the
recorded output voltage having to be multiplied by a factor of 16 or 151 so as to obtain its true
value (Node A connected to node C and node B connected to node B’). The operational
amplifier connected to node B this node acts as a buffer. Monitoring the voltage signal using
a voltage divider was a necessary design consideration required for the observation of the
behaviour of the generator when connected to a high impedance load. Piezoelectric
generators typically have an equivalent resistance value in the order of MQ, reaching their
maximum output power when connected to loads on a similar level. Given that the
oscilloscope/probe circuit has an impedance of up to 10 MQ, having a buffer with an input
impedance in the order of 1.5 TQ (according to the datasheet) virtually nullifies any loading
effects on the output signal. This interfacing circuit was used in section 5.2.2, 5.2.3, 6.2.1, and
6.2.2

Generator

| casaV

out

_________________________

Figure 3-13: Circuit used for measuring the output power of the piezoelectric generators when connected
to several different resistive loads. If resistor Rl was 100 kQ, node A should be connected to B’ and node

B can be connected to any node marked as C.
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3.7.4 Capacitor charging test

A full wave rectifier circuit was built using 4 schottky diodes. The output terminals of the rectifier
were connected to 3 different electrolytic capacitors, valued at 1, 4.7 and 10 pF. Since
connecting the oscilloscope probe directly to the positive terminal of the capacitor being tested
would add a resistive load to the circuit, an operational amplifier in buffer configuration was
used to monitor the charging process without draining the charge being stored in the capacitor.
The circuit diagram used for this test is shown in Figure 3-14. 100 seconds of charging were

recorded for each trial. This circuit was used in section 5.2.3 and 6.2.2.

”H‘——H—
Generator [] —0Vou
?5‘ . -9y

Figure 3-14: Circuit used for recording the charging of different capacitors. The full bridge rectifier was
built with discrete schottky diodes. Using a buffer prevents the oscilloscope probe from draining the

charge stored in the capacitive load of the rectifier.

For the experimental trial involving the test subject stepping on a generator at different SPM
values, a circuit very similar to that shown previously in Figure 3-14 was used. The additional
elements added to this version consist of polyester film capacitors instead of electrolytic
capacitors, a single pole double throw switch (SPDT) and 40 green LEDs connected in
parallel. The switch allows the user to power up the LEDs after a session of charging, which
offers an opportunity for applying the energy harvested by the user. Once again, the same
type of operational amplifier in buffer configuration was used for monitoring the charge stored
in the capacitor without having any loading effects on the circuit. The 40 LEDs are in parallel
with the capacitor once the SPDT switch is changed to the 1-3 position. Otherwise, it is
connected to the full wave rectifier. The rail-to-rail input voltage for the amplifier was increased
to 15 V to allow for the amplifier to have a greater monitoring range before the signal reaches
saturation. This was done as a precaution since the voltage on the capacitor was expected to
increase to higher values. The circuit used for this additional experimental trial is shown in

Figure 3-15. The experimental trial is described in section 5.2.4.
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out

Generator

Figure 3-15: Circuit used for monitoring the voltage of a capacitor as it was charged by a user

stepping on a compound generator.
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3.8 Statistical analysis

The results reported in this thesis are shown as mean values with their associated standard
deviations. These were obtained from processed datasets or images, depending on the
measurement being conducted. In the case of datasets, these were captured from
oscilloscopes in raw binary format and exported to Matlab for analysis. In the case of the
values obtained from images, the software ImagedJ was used to obtain the measurements,
which were then exported to Matlab. Unless otherwise stated, the statistical analysis has been
conducted with multiple different samples. This will be further specified in the relevant sections

for each experiment.

To assess if a particular dataset followed a normal distribution, empirical cumulative
distribution function plots were calculated and compared to a similar curve that had been
obtained from a reference normally distributed dataset. One-way analysis of variance
(ANOVA) analysis with a confidence level of 95% was performed to evaluate whether there
existed a statistically significant difference between the means observed among the output
recorded from some samples. In case that a general difference was identified, a post-hoc
Tukey HSD test was carried out to evaluate among which specific groups a statistically

significant difference would exist, assuming a p-value of 0.001.
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Chapter 4

A preliminary study on electrospun PVDF
fibres and methods for enhancing their
piezoelectric properties

4.1 Introduction

The applications of nanostructured materials as sensing and energy harvesting elements have
advanced rapidly in recent years. The fabrication of nanostructures on different types of
substrates allows for the creation of functionalised materials that can be tailored for specific
applications such as biosensing or for developing textile solar cells [1-4]. Methods used for
the fabrication of nanostructured materials and functionalised surfaces often involve a series
of intermediate steps that allow for the chemical or physical bonding of the sensing elements
and coatings. However, the use of additional intermediate functionalisation steps can result in
a net increase in production costs and complexity. Additionally, given that each intermediate
step might require the use of harmful substances and solvents, the environmental impact of

the method will inevitably increase [5-7].

The use of fabrication methods such as electrospinning allows users to manufacture
nanostructured, functionalised or enhanced materials in one single step depending on the
working parameters and equipment characteristics [8—11]. The work presented in this chapter
describe the process of optimisation that was carried out for creating the active materials that
would be used as an active core for a mechanical energy harvester based on electrospun
PVDF.
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4.2 Results and discussion

4.2.1 Electrospinning PVDEF: parameter variation effect on fibre

morphology

Electrospinning as a fabrication method is often described as versatile, allowing the users to
create products with unique properties depending on parameters such as temperature, relative
humidity, and distance between electrodes, among others. As discussed in chapter 2, section
3.2, while some parameters have an independent effect on the properties of the obtained
product, it is not uncommon for some of them to have an overlapping influence on the
properties of the resulting structures. Understanding the relevance of each parameter and how
they may influence each other is of critical importance for establishing a set of conditions that
will yield the desired result. Electrospinning parametric studies consist of a specific approach
in which a set of controllable parameters are systematically varied or held constant, thus
allowing the user to observe the effects of using different combinations on the final product
[12-14].

As mentioned previously in chapter 2, section 2.2 and 2.3, the ferroelectric polymer PVDF and
its copolymers with TrFE have the potential to be used as active materials for mechanical
energy harvesting devices based on electrospun fibrous membranes or structures, with the
added features of flexibility and being non-toxic. Various case studies showing the successful
integration of such materials into wearable and implantable devices is well documented in the
literature. Each study offers an overview of different approaches for fabricating the materials,
exploring the use of diverse additives and post-processing techniques, as well as showing
how the resulting devices perform when exposed to controlled and complex ambient
conditions [15—-21]. The work presented in this chapter encompasses a parametric study for
the electrospinning of PVDF solutions, providing a reference framework upon for the

experimental work covered in this thesis.

A study in which electrospun PVDF fibre mats are used as active forward osmosis membranes
was selected as the starting point of the experimental work presented in this chapter. The
authors outlined a set of conditions used for electrospinning thin PVDF fibre mats using a
single-nozzle, stationary collector method [22]. While the purpose of that study was to post-
process the fabricated materials for enhancing their filtration properties, the aim of the
experimental work presented in this chapter is to explore the effect that varying specific
electrospinning parameters has on the resulting electrospun product, taking the parameters

outlined by the authors of that study as the initial conditions. Once this has been achieved, it
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will be possible to start evaluating the role that specific additives, rather than post-processing

techniques, have in the fabrication of structures intended for energy harvesting.

The nozzle-based system was used for these experiments. Using a polymer solution of 20
wt% PVDF in DMF, the working distance of the nozzle-based electrospinner was adjusted to
15 cm, the voltage was set to 18 kV, and the flow rate for the polymer solution was 20 pL
min~'. The electrospinning setup allows for a rough humidity and temperature control.
However, ambient conditions were used for this trial. The recorded temperature was 23 °C
and the RH% was 55%. This initial trial did not yield an electrospun product; although the
Taylor cone was visible on the tip of the needle, the material depositing on the collector still
had solvent, thus resulting in the product dissolving and coagulating. Varying the flow rate
from 20 to 5 uL min—1 did not solve this issue, although it did help to identify that low flow rates

aid in having have the most stable Taylor cones.

Solutions with higher polymer concentrations tend to have greater viscosity, which in turn may
hinder the formation of the Taylor cone [23]. However, reducing the concentration of the
solutions can cause the fabrication process to transition from electrospinning to
electrospraying. One method for conserving the polymer solution concentration and reducing

the viscosity of the solution is to add an additional solvent [24].

The solution was adjusted for 20 wt% PVDF in a combination of DMF and acetone, with a
solvent ratio of 4:1. DMF has a viscosity of 0.92 mPa s™", while this value is 0.295 mPa s™* for
acetone. The combination of these two solvents reduces the viscosity of the system; this, in
turn, results in an increased volatility for the solvent system. Similarly to how reducing polymer
concentration would result in electrospraying rather that electrospinning, reducing the viscosity
of the solvent system has the same impact in the experiment. However, since the
concentration of the polymer was kept at 20 wt%, reducing the viscosity of the solvent system
carried a low risk, outweighed by the advantage of a higher solvent evaporation rate, which

would prevent the collection of wet fibres.

Contrary to what was observed with the solutions that had only DMF as a solvent, a dry product
was being depositing on the collector this time, indicating that an electrospun product was
possibly being fabricated. Taylor cone formation remained stable to the naked eye. This was

true for three experimental runs. The parameters used for each are shown in Table 4-1.

134



Chapter 4 | Electrospun PVDF fibres 135

Table 4-1: Working parameters that appear to allow for the electrospinning of a 20wt% PVDF in

DMF/Acetone (1:4 solvent ratio).

Sample Temperature RH% Flow rate Working Voltage (kV)
(°C) (ML min™) distance (cm)

A0 20 37% 7 20 12

A1 20.8 39% 7 20 14.5

A2 20 37% 5 20 14.5

SEM images of the obtained products revealed that the product deposited on the collector
were electrospun PVDF fibre mats for all 3 trials. Figure 4-1 shows SEM images of the
fabricated materials. The formation of beads was observed for all the resulting nanofibre
samples. Bead formation is undesirable as it can cause the fibrous networks to be brittle and
stiff, negatively affecting the reproducibility of the final product [25]. The average diameters for
the resulting fibres were 388 + 128 nm, 447 £ 161 nm and 405 + 139 nm for samples A_O,
A_1and A_2 respectively. As shown in the SEM images, both samples A 1 and A_2 have a
lower presence of beads, indicating that having increased the voltage from 12 kV to 14.5 kV
resulted in more uniform fibre mats with a slightly reduced presence of beads. There was no

observed difference between having a flow rate of 5 or 7 uL min™".

The value of RH% plays an important role in electrospinning. An adapter for feeding nitrogen
gas to the system was used to observe the effect of lowering the RH% in the area surrounding
the needle electrode of the setup. The solutions used for these experimental trials was
adjusted once again to 20 wt% PVDF in DMF. The reason for this change is that lower RH%
values and higher polymer concentrations are known to produce relatively thicker fibres and
reduce the amount of beads formed during electrospinning [26]. All voltage figures used for
the following experimental trials represent the values at which the Taylor cone was observed
to be stable. The first experimental trial involved a varying working distance, and constant flow
rate and voltage. The parameters used are shown in Table 4.2. An electrospun product was

obtained for each one of these sets.
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Figure 4-1: SEM images of the fibre mats obtained from electrospinning 20 wt% PVDF in DMF/acetone
(4:1 solvent ratio) solutions under different conditions. (a) Sample A_0, electrospun using a 7 pL min™*
FR, 20 cm WD and 12 kV. (b) Same as (a), magnified image. (c) Sample A_1, electrospun using a 7 uL min™*
FR, 20 cm WD and 14.5 kV. (d) Same as (c), magnified image. (e) SampleA_2, electrospun using a 5 uL
min~t FR, 20 cm WD and 14.5 kV. (f) Same as (e), magnified image.
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Table 4-2: Working parameters used for evaluating product variation when electrospinning a 20 wt%

PVDF in DMF solution under nitrogen gas flow.

Sample Temperature Flow rate (uL Working Voltage (kV)
(°C) min~') distance (cm)

B_0 20.8 7 20 18

B_1 20.8 7 15 18

SEM images of the resulting products show that beads and coagulated polymer
agglomerations were present in the fibre mats. Figure 4-2 shows the SEM images obtained
for these samples. A closer inspection of the agglomerates and the distinct patterns that can
be observed on their surface indicate that the solvent is not evaporating fast enough, causing
the depositing fibres to dissolve and blend into an agglomerate. In order to test this idea, an
additional trial was carried out. The flow rate was adjusted to 15 yL min~', and working distance
was the parameter being varied between runs. The parameters used for this trial are shown
in Table 4.3.

Table 4-3: Working parameters used for evaluating the effect of an increased flow rate when

electrospinning 20 wt% PVDF in DMF solutions under nitrogen gas flow.

Sample Temperature Flow rate (\L Working Voltage (kV)
(°C) min™) distance (cm)

co0 19.7 15 25 18

C_1 19.7 15 20 16

C_2 23.1 15 15 11

Cc_3 23.1 15 10 11
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10 pm

10 pm

Figure 4-2: SEM images of the fibre mats obtained from electrospinning 20 wt% PVDF in DMF solutions
with nitrogen flow, 7 uL min™ FR, 18 kV, and varying WD. (a) Sample B_0, electrospun with a 20 cm WD.
(b) Same as (a), magnified image. (c) Sample B_1, electrospun with a 15 cm WD. (d) Same as (c), magnified

image.

The products obtained from these experiments also had the appearance of an electrospun
fibre mat to the naked eye. Once again, SEM images revealed that beads and agglomerations
were still present in the samples. The SEM images are shown in Figure 4-3. Having almost
doubled the flow rate of the polymer solution, it was expected for the presence of the
agglomerates to be dominant. However, as observed from the SEM images, there was a net
increase in the amount of fibres in the sample when W.D. was set to 20 cm. For the samples
obtained when W.D. was 15 and 10 cm, only a few individual fibres can be observed on top

of the agglomerates.

One final trial was carried out to observe how a lower polymer concentration and higher flow
rate compare to the samples obtained from the previous trials. A 15 wt% PVDF in DMF solution
was electrospun under varying working distance conditions, and constant flow rate and

voltage. The parameters used are shown in Table 4.4.
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Table 4-4: Working parameters used for electrospinning a 15 wt% PVDF in DMF solution under a nitrogen

flow. The flow rate for this trial was 25 pL min™.

Sample Temperature Flow rate (WL  Working Voltage (kV)
(°C) min~) distance (cm)

D_0 23 25 20 21

D_1 23 25 15 21

SEM images of the resulting products reveal that, for a working distance of 20 cm, an
increased flow rate in conjunction with a decreased polymer concentration have a favourable
effect on the evaporation of the solvent, thus resulting in a relatively higher amount of

independent fibres on the sample. The SEM images are shown in Figure 4-4.

These experimental trials that involved the use of the nitrogen flow for the reduction of the
RH% value show that a lower polymer concentration, reduced flow rates, working distances
over 15 cm and voltage levels adjusted for facilitating the formation of a stable Taylor cone at
the tip of the needle are some of the experimental conditions that favour the formation of
electrospun PVDF fibres with our particular experimental setup. Comparing the samples
obtained from the trials involving nitrogen flow with those obtained from trials involving ambient
RH% conditions, it is clear that the use of a compound solvent system and of ambient RH%
conditions close to 35 % allow for the fabrication of PVDF materials on which the presence of
individual fibres is dominant. As discussed previously in the chapter 2, micro and
nanostructured piezoelectric materials for which the length to width aspect ratio is high will
exhibit a greater piezoelectric response. Therefore, the samples obtained from the products
electrospun without the nitrogen flow had a greater potential as the active material of a

piezoelectric generator.
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10 pm

Figure 4-3: SEM images of the fibre mats obtained from electrospinning 20 wt% PVDF in DMF solutions with
nitrogen flow, 15 pL min™ FR, and varying WD and voltage. (a) Sample C_0, electrospun with a 25 cm WD, 18
kV. (b) Same as (a), magnified image. (c) Sample C_1, electrospun with a 20 cm WD, 16 kV. (d) Same as (c),
magnified image. (e) Sample C_2, electrospun with a 15 cm WD, 11 kV. (f) Same as (e), magnified image. (g)
Sample C_3, electrospun with a 10 cm WD, 11 kV. (h) Same as (g), magnified image.
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10 pm

Figure 4-4: SEM images of the fibre mats obtained from electrospinning 15 wt% PVDF in DMF solutions
with nitrogen flow, 25 pL min~t FR, 21 kV and varying WD. (a) Sample D_0, electrospun with a 20 cm WD.
(b) Same as (a), magnified image. (c) Sample D_1, electrospun with a 15 cm WD. (d) Same as (c), magnified

image.

4.2.2 A preliminary assessment of 2D PVDEF fibre mat core

gener ators

The electrospun fibres obtained when electrospinning 20 wt% PVDF in DMF/Acetone (4:1
solvent ratio) solutions were used as the active core material for a piezoelectric generator.
Considering that the fabricated materials were not completely free of beads and agglomerates,
a favourable electrical response would indicate that even better results would be obtainable

once the solutions and conditions for obtaining bead-free samples are determined.

The first generator design consisted of a 1 cm? section of the electrospun material sandwiched
between aluminium foil, which would act as the electrode material. The wires were placed
directly soldered on top of the aluminium foil and fixed in place with insulating tape. Using the
copper wire on top of the active material was the main reason why this generator design failed.
Evaluating this prototype required the application of a mechanical stimulus on the surface of
the generator, which consisted of a finger tapping strongly on the device. The response would

be observed on an oscilloscope, and the equivalent load resistance was 10 MQ. The
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generators were functional only for a few impacts; the electrical response would rapidly decay
until no signal could be obtained anymore. Opening the sealed generators revealed the main
reason why this occurred. The electrospun fibre mats are frail, and tapping on the surface of
the generators caused the wires to scratch away the fibres on the foil. This would result in the
wires removing the active core and causing enough damage to short the aluminium foil

electrodes.

The response of the generators were recorded for a duration of 5 seconds. Given that the
stimulus was not a controlled mechanical impact, these results cannot be used to compare
the individual performance of the different types of core material. However, these results are
indicative of the potential that the electrospun PVDF fibre mats have for the fabrication of a

piezoelectric generator.

An improved generator design was proposed based on the issues that had been identified for
the previous iteration. The same electrospun samples were used in the assembly of these
generators. Instead of using copper wire, this design used instead copper foil strips. The active
material was placed between the two copper foil electrodes, and then sealed with insulating

tape. Figure 4-5 shows the differences between the original and improved generator designs.

Similar testing conditions were used for evaluating the voltage response of the generators.
The comparison between the Vpp figures observed for each type of core for different generator

design is shown in Table 4.5.

Table 4-5: Comparison of the differences in the average output Vep recorded for vigorous finger tapping

on an electrospun PVDF core piezoelectric generator for two different generator designs.

Original generator design Improved design

Sample Average Peak-to-peak voltage (V)

A0 411+1.17 10.33£2.22
A 1 2.91+0.68 10.83 £2.02
A 2 3.72+1.25 10.93+1.54
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Original design

I [osulating tape
e [ Copper wire
S, W Aminium
PVDF

Improved design

I [nsulating tape
[ Copper foil
PVDF

Figure 4-5: Schematic diagram of the two generator designs used for testing the electrical output of the
products obtained from electrospinning a 20 wt% PVDF in DMF/acetone solution. (a) Original generator

design. (b) Improved generator design.

The results shown in table 4.5 reflect the average Vrp values estimated from the waveforms
recorded by the oscilloscope. The improved generator design resulted in higher recorded
output Vepfigures of at least 2.5 times greater than those observed for the original designs for
all the 3 different types of core. While the new generator design was more robust, wear and
tear damage to the active core still occurred after a few rounds of testing. The differences in
the outputs are strong indicators that generator design is critical for maximising the signals

that can be obtained from the core materials.
4.2.3 Generator equivalent impedance and behaviour

The responses recorded in the previous section were obtained when the equivalent resistive
load of the system was 10 MQ. This value is not necessarily the optimal for ensuring maximum
power transfer from the generator; recalling some of the theories discussed in chapter 2,
maximum power transfer for an AC load is achieved when the load impedance closely
matches the conjugate of the internal impedance of the source. Using EIS for analysing an

RC circuit on which the improved generators act as the capacitive element could be useful for
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observing how the generators behave as electrical loads and might allow for the identification

of an internal impedance model for these elements.

Since piezoelectric generators are often modelled as a predominantly capacitive element, the
last 2 improved generators from table 4.5 were used as the capacitor C, for the circuit shown

in Figure 4-6. The equivalent impedance of the whole electrical load is shown in Equation 4.1.

R1
3.3 kQ
N
R2 N —
340 kQ ¢

Figure 4-6: Test circuit used for evaluating the impedance and behaviour of the generators with 20 wt%

PVDF in DMF/acetone cores. The generator substituted the capacitor C.

340k
) w2C2 1 (340k)* 1
Equation 4.1 <3-3k + (320k)2+—2 > + I ((340k)2+ 1 ) (wC)

w?C? w?2c?

At w = 0, the capacitive element acts as an open circuit, resulting in the equivalent impedance
to be 343.3 kQ and having no reactive component. When w = oo, the reactive component is
once again 0. For the real component, the frequency-dependent value is also 0, thus resulting
in the equivalent impedance being the 3.3 kQ resistor. If the generators behave as capacitive
elements, then a plot mapping the real and reactive components of the equivalent impedance
obtained from a frequency sweep would result in a semicircle that intersects the real axis at
3.3 and 343.3 kQ.
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EIS spanning a frequency range from 1 Hz to 200 kHz (30 data points per decade) was carried
out; with two recordings for each sample. The generators used for this experiment were those
with core materials labelled as A_1 and A_2. The resulting data were processed using Matlab,
and an equivalent capacitance value was estimated for both samples. Figure 4-7 shows a
Nyquist plot with the recorded data points and a curve obtained when substituting an ideal
capacitance of 54.4 pF instead of a generator. The estimated capacitance value for both
generators was similar, indicating that the properties of the bulk material dominate over any
effects that the individual morphological differences at the micro and nanoscale could be
having in regards to the capacitive behaviour of the sample, specifically for situations in which
the size of the sample is many orders of magnitude larger than the individual features of each
fibre.

B Response for ideal C =54 4 pF

A2 1%mun '
A 2. 2% 5’1“

! m Al l%mm f

EF!E:{O} - | ";

Figure 4-7: Nyquist plot of the EIS test for the circuit shown in Figure 4.8, substituting the capacitor C with
the improved generators. The generators had cores obtained from samples A_2 and A_1. The responses

for both trials for each generator resemble the general semi-circular shape of the ideal response.

While it was possible to confirm that a piezoelectric generator with an electrospun PVDF
fibrous core does behave as it would be expected for such devices, the test circuit
configuration does not provide a complete picture of the individual characteristics of the
generator itself. Practical applications of piezoelectric generators predominantly involve low-
frequency mechanical impacts, extending from 0.1 Hz up to 100 Hz at most. The data points
acquired for this frequency range in the EIS scan reflect how the equivalent impedance of the
capacitor at low frequencies is simply many orders of magnitude greater than that of the 340

kQ resistor, thus resulting in those data points being close to the 340 kQ and jO kQ region.
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This only reveals that the equivalent impedance behaviour of the generator for that frequency
range is that of a very large resistor, indicating that maximum power transfer at low frequencies
can be extracted if the harvesting circuit has an equivalent input impedance of similar

magnitude. However, the exact value is yet to be determined.
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4.3 Interim summary

The experimental work presented in this chapter presents an overview of the various steps
involved in the optimisation process of an electrospun solution. The effects of selecting flow
rates, working distances, voltages, polymer concentration, solvent system composition, and
special operating conditions such as that of using a nitrogen gas flow for reducing the effective
relative humidity at the tip of the needle electrode were observed throughout this chapter.
According to the observations made, PVDF solutions with compound solvent systems,
exposed to relative humidity values in the vicinity of 35%, working distances over 15 cm, and
voltage levels adjusted until a stable Taylor cone is formed had the potential for the

electrospinning of fibre mats with a decreased amount of beads and agglomerations.

The best electrospun fibre mats obtained from these experiments demonstrated the potential
to be used as the active core of mechanical energy harvesters. While the electrical response
was consistently similar over the course of a few testing rounds, generator design and
construction should prioritise the protection of the active material since it is vulnerable to
abrasion and can be easily and irreversibly be damaged by mechanical impacts. Future
implementations of generators for these types of active cores would benefit greatly from

encapsulation in a flexible matrix.

The behaviour of the improved generators as an electrical load in the electrochemical
impedance spectroscopy test circuit was matched to that of a non-ideal capacitor, which is in
accordance with the equivalent models that have been proposed for these devices. The EIS
tests helped to identify the favourable characteristics of the electrical loads that would allow

for maximising the output power of the generators.

The experimental work presented in this chapter provided a broad set of observations that
allowed for the identification of favourable conditions and parameters that would become
critical for the fabrication of fibrous materials better suited for the intended applications. Design
flaws and other issues identified when electrospinning the materials, fabricating the generators
and testing their response were also of great importance, making it possible to more effective

alternatives and implementations which would result in vast improvements for the project.
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Chapter 5

3D sponge-like PVDF micro and
nanofibrous structures for mechanical
energy harvesting.

5.1 Introduction

The work presented in the previous chapter allowed for the identification of a range of
electrospinning conditions and parameters that would result in the formation of electrospun
PVDF fibres. However, the morphology of the resulting product had plenty of room for
improvement. The experimental work presented in this chapter uses the previous results as a
starting point and aims to find methods for improving the morphology and the properties of the

electrospun products.

Aiming to find alternatives for enhancing the properties of the electrospun PVDF fibres, the
initial step consisted of evaluating the role of additives such as other polymers and salts in the
properties of the resulting products. The quality and morphology of the resulting products was
observed to change dramatically, with both types of additives contributing to the transition from
flat fibrous mats to thick, cloud-like 3D structures. Using PVDF-TrFE, a copolymer of PVDF,

yielded similar results when similar additives and electrospinning conditions were employed.

A group of thick, non-woven fabric-like PVDF/PEO and PVDF-TrFE/PEO electrospun products
were used as active cores for prototype mechanical energy harvesters. The properties of the
devices such as output voltage and current as a function of resistive load, estimates of the
output power, and performance under controlled and real-world conditions were explored in

order to evaluate the potential that these materials have for mechanical energy harvesting.

The experimental work shown in this illustrates shows how the project progressed into a more
advanced application of the manufactured materials, and outlines a novel method for

electrospinning 3D PVDF structures.
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5.2 Results and discussion

5.2.1 Electrospun materials morphology

The main objective was to identify methods that would allow us to fabricate electrospun 3D
PVDF fibre structures. Based on the findings from previous collaborative work which describes
the role that additives such as acids and salts have on the formation of 3D structures for
various electrospun polymers [1], and the work that has been detailed in the previous chapter,
lithium chloride salts were proposed as one of the additives to be employed in the experiments.
Another advantage of using lithium chloride is that the presence of the (3-phase configuration
on electrospun PVDF, which has enhanced piezoelectric activity, is known to increase when
processed from polymer solutions enriched with salts [2]. Two electrospinning setups were
used for assessing the scalability and throughput of the process: the nozzle-based setup and
a high-throughput nozzle-free system with a rotating collector mounted inside an isolated
environmental chamber [3]. A heat gun was mounted externally to allow for chamber
temperature control for the nozzle-free setup. Figure 5-1 shows a schematic diagram of both

devices.

mlr
electrode

Polymer

Figure 5-1: Electrospinning setups used for the fabrication of the active core material for piezoelectric

generators. Left, nozzle-based setup. Right, nozzle-free setup.

The first challenge was to optimize the solution in order to obtain a reliable base on which to

test the effects of the addition of LiCl salts. The starting point for these experiments was using
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the solutions that had been tested in the previous chapter and reading about studies on which
bead-less PVDF fibres had been successfully electrospun. For improving the morphology of
the obtained fibres, the solution was adjusted, now including polyethylene oxide (PEO) and
water in addition to DMF and PVDF [4]. The use of a DMF and water solvent/non-solvent
system is known to allow the user to heavily modify fibre surface morphology [5]. The use of
these additional elements stabilized the resulting fibre morphology on a larger scale,
contributing to the elimination of beads, and the production of fibres with very uniform
diameters. However, it also cause the fibres to have crater riddled surfaces. This effect occurs
due to the interacting polymers in their solvent/non-solvent system as the solution is ejected
from the nozzle/drum. A 10 wt% PVDF/PEO in DMF/water solution with a 50:3 ratio for both
polymers and solvents were used for fabricating electrospun fibre mats with the nozzle-based

setup. The conditions are summarised in Table 5.1.

Table 5-1: Electrospinning parameters used for fabricating 10 wt% PVDF/PEO fibre mats using the nozzle-
based setup. T=22 °C, RH% = 42

Solution FR (ul min™) Voltage (kV) WD (cm)
10 wt% PVDF/PEO in DMF/water 7 17 30
(50:3 polymer and solvent ratio) 15 22 35

SEM images of the resulting fibres showed that their morphology had improved dramatically.
Figure 5-2 shows the images obtained for the two electrospun samples. For the sample that
was obtained from electrospinning the solution with a flow rate of 7 yl min™, the average fibre
diameter was 928 + 194 nm. This figure increased to 1.498 + 242 um for the fibres obtained
with a flow rate of 15 yl min~". In comparison with the fibres that had been obtained from the
20 wt% PVDF in DMF solutions, these had very uniform diameter for every single strand and
beads were virtually non-existent. Another remarkable finding was how doubling up the flow
rate resulted in the average diameter for the fibres increasing almost 1.61 times the one
observed for a lower flow rate of 7 yl min™". In the previous chapter, it was observed how
varying WD and voltage allowed the electrospun product to transition from being
predominantly composed of agglomerates to a greater presence of fibres. However, the
results discussed in the previous chapter deal with the coarse aspect of the influence that
working parameters have on the morphology of the resulting fibres. In contrast, the resulting
fibre mats shown in figure 5.2 illustrate the finer details that can be adjusted by slight changes

in the electrospinning parameters.

The same solution was electrospun with the same electrospinning setup but under a different

set of conditions in order to observe and confirm the observations obtained from the previous
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trials. For this series of experiments, the working distance was kept at 35 cm. Table 5-2
summarises the conditions used for each experiment. The Taylor cone forming at the needle
tip had been observed to be very stable in the previous set of experiments for a broad range
of voltages for both working distances of 30 and 35 cm, ranging from as low as 11 kV up to 22
kV. Thus, trying out different voltages for constant flow rates and WDs could potentially allow
for the identification of the most favourable conditions for the formation of the PVDF/PEO

fibres. SEM images of the resulting fibre mats are shown in Figure 5-3.

¥ 10um

100 pm —

Figure 5-2: SEM images of the fibre mats obtained from electrospinning 10 wt% PVDF/PEQ in DMF/water
(50:3 ratios for both solvents and polymers) solutions. T=22 °C, RH% = 42. (a) Fibres obtained with the
following conditions: 7 ul min™t FR, 17 kV, 30 cm WD. (b) Same as (a), magnified image. (c) Fibres obtained
with the following conditions: 15 pl min FR, 22 kV, 35 cm WD. (d) Same as (c), magnified image.

Table 5-2: Electrospinning parameters used for fabricating 10 wt% PVDF/PEO fibre mats using the nozzle-
based setup. T=21.8 °C, WD 35 cm.

Solution Sample FR (ul min™) Voltage (kV) RH%

10 wt% A 7 17 35
PVDF/PEO in B 7 14 33
DMF/Water C 7 11 33
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Figure 5-3: SEM images of the fibre mats obtained from electrospinning 10 wt% PVDF/PEQ in DMF/water
(50:3 ratios for both solvents and polymers) solutions. Temperature and WD were kept constant at 21.8
°C and 35 cm respectively. Fibres obtained with the following conditions: (a) 7 il min™ FR, 17 kV, 35% RH.
(b) 7 ! min™ FR, 14 kV, 33% RH. (c) 7 ul min™ FR, 11 kV, 33% RH. (d) 15 pl min™ FR, 20 kV, 33% RH. (e)
25 ul min"t FR, 20 kV, 33% RH. (f) 25 pl min™ FR, 15 kV, 31% RH.
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The SEM images from figure 5.3 show that all fibres had thicker regions scattered along the
length of each individual fibre. This dumbbell-like morphology can be explained by the lower
voltage for some cases and the increased flow rate used for some of the others [6]. The fibres
shown in figure 5-3a, b and ¢ had the same FR of 7 pl min™', but had voltages of 17, 14 and
11 kV respectively. The fibres shown in 5-3a appear to be thinner than those in either b or c,
with the dumbbell shape being less pronounced. For the sample shown in 5-3 d, which was
electrospun at 15 yl min™' and a voltage of 20 kV, and for those shown in 5-3 e and f, for which
the FR was 25 pl min™, the difference in the diameter of the thicker sections to the thin ones
appears to be larger. These were all measured for each of the samples shown in figure 5-3.

The results are shown in Table 5-3.

Table 5-3: Average fibre diameter measured for the thick and thin regions for the electrospun 10 wt%

PVDF/PEQ in DMF/water (50:3 solvent and polymer ratio) fibre mats. The ratio of the averages is included.

Thick regions Thin regions Thin region
average to thick
Sample Average Average .
SD (um) SD (um) region average
(Wm) (um) .
ratio
A 1.14 0.196 0.834 0.172 0.73
B 1.378 0.293 0.787 0.174 0.57
Cc 1.639 0.342 0.929 0.198 0.57
D 1.65 0.50 0.833 0.252 0.50
E 1.547 0.451 0.909 0.288 0.59
F 1.81 0.366 0.984 0.257 0.54

The thin-to-thick region ratios shown in table 5-3 indicate that electrospinning parameters
which include a lower FR and higher voltage values allow for the fabrication of more uniform
PVDF/PEO fibres. Taking the results observed for sample A for this trial (7 yl min™' FR, 17 kV,
35% RH, 35 cm WD) and comparing them with those shown in figure 5-2a (7 pyl min™' FR, 17
kV, 42% RH, 30 cm WD), it is possible to appreciate the effect that voltage and RH% had on
the morphology of the resulting fibres. Since the WD was 5 cm shorter for one of the
experiments, the influence of the 17 kV applied was stronger for that experiment, which
resulted in a more uniform product. As shown from the rest of the experiments in this trial,
higher FRs coupled with lower voltages resulted in beaded fibres. The results obtained are

congruent with what has been explored in general for other polymer solutions [6].
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The more favourable conditions for electrospinning bead-free PVDF/PEO fibre mats had been
identified. The next step was to use additives with the solutions in order to promote the
transition from flat fibre mats to 3D structures, and for enhancing the piezoelectric properties
of the material. The 10 wt% PVDF/PEO in DMF/water (50:3 ratio for both polymers and
solvents) solution was enhanced with 0.75 or 1.0 wt% LiCl. Additionally, a 12 wt% variant was
added to the experimental efforts. The 12 and 10 wt% solutions with added 0.75 wt% LiCl
were used in both the nozzle-free and nozzle-based electrospinners. Initial trials in the nozzle-
based electrospinner required further adjustment of the WD, FR, and voltage conditions since
the addition of LiCl had resulted in an increased solution conductivity and had made the

solutions susceptible to gelating and precipitating.

On one hand, the high electric field needed for electrospinning is known to facilitate the
transition of other PVDF crystal phases into the B-phase. The increased solution conductivity
could thus be allowing for the resulting products to have an increased p-phase
content.Additionally, the addition of LiCl influenced charge distribution on the fibres as they
were being ejected and then deposited on the rotating collector. A higher number of free ions
in the solution facilitated the 3D build-up process by increasing the strength of local repulsion
and attraction events between individual fibres, indicating a greater influence of the electric
field on the solution. The enhanced susceptibility of the solution to the electric field is
equivalent to ramping up the working voltage of the electrospinning setup, thus facilitating the
transition of other domains to the B-phase while also affecting the shape of the final product
as it deposits on the collector. On the other hand, the addition of LiCl causes the solution to
gelate, which may compromise the integrity of the resulting structures [7]. If the solutions were
left at room temperature for more than a couple of hours after having added the LiCl, these
would slowly become a gel-like substance that was not compatible with the process of
electrospinning. Placing these solutions in a hot magnetic stirring plate would reverse this

process, allowing the solution to be used for electrospinning once again.

When attempting to electrospin the 10 wt% solutions with 1 wt% added LiCl, the solution would
slowly gelate as the process carried on, which resulted in the nozzle-based often being
clogged. However, the product obtained resembled a 3D fibrous structure. One of the earliest
samples is shown in Figure 5-4. The one parameter that had changed the most at this stage
was WD, since no Taylor cone had been observed for distances greater than 15 cm when
using the solutions with added LiCl. The nozzle-based setup allows for a maximum of 25 kV
to be used; this would limit the ranges of WDs that would work in this experiment since aiming

for a greater WD would require the voltage to be ramped up for the formation of a stable Taylor
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cone, and this voltage value might be well beyond the 25 kV limit. The parameters used in this
experiment were 12 yl min™' FR, 16 kV, 8 cm WD. The ambient conditions recorded were a
temperature of 16.8 °C and 61% RH.

Figure 5-4: 3D structure obtained from electrospinning a 10 wt% PVDF/PEO in DMF/water (50:3 ratios)
with 1 wt% added LiCl solution. The parameters used for this experiment were: 12 ul mint FR, 16 kV, 61%
RH and an 8 cm WD.

The resulting PVDF/PEOQ fibre product transitioned from a flat mat into a 3D structure for both
salt concentrations. The resulting 3D structures obtained from operating the nozzle-based
device for 10 minutes resembled cotton balls or clouds, weighing on average 57.5 mg, having
a thickness of 1.2 cm and an area of 5 cm?. Figure 5-5 shows a macroscopic image of the

resulting 3D structures.
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Figure 5-5: Cloud-like structures obtained from electrospinning PVDF/PEO in DMF/water (50:3 ratio)
solutions. On the left, samples obtained when adding 0.75 wt% LiCl. On the right, 1 wt% added LiCl.

Figure 5-6 shows SEM images obtained for the sample that had 0.75 wt% added LiCl. The
SEM images reveal that the morphology of the fibres was not negatively affected by the LiCl,
and no bead formation occurred. The average fibre diameter for the sample enriched with 0.75
wt% LiCl was 819 + 193 nm.

10 pm —

Figure 5-6: SEM images of the 3D cloud-like structures obtained from electrospinning the 10 wt%
PVDF/PEOQ in DMF/water (50:3 ratios) with added 0.75 wt% LiCl.

The same solutions were used with the nozzle-free setup. The product obtained from
operating the nozzle-free setup for 15 minutes resembled a sponge-like mat, weighing on
average 2.8 g, being 28 cm wide, 19 cm long, with thicknesses ranging from over 0.4 to 0.72
mm. Figure 5.7 shows a macroscopic view of the product width, length and thickness for a 12
wt% PVDF/PEO in DMF/water with added 0.75 wt% LiCl sample. SEM images for these
samples are shown in Figure 5-8. Compared to the fibres obtained from the nozzle-based
setup, these had comparatively higher average diameters. These are listed in Table 5-4. As

observed in this table, higher polymer concentration and higher salt content were observed as
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conditions that favoured the formation of thicker fibres. This is also true for other commonly

used polymers.

Table 5-4: Average fibre diameter for the samples obtained from the nozzle-free electrospinner.

Average fibre

Solution SD (um)
diameter (um)

10 wt% PVDF/PEO, 0.75 wt% LiCl 1.173 0.256

10 wt% PVDF/PEO, 1 wt% LiCl 1.635 0.307

12 wt% PVDF/PEO, 0.75 wt% LiCl 1.236 0.351

12 wt% PVDF/PEO, 1 wt% LiCl 1.926 0.41

Smm

Figure 5-7: Thick sponge-like sample obtained from electrospinning a 12 wt% PVDF/PEO in DMF/water
with added 0.75 wt% LiCl solution.

Electrospinning in similar conditions as those used previously for the PVDF/PEO solution with

the nozzle-free device was carried out with solutions containing PVDF-TrFE instead of PVDF.
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The PVDF-TrFE to PEO and DMF to water ratios were kept as 50:3, and identical working
voltage and ambient conditions were used for the experiment. The final product resembles
that from figure 5-7, and 3D build-up was observed to start immediately after initiating
electrospinning. Table 5-5 lists the thicknesses of all the PVDF/PEO and PVDF-TrFE/PEO

thick sponge-like mats obtained from this setup.

XRD analysis was carried out on the PVDF/PEO samples to evaluate changes in the
crystalline phase composition of the sample. The results, shown in Figure 5-9, showed slight
differences when compared with a reference pristine PVDF pattern [8]. The blue curve is that
one obtained from the 1 wt% LiCl 12 wt% PVDF/PEO electrospun sample. The black curve
corresponds to that one obtained from the 0.75 wt% LiCl 12 wt% PVDF/PEO sample.
However, the differences are not clear enough to assure that the p-phase content in the
samples has become significantly greater than that of pristine PVDF because of the addition
of the salts. However, the addition of the salts did result in the electrospun product transitioning
from flat fibre mats into 3D structures, something that could be advantageous for implementing

mechanical energy harvesters as discussed in chapter 2, section 2.2.4.

Table 5-5: Thickness measurements of the electrospun thick sponge-like product obtained with the

nozzle-free setup. All samples were obtained after electrospinning for 15 minutes.

Polymer concentration Added LiCl (wt%) Thickness (mm)
10 wt% PVDF/PEO 0.75 0.474
10 wt% PVDF/PEO 1.0 0.550
12 wt% PVDF/PEO 0.75 0.689
12 wt% PVDF/PEO 1.0 0.723
12 wt% PVDF-TrFE/PEO 0.75 0.731
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10 pm
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Figure 5-8: SEM images for the thick sponge-like PVDF/PEO fibre mats. (a) 10 wt% polymer
concentration, 0.75 wt% LiCl. (b) 10 wt% polymer concentration, 1 wt% LiCl. (c) 12 wt% polymer

concentration, 0.75 wt% LiCl. (d) 12 wt% polymer concentration, 1 wt% LiCl
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Figure 5-9: XRD pattern obtained from scanning two PVDF/PEO sponge like samples, each one with
different added salt concentrations of 0.75 wt% (black) and 1 wt% (blue). Pristine PVDF pattern was

adapted from [8].

The formation of 3D structures could be partially explained by the effect that adding salts has
on the solution's properties. The addition of salts caused the conductivity of the solutions to
increase. Solutions containing only PVDF or PVDF/PEO and their respective solvents had

conductivity values between 2 and 4 uS cm™, while those with added salts had 1000 times
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those figures. These are shown in Table 5-6. Increasing solution conductivity is one of many
factors that facilitate the formation of Taylor cones on the surface of the drum immersed in the
solution bath [9].

Table 5-6: Measured solution conductivity changes under different polymer and added LiCl salt

concentrations.

Solution characteristics Solution conductivity (S cm™)
15 wt% PVDF in DMF 3.56
20 wt% PVDF in DMF 3.61
10 wt% PVDF/PEO in DMF/Water 3.05
10 wt% PVDF/PEO in DMF/Water/Acetone 2.35
10 wt% PVDF-TrFE/PEO in DMF/Water, 0.75 wt% 3240
added LiCl

12 wt% PVDF-TrFE/PEO in DMF/Water, 0.75 wt% 3070
added LiCl

12 wt% PVDF-TrFE/PEO in DMF/Water, 1 wt% added 3580
LiCl
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The presence of PEO might also play a fundamental role in the formation of 3D structures.
Electrospinning a solution with only PVDF-TrFE, DMF and 0.75 wt% LiCl yielded a flat product.
Adding PEO, water, and adjusting both the polymer and solvent ratio to 100:3 for both resulted
in an observable initiation of 3D build-up when initiating electrospinning, although this was
weak and yielded only a very thin layer of fibres. Increasing the PEO and water content so
that the ratios were 50:3 resulted in an almost immediate fibre build-up on the collector after
initiating electrospinning, indicating that PEO also plays a critical role in facilitating the 3D

build-up process.

Temperature control during the electrospinning process was critical for facilitating the
transition from a flat end-product to the sponge-like mats and improving the quality of the 3D
structures. Keeping the chamber temperature at 33 °C and preheating the drum and solution
bath to that target temperature ensured that the solution would not gelate during

electrospinning.
5.2.2 Electrospun 3D structures as active cores for the generators

The electrospun products obtained from the previous experiments were used for assembling
piezoelectric generators. For comparison purposes, the materials used as active cores were
PVDF flat mats, thick sponge-like PVDF/PEO, and PVDF-TrFE/PEOQ fibre mats. The generator
design consists of 1 cm? square shaped strips fitted with copper foil electrodes, all
encapsulated in PDMS. The electrodes were placed at opposite ends along the length of the
active material. PDMS encapsulation allows for the fabrication of soft, flexible generators, and
protects the active core material from severe wear and tear damage. The generator assembly
method is illustrated in Figure 5-10. Evaluating the response of the generators over a broad
range of resistive loads allows for the characterization of essential parameters required for
assessing their performance. The output voltages and currents observed when the samples
were subjected to a series of continuous mechanical impacts were recorded for varying
resistive loads (10, 100 k, 1.6 M and 15.1 M Q). The forces exerted on the generators were

monitored with a force sensitive resistor (FSR).

The experimental trial was carried out for three generator families grouped by active core
material. These were PVDF flat mat, PVDF/PEO thick fibre mats or PVDF-TrFE/PEO thick
fibre mat core generators. Several recordings spanning two seconds per generator family were
taken for each resistive load value. The intended testing impact frequency was 4 Hz. Table 5-
7 summarizes the key output figures obtained for the best performing generator of each core

material family when the resistive load was 15.1 MQ.
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Table 5-7: Electrical response of the best performing generators per core material family when subjected

to continuous mechanical impacts. Recordings obtained for the maximum electrical load (15.1 MQ).

Average impact force recorded for each sample is also shown.

Best performin
P J 15.1 MQ resistive load

samples

Core PVDF PVDF/PEO PVDF-TrFE/PEO
Ver (V) 6.42 £1.01 22.65+2.55 38.28+3.26
Ipp (MA) 0.43 £0.07 1.54+0.17 2.57+0.22
Impact force (N) 0.1 £0.04 0.17+0.06 0.25+0.05

Instantaneous output
1.351£0.7 13.84£2.5 45.51+8.82

power (MW cm™)

Fitting the Electrodes
R 4

Generator Core
o &
T Copper foil electrode
and

‘- copper wire for interfacing

T i
Thick cloth PVDF/PED
or

PYDF-TIFES/PED

Blank Generator

Encased within a
PDMS layer

Figure 5-10: Schematic diagram showing the method used for assembling the generators used for

evaluating the electrical response of various PVDF fibrous mats.

The Isc of the generators was obtained from recording the /s observed when the resistive
load was 10 Q. The generators with a PVDF flat mat core had an /pr of 290 + 40 nA on average.
For generators belonging to the PVDF/PEO and PVDF-TrFE/PEO core families, this average
figure increased to 1.32 + 0.38 and 1.95 £ 0.5 pA, respectively. Increasing the resistive load
resulted in the output voltage increasing as the current started to decrease. For all generators,
the output Vpep for the 15.1 MQ load increased dramatically. The best performing flat PVDF
core generator had a Vpee figure of 6.4 £ 1.0 V. For the PVDF/PEO core generator, this figure
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was 19.25 £ 1.42 V. The PVDF-TrFE/PEO core generator achieved up to 38.28 + 3.26 V.
Figure 5-11a shows a group of bar plots showing the average output Vpe for each generator
when driving 100 kQ, 1.6 MQ and 15.1 MQ resistive loads. Figure 5-11b shows a Vpp vs Ipp
plot that includes all the data points captured only for the recordings taken when the resistive
load was 15.1 MQ. This figure shows a clear gap between the flat mat cores and the sponge-
like mat cores, with the PVDF-TrFE having a stronger response. Figure 5-12a shows a
detailed view of the output voltage waveform obtained from the PVDF/PEO generator, and
figure 5-12b shows the same for the PVDF-TrFE/PEO generator. A detailed table containing
the average key figures obtained per family for a broader range of resistive loads is shown in
Table 5-8.

Table 5-8: Average electrical response parameters of the generators as a response to repeated
mechanical impacts per resistive load for all three generator core families. The average forces

recorded at impact are included for the higher resistive loads.

Core material PVDF PVDF/PEO PVDF-TrFE/PEO
10 Q resistive load

Isc (MA) 0.29 + 0.04 1.32+0.38 1.95+0.53
100 kQ resistive load

Ver (V) 0.035 + 0.005 0.135 £ 0.039 0.203 + 0.047

Ipp (MA) 0.34 £ 0.05 1.39+04 2.05+0.46

Instantaneous

output power (UW 0.0064 + 0.0021 0.11 £0.07 0.21 £ 0.09

cm?)

Impact force (N) 0.125 + 0.069 0.268 + 0.142 0.38 + 0.257
1.6 MQ resistive load

Ver (V) 0.650.13 2.18 0.56 3.2+08

Ipp (MA) 0.39 0.07 1.4 0.36 2.02+0.5

Instantaneous

output power (UW 0.065 + 0.006 1.73+0.99 3.42 +1.61

cm?)

Impact force (N) 0.118 0.047 0.278 0.127 0.35+0.2
15.1 MQ resistive load

Ver (V) 576 +1.2 18.53 + 4.49 295+6.8

Ipp (MA) 0.37 £ 0.085 1.26 £ 0.3 1.99 +0.45
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Instantaneous

output power (W 1.03 £ 0.51 12.36 + 6.14 31.83+14.75
cm?)

Impact force (N) 0.15 £ 0.07 0.262 £ 0.12 0.35.£0.21

Instantaneous output power was calculated by multiplying the individual maximum single-
ended voltage and its corresponding single-ended current value for each mechanical impact.
For all generators, the peak output power was observed to occur at higher resistive loads. As
described in Table 5-7, the average instantaneous output power figures on the 15.1 MQ load,
approach the tens of pW for the best performing PVDF/PEO and PVDF-TrFE/PEO core
samples. Remembering that all generators were designed as having an active area equivalent
to 1 cm?, all the instantaneous power values are given as yW cm~2. The instantaneous power
value calculated for the best performing flat PVDF generator was 1.35 + 0.7 yW cm™. In
comparison, the best performing PVDF/PEO generator yielded 17.9 + 3.7 yW cm=,
corresponding to 13.3 times that observed for the PVDF generator. The best performing
PVDF-TrFE/PEO generator achieved 34 times the value observed for the flat PVDF generator,
having yielded 45.5 + 8.82 yW cm2.

The observed response of the fabricated generators shows that both sponge-like PVDF/PEO
and PVDF-TrFE/PEO cores perform better than flat PVDF mat cores in terms of output Vpep,
Iep, and instantaneous output power. The greatest increase was observed when the
generators were driving the 15.1 MQ load. The electrical output characteristics of any power
source encompass a range that begins with the short circuit point, on which the load resistance
is theoretically zero, thus resulting in the output current being at its maximum possible value
while the output voltage is zero. On the other end of the spectrum, there is the open circuit
voltage point, on which the load resistance is infinite, causing output current to be zero, and
maximizing the output voltage. Since the output power is nothing more than the current and
voltage product, these points represent the lowest possible power outputs. The maximum
occurs somewhere in between; to be precise, it occurs at the resistive load value that is
identical to the internal equivalent resistance of the driving source. Since the output power
kept increasing with increasing resistive load values, there must exist a higher resistive load
value for which the PVDF/PEO and PVDF-TrFE/PEO generators can source an output power
figure of greater magnitude. This implies that, for instance, it is perfectly possible to use
specialized impedance matching instrumentation for optimizing load conditions and extracting

the maximum power deliverable by the generators.
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Given that the electrical outputs of piezoelectric energy harvesters are AC signals, additional
instrumentation is required for converting it to a DC signal and for its storage. To evaluate the
response of the best performing thick sponge-like cores in the context of an AC to DC
conversion and storage stage, the generators were connected to a full bridge rectifier with a
capacitive load, valued either 1, 4.7 or 10 yF. The voltage charging curves were observed as
the generators received repeated mechanical impacts over a period of 100 seconds per
recording. Mechanical impact frequency was set to 4 Hz. Figure 5-11c shows the charging
curves recorded for each capacitor by the different generators. The charging curve for the 1
WF capacitor starts plateauing at 3.7 V well before reaching the 100-second mark when using
the PVDF-TrFE/PEO core generator, indicating that maximum charge was almost achieved.
The PVDF/PEO generator did not manage to reach a similar stage, appearing to plateau at
2.5 V. For the 4.7 and 10 yF capacitors, the charging curves show no indication of reaching a
state where the voltage starts to plateau. However, these curves demonstrate that the PVDF-
TrFE core generator can supply greater amounts of charge to the capacitors and achieve full

charge in a short time window for smaller capacitive loads.

168



Chapter 5 | 3D sponge-like PVDF micro and nanofibrous structures 169

0.3 a) _ Average output Vpp for a 100 k(1 load
0.2 i
0 | ———
= Average output Vpp for a 1.6 MQ load
S
W]

4 I
S ) —

Average output Vpp for a 15.1 MQ load

40 - |
) e
® PVDF ® PVDF/PEQ ® PVDF-TIFE/PEQ
b) Output Vppvs Iy, (15.1 MQ load) c)  Capacitor charging curves
50 a4 —
. —— 1uF SRR
3F - == 47yF
L A N 10 pF
3 ®PVDF/PEQ
S 39 #; S ®PVDF-TIFE/PEO.
@ . ©
8 4 S
S 20 g =
= o’ =
A ®PVDF
10 ®PVDF/PEO
# o PYDFTIFEIPED
0 1 2 3
Current [puA]

Figure 5-11: The output voltage and current figures obtained when recording the electrical response
of 3 different types of generators when subjected to a 4 Hz mechanical impact. PVDF flat mat cores
are shown in red. PVDF/PEO core are shown in blue and those with a PVDF-TrFE core are shown in
green. (a) Bar plots showing the average Vpr for the three generator families when connected to 100
k, 1.6 M and 15.1 MQ resistive loads. (b) Ve vs Iee scatter plot of all the recorded impacts, colour coded
fora 15.1 MQresistive load. (c) Capacitor charging curves for the best performing PVDF/PEO and PVDF-
TrFE/PEO generators. Three different capacitors were connected as the loads of a full-wave bridge

rectifier driven by the generators.
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Figure 5-12: Detailed view of the output voltage signals recorded when subjecting generators to

repeated mechanical impacts with a frequency of 4 Hz and when the resistive load of the system

was 1.5 MQ. (a) Response for the PVDF/PEO generator. (b) Response for the PVDF-TrFE/PEO

generator.
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5.2.3 Extended cyclic mechanical impact test

The best-performing generator from the PVDF/PEO and PVDF-TrFE/PEO groups were
subjected to 500 seconds of continuous mechanical impacts for evaluating response
degradation due to wear and tear. The most through degradation or wear and tear testing
usually involves exposing the generators to impact frequencies over 5 Hz for periods of up to
36 hours [10, 11]. However, several studies use relatively lower time period and impact
frequency settings to observe and assess the degradation of the durability of their generators.
Some common proposed figures aim for a time period of 1000 seconds of continuous impacts,
while others aim for at least 1000 continuous impacts. For instance, selecting settings such
as impact frequencies of 0.5 Hz for a period of 100 minutes would yield around 3000 impact
events in total [12—15]. Taking into account the limitations of the cyclic mechanical impact
device, which can in theory operate for long periods of time but may drift away from the sample
after several hundreds of impacts have been delivered, a time window of 500 seconds and an
impact frequency of 4 Hz were selected. These settings would allow for the recording of at
most 2000 impacts, which would allow for assessing the durability of the samples in similar

conditions to those outlined in other studies.

A blank generator consisting of a pair of PDMS encapsulated copper foil electrodes of similar
area and placement to those from the other generators but with no an active core was tested
under similar conditions. The addition of the blank generator allowed for the evaluation of the
nature and magnitude of any residual signals that may arise from the interaction between the
copper electrodes and the PDMS, thus revealing the magnitude of the signal arising
exclusively from the mechanical deformation of the active core. The signal recorded from
testing the blank generator was subtracted from the raw signal obtained from the active cores.
As in the previous experiment, the impact frequency was 4 Hz. The recordings corresponded
only to the output V,, when the resistive load was 15.1 MQ. Figure 5-13a shows the recorded
raw signal, its average value calculated for all the registered Vp, values, and the individual V,,
values for each impact. As seen in this figure, the electrical response did not decay even after
the generators sustained more than 1800 consecutive impacts, indicating stability and
resistance to wear and tear. Figure 5-13b and 5-13c map the V,, values after data processing
and its corresponding impact force for the PVDF/PEO and PVDF-TrFE/PEO generators,
respectively. Figure 5-13d and 5-13e show histograms of their respective output V.. Table 5-

9 summarizes the key information of this experiment.
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Table 5-9: Summary of the data gathered from recordings obtained from the best performing generators

under continuous mechanical impacts (observed testing frequency was 3.6 Hz)

PVDF/PEO PVDF-TrFE/PEO

core core
Number of detected impacts 1856 1850
Average Raw Vpp (V) 24.29+3.17 68.32+6.40
Average Vpp attributed to the active core

21.29+3.17 65.32+6.4

V)
Average impact force (N) 1.04+0.24 1.68+0.45
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Figure 5-13: Response of the best performing PVDF/PEO and PVDF-TrFE/PEO generators under a constant
mechanical impacts (4Hz) over a window of 500 seconds. Over 1800 impact points were recorded for each
generator. (a) Signal obtained from a blank generator (no core). (b) Recorded raw Ve» signal for the PVDF-TrFE/PEO
generator, formed by the superposition of the response by the core material and that purely attributed to the
electrode-PDMS interface. All the following sub-figures reflect only the part of the signal attributed to the core
material. (c) Scatter plot of the Ver values vs the estimated impact force for the PVDF/PEO generator and a 15.1 MQ

load. (d) Scatter plot of the Ver values vs the estimated impact force for the PVDF-TrFE/PEO generator and a 15.1
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MQ load. (e) Histogram showing the distribution of Vee for all 1800+ data points for the PVDF/PEO generator. (f)
Same as (e), but for the PVDF-TrFE/PEO generator.

5.2.4 Testing under real world conditions with a live test subject

An additional experiment was carried out to explore the output of the generator in conditions
that would be more easily found in a real-life situation. A 63 kg test subject was asked to wear
a flip flop that was fitted with a compound generator on its heel. The generator consisted of
thirteen 1 cm? units connected in parallel and arranged in a diamond pattern. Figure 5-14
shows the modified flip flop and the generator design. The generator was connected to a full
bridge rectifier which had a 1 yF or 4.7 uF capacitive load. A single pole double throw switch
was used to allow for the capacitor to be toggled between charging mode and demonstration
mode, which consisted of powering up an array of 40 LEDs in parallel. The test subject was
instructed to march at different speeds for 100 seconds, having to step on the generator 50,
70, 95 or 115 times per minute for each trial. Figure 5-14b shows the implemented circuit and
the lit up LEDs. Figure 5-13c and 5-13d show the charging curves observed for the 1 and 4.7
MF capacitive loads for the four different step frequencies. The resulting curves show that the
1 WF capacitor was charged to a much higher voltage than that observed for the one valued
at 4.7 yF, 15.31 V and 2.47 V, respectively, for the 115 steps per minute curves. No curve is
shown to reach a state of plateauing during the 100 s time window, indicating that the capacitor

can be further charged to a much higher value.

The capacitors used for the charging experiment shown in figure 5-13 were metalized
polyester film capacitors instead of the electrolytic type used in the experiment shown in figure
5-11c. The differences in the maximum voltage achieved were expected to be relatively large
because of a few different properties of these capacitors. The insulation resistance for the
chosen polyester film capacitors is around 1000 MQ, thus, being around four orders of
magnitude larger than that of an electrolytic capacitor, which is around 1 MQ. Thus, when
connected to the polyester film capacitor, the effective load resistance seen by the generator
increases. In the case of the circuit with the polyester film capacitor, the equivalent resistance
seen by the generator is that of the capacitor’s insulation resistance. As shown in table 5-7
and 5-8, increasing the resistive load results in a net increase in output power, at least until
the maximum instantaneous output power is reached. Therefore, having an equivalent load
resistance in the 1000 MQ range very likely results in the generator sourcing increased net
output power. For the case of the electrolytic capacitor, the insulation resistance of this

component is closer to the 1 MQ range, thus the generator can source less output power.
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Figure 5-14: Experimental setup used to evaluate the performance of a compound PVDF-TrFE/PEO
generator. A user was asked to step on the generator at 4 different steps per minute rates (SPM) for a
period of 100 seconds. The generator was connected to a full wave rectifier with a 1 or 4.7 uF capacitive
load. A switch allowed for the user to light up 40 LEDs in parallel after the 100 second charging period.
(a) Bottom-up view of the testing scheme. A compound generator with 13 active PVDF-TrFE/PEO subunits

was placed on the heel portion of a flip-flop. (b) Circuit used for rectifying the output signal of the
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generator and for showing the harvested energy in action. (c) Charging curves obtained for the 1 pF load.

(d) Charging curves obtained for the 4.7 pF load.
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5.3 Interim summary

The fabricated flexible, sponge-like, 3D structures offer several unique opportunities for
developing mechanical energy harvesters. The proposed generator design achieved
instantaneous output power figures that surpass those of other state-of-the-art PVDF-based
generators. Table 5-10 lists the power output of these devices for comparison purposes.
However, the output figures obtained with the PVDF/PEO and PVDF-TrFE/PEO materials can

potentially be further improved by redesigning the electrodes.

Table 5-10: Output power figures of a broad spectrum of state-of-the-art fibre based energy
harvesters with PVDF-based cores and those obtained from the generators presented in this
chapter. The devices presented range from those relying on membranes and electrospun fibre

mats to those which use complex composite materials.

Core material Output power figure Reference
(MW cm™?)
Electrospun PVDF nanofibres decorated with 0.078 [16]

zinc oxide nanowires

Thin-film PVDF-TrFE 4.5 [17]
Composite PVDF and barium titanate 5.3 [18]
Sponge-like mesoporous PVDF 20 [19]
Patterned EHD pulling PVDF-TrFE 5 [20]
Electrospun porous PVDF-TrFE fibres 5.7 [21]
Composite PVDF-ZnO layered generator 16 [22]
Randomly oriented PVDF fibre generators 0.74 [23]
PVDF nanofibre generator with a ZnO/rGO 74.6 [24]
nanofiller

Electrospun 3D PVDF-TrFE/PEO 455 This work
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Under optimal conditions, electrospinning allowed for the successful fabrication of various
types of 3D structures that can be used as the active core material of mechanical energy
harvesters, and their electrical response was shown to be greater than that observed from
various different types of polymer-based generators, even for those involving composites with
ZnO, graphene oxide, and ceramics; the PVDF-TrFE/PEO structures achieved an estimated
instantaneous peak power density figure of 45.5 yW cm~2when subjected to a 0.25 N impact
force. The fabricated 3D sponge-like structures show great promise as the core materials of

portable generators.
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Chapter 6

Electrode-core interface optimisation for
enhanced mechanical energy harvester
performance

6.1 Introduction

The electrospun PVDF-TrFE/PEO and PVDF/PEO structures can be successfully used as the
active core material for mechanical energy harvesters. However, as experimental work in the
previous chapter was carried out for assessing their response, certain aspects on which the

design of the generators could be improved were starting to become apparent.

For instance, electrode placement and layout for the 1 cm? active area generator units had
been decided based on the assumption that the selected configuration would be the best fitting
for a randomly oriented network of electrospun fibres. Considering that the sponge-like fibrous
structures exist as a stack of randomly oriented fibrous layers, there is a possibility that a better
electrode placement and layout would allow for greater electrical outputs to be obtained from
these devices. Another assumption was that the adhesive of copper foil that had been selected
as the electrode material provided a good enough interface between the active core and the
electrode material. However, there is also the possibility that additional treatment on the

surfaces that are in contact with the electrode would result in a greater electrical output.

The experimental work outlined in this chapter addresses these concerns, exploring different
generator layouts, surface treating materials, and electrode materials which would allow for

the improvement of the output power figures obtained in the previous chapter.
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6.2 Results and discussion

6.2.1 Effect of electrode placement and active core surface

modifications on generator response

Electrospun PVDF fibre mats are typically used for designing piezoelectric generators for
which the electrical output arises due to compression/decompression or bending/releasing
action. The high electric field used for electrospinning causes the material to be poled along
the length of the fibres; in other words, the dipoles are oriented in parallel to the direction of
fibre growth. Electrode placement affects the output of the generators because it determines
whether the applied mechanical stress direction is parallel or perpendicular to the poling axis,
which would relate to the piezoelectric charge constants dss or dss respectively. For both
PVDF-TrFE and PVDF, ds3 has a greater magnitude, indicating that stress applied along the
poling axis generates a net higher polarisation [1-3]. Assuming that the nonwoven fibrous
PVDF-TrFE/PEO structures used as the active core material in previous experiments could
be modelled as a layered stack of fibres, it is very likely that there is no clear net dipole
orientation for each layer since the deposition of each individual fibre on the surface of the
rotating drum electrode is random. However, as indicated in the previous chapter, there is an
observable output when the devices are subjected to a mechanical stimulus. This suggests
that the working mechanism of the energy harvesters is not purely piezoelectric but also

significantly triboelectric.

It is also possible that, rather than having a net random polarisation in the electrospun layers
of the active material, there is a minor alignment that may have originated from having the
material being exposed to the strong electric field during electrospinning as it deposited and
remained in the rotating collector. Perhaps the electric field aligned a few dipoles in a direction
perpendicular to the surface of the fibrous sheet being produced. While the mechanisms that
explain the generation of the output signal are not clear, the role that the generator design,
electrode placemen, and electrode material selection was further analysed. Initially, two
different electrode layouts were considered when designing the mechanical energy

harvesters. These are shown in Figure 6-1.

The first proposed layout had each electrode covering the active core material predominantly
on one of the sides with a 1 cm? area each, extending over the edge, and clamping on the
opposite side. Since the electrode design resembles a letter L, this design will be referred to
as having L-shaped electrodes. The second generator design, which was employed in the
work presented in the previous chapter, has the electrodes placed perpendicularly to the

fibrous layers, with each clamping on the sides of the active core material. These are referred
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to as the generators with regular electrodes. Generators with a 1 cm? active core (12 wt%
PVDF-TrFE, 1 wt% added LiCl) were assembled following each of the electrode layout designs

shown in Figure 6-1.

‘ Thick sponge-like fibrous 3D
G Randomly orientated fibrous layer  gtructures modelled as stacked
fibrous layers.

- Mechanical stimulus direction

L-shaped electrode placement Regular electrode placement

T —— ] =
|
e o

Figure 6-1: Top: Thick sponge-like fibrous PVDF-TrFE/PEO non-woven mats were modelled as stacked

fibrous layers. Left: L-shaped electrode placement. Right: Electrode placement used in the

The electrical response of these generators to a mechanical stimulus was evaluated with the
cyclic mechanical impact device. This time, instead of using the cubic impact head, a model
of a human heel was attached to the device. Using this other striking part would allow for
evaluating the response of the generators to different mechanical excitation conditions.
Electrical response recordings spanning 100 seconds were captured for each sample. The
true impact frequency was 3.4 Hz, the equivalent electrical load used was 15.1 MQ. Table 6-

1 summarises the output Vpee figures observed for both samples.
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Table 6-1: Output Veefigures obtained when regular and L-shaped electrode generators were subjected

to 100 seconds of continuous mechanical impacts.

Electrode placement Average Vpp (V) Number of recorded
impacts

L-shaped 454 +0.77 340

Regular 11.04 + 1.64 340

The results revealed that the generators with the regular-shaped electrodes had outperformed
those with the L-shaped electrodes by a factor of 2.43. The electrode position relative to the
plane of dipole orientation does not completely explain the difference observed in the output
Vep figures. It is possible that the net total electrode-core contact area changed because of
variation in electrode size when cutting the copper foil, for example. While the generator
design with regular electrode placement allowed for greater output signals to be obtained for
the same type of core material and mechanical stimuli, the results indicate that adjusting the

electrode layout would allow for an even greater response.

Another method that could be used to improve the response of the generators is related to the
interface between the copper foil and the surface of the active core materials. The adhesive
backing of the copper foil that was used as the primary electrode material is the only interface
between the electrodes and the active core. While this interfacing material has allowed for the
successful implementation of the generators, treating the active core surface before attaching
the adhesive copper foil would result in a better coupling since certain glues and coatings can
reduce the energy that is lost internally by reducing the effective contact resistance of the
electrode and core junction [4]. A group of PVDF-TrFE/PEO generators with regular electrode
placement but cores that had been treated with different substances was built to test this
proposition. Conductive silver paint and a 15 nm layer of sputtered gold were used as the
materials for improving the active core to electrode interface. The two generators with a
modified interface and an unmodified generator were exposed to 100 seconds of cyclic
mechanical impacts delivered at a true frequency of 3.4 Hz, using the 3D printed heel model
as the striking head. The equivalent resistive load of the system was once again 15.1 MQ. The

average Vpp figures recorded for each type of generator are shown in Table 6-2.

Table 6-2: Output Ve figures obtained when generators with different interface surface modifications

were subjected to 100 seconds of continuous mechanical impacts.

Surface modification Average Vpp (V) Number of recorded impacts
No modification 11.04 + 1.64 340
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Silver paint 13.97 £ 1.93 341
15nm gold layer 13.02 + 1.91 341

The two generators with modified surfaces achieved higher average Vppreadings, indicating
that the interface between the active core and the electrodes can be further improved. The
observed results could be attributed to a reduction of the effective contact resistance at the
interface. For both the 15 nm layer of sputtered gold and the silver paint, it is possible that the
acrylate functional groups of the adhesive layer on the copper foil interact more strongly with
the gold and the acrylic resin of the silver paint than they do with the PVDF-TrFE/PEOQ fibres
[5]. However, there is another possible explanation for the observed increase in the output Ve
values. The copper foil electrodes on their own are only in contact with the surface of the active
core. Given that this material is a complex 3D fibrous network, perhaps there are several
individual fibres that exist deep within the sample and are not in contact with the electrodes,
thus resulting in their output signals being lost. Both the sputtered gold layer and silver paint,
may have penetrated slightly into the fibrous network while they were being applied to the
active core, resulting in an increased number of individual fibres that had direct contact with

the electrode or were now close enough for charge transfer to occur.

Focusing on the idea that surface modifications allow for more energy to be transferred to the
load, the next step was to evaluate if the observed increase in Vpp observed in the previous
experiment can truly be attributed to the surface modifications. One-way ANOVA and post hoc
tests were used to identify if a significant difference exists between the values observed for
the unmodified surface and those with modified interfaces. One condition for ANOVA analysis
is that the data to be analysed must be normally distributed. Histograms showing the

distribution of the standardised Vppvalues for each of the generators are shown in Figure 6-2.
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Figure 6-2: Histograms showing the distribution of the standardised output Vepvalues recorded for each
of the tested generators. (a) Generator with a non-treated active core. (b) Generator with active core

treated with a layer of gold. (c) Generator with an active core treated with silver paint.

While visual inspection of the histograms appear suggest that the data is normally distributed,
confirmation of the datasets conforming to a normal distribution can be visually assessed by
comparing the empirical cumulative distribution function plots for the generators with that from
a normally distributed reference dataset. This is shown in Figure 6-3. The curves obtained for
each generator closely match that which was obtained from the reference dataset, confirming
that the data from the recordings is normally distributed. One way ANOVA analysis was thus
performed on the data, with the null hypothesis being that surface modification of the active
core has no effect on the output signals of the generators. The results obtained from running
the test are shown in Table 6-3. Box plots obtained from the non-standardised datasets are

shown in Figure 6-4.

Table 6-3: Results of running a one way ANOVA on the data recorded for the generators with different

active core surface modifications.

Source SS df MS F

Groups  1.53E+03 2 7.63E+02 2.28E+02
Error 3411.216 1019 3.347612

Total 4936.82 1021
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Figure 6-3: Empirical cumulative distribution function plots of the normalised responses obtained from
the generators with different surface modifications. The response of the three generator variants

approaches the reference curve that corresponds to a normally distributed dataset.

The results obtained indicate that the surface modifications have a statistically significant
influence in the output signals obtained from these generators; in other words, modifying the
surface of the active core material that would be in contact with the electrodes causes
differences in their output Vep values. A Tukey’'s HSD test was carried out to see if the
differences observed between each type of generator are significant. This would help to
confirm that the response observed for the generator with a gold layer are different from that
obtained from the generator with the silver paint. The results of this test, shown in table 6-4,
show that the mean values observed for the three groups are different from each other,
indicating that the output signals of depend on their type of surface modifications and each

type of surface modification has an independent effect on the output response.
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Table 6-4: Results of running a Tukey’s HSD test on the data recorded for the three different generators.
Group 1 corresponds to the generator with a core treated with silver paint. Group 2 represents the

generator treated with gold. Group 3 is that for the generator that had no active core surface treatment.

Difference
Groups Lower limit between grou Upper limit -value
compared group PP P

means
1-2 0.470246 0.969946 1.469645 9.66E-10
1-3 2.446484 2.946183 3.445882 9.56E-10
2-3 1.476538 1.976237 2.475937 9.56E-10

Box plots of measured Vpp per type of core modification
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Figure 6-4: Box plots for the data recorded when subjecting the three generators with different active

core material surface treatments to cyclic mechanical impacts.

Electrode placement is critical for the electrical performance of the generators. Choosing a
configuration that is well adapted to characteristics of the material and takes into consideration
aspects such as dipole orientation of the active core material can potentially allow for the
fabrication of generators with greater output signal characteristics. Modifying the surface of
the core material that would be in contact with the electrodes was also shown to have a
positive impact on the output response, allowing for greater power to be delivered to the loads

connected to the generators. Another possible mechanism for improving the electrical
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response of the generators was identified while the experiments presented on this section
where being conducted; using a different electrode design which interacts not only with the
surface of the active core material but with the innermost layers of this structure might allow

for the harvesting of more power. This will be explored in the following section.
6.2.2 Conductive thread and fabric electrodes

The similarity of the thick sponge-like PVDF/PEO structures to non-woven fabrics raised the
possibility of using conductive fabrics and threads as the electrode materials. Perhaps sewing
conductive fabrics to the active material would not only allow for securing the electrode to the
surface of the core but would also interact with the inner fibrous network deep within the

surface of the active material.

PVDF-TrFE/PEO (12 wt%, 1 wt% LiCl) generators with 1 cm? active core and sewn conductive
fabric electrodes were prepared using similar designs as those employed in the previous
chapter. The active cores surfaces were not treated. The samples were subjected to 100
seconds of cyclical mechanical impacts administered at a frequency of 3.4 Hz. The striking
head used for this experiment was also the 3D printed heel model. Table 6-5 summarises the
data recorded for this generator, and lists the summarised data recorded for the generator
with no modifications and the one with modified surfaces that performed the best for
comparison purposes. A histogram for the recorded Vppr values for the generator with

conductive fabric electrodes is shown in Figure 6-5.

Table 6-5: Output Vpe figures obtained when generators with different interface modifications or

electrodes were subjected to 100 seconds of continuous mechanical impacts.

Generator type Vep (V) Number of recorded impacts
No modification 11.04 + 1.64 340
Silver paint on active core surface 13.97 £ 1.93 341
Conductive fabric electrode 19.41 £ 1.69 340
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Figure 6-5: Histogram showing the recorded Vervalues for the PVDF-TrFE/PEO generator with conductive

fabric electrodes.

As shown in table 6-5, the average Vpp values for the generator with conductive fabric
electrodes improved by a factor of 1.76 and 1.4 times when compared to the unmodified
generators and those with active core surface modifications respectively. The results strongly
suggested that by gaining access to the inner layers of the active core fibrous structure would
result in the potential to obtain an enhanced electrical output from the generators. The
promising voltage figures obtained from this test encouraged further exploration of the

electrical output for this generator type.

The first additional test replicated the experimental conditions used for evaluating generator
output current and voltage for a variable resistive load. Cyclic mechanical impacts at a
frequency of 3.6 Hz were applied to the sample, and recordings spanning two seconds for the
conductive fabric generator were taken when the resistive loads were 10, 1.6M and 15 MQ.
The cubic striking head was used for this experiment. The results for this test are shown in
Table 6-6. Table 6-7 compares the data obtained for this generator and compares it to the
best performing generators used in the previous chapter. Figure 6-6 shows a detailed view of
the output voltage signals obtained from the generator with conductive fabric electrodes when
the load was 15 MQ.

Table 6-6: Summary of the output characteristics of the generator with conductive fabric electrodes and

the impact forces recorded when powering up various resistive loads.

Resistive load Isc or Ipp (MA) Vep (V) Instantaneous Impact force
(Q) output power (N)
(MW cm?)
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10 2.88 £0.37 --- --- ---
1.6 M 3.17 £ 0.25 5.17 £ 0.45 16.5 + 2.61 1.8+0.46
151 M 2.75+0.46 43.09+7.7 121.8 £18.7 1.8 +0.69

Table 6-7: Summary of the output characteristics and recorded impact forces for the best performing
unmodified PVDF, PVDF/PEO and PVDF/TrFE/PEO active core, copper foil electrode generators and for
the PVDF-TrFE/PEO generator with conductive fabric electrodes.

Best
performing 15.1 MQ resistive load
samples
PVDF-
TrFE/PEO,
PVDF-
Core type PVDF PVDF/PEO conductive
TrFE/PEO
fabric
electrodes
Vep (V) 6.42 +1.01 22.65+ 255 38.28 + 3.26 43.09+7.7
Ipp (MA) 0.43 £ 0.07 1.54 £ 0.17 2.57 £0.22 2.75+0.46
Impact force
(N) 0.1+£0.04 0.17+ 0.06 0.25+0.05 1.8 £0.69
Instantaneous
output power 1.35+£0.7 13.8+£2.5 45.5 + 8.82 121.8 £ 18.7
(MW cm?)

The data obtained from this experiment showed that substituting the copper foil electrode
materials with the conductive fabrics resulted in an improvement of all the electrical output
figures, with the instantaneous output power for the generators with conductive fabric
electrodes achieving 2.68 times that observed for the original equivalent with copper foil

electrodes when the resistive load was 15.1 MQ.

The instantaneous output power figures shown in table 6-8 provide a simplified overview of
the actual power than can be delivered by the generators. While it shows what occurs at only
one instant during testing, this figure does not provide much insight into the effective amount
of power being generated while the sample is exposed to the cyclic mechanical impacts. A
more informative figure for the output power of the generators can be obtained by multiplying

RMS estimates for the voltage and current signals recorded for each sample. The RMS value
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for one pair of the voltage and current waveforms captured for each type of generator (PVDF,
PVDF/PEO, PVDF-TrFE/PEO and PVDF-TrFE/PEO with conductive fabric electrodes) were
calculated and then multiplied times each other. This provides an approximation of the
average power, which can be easily compared to DC power references. The resulting values
are shown in Table 6-8. Figure 6-7 shows the waveforms obtained when multiplying the
voltage and current signals for each generator type, showing the individual instantaneous

output power peaks for each type.

Output voltage of the conductive fabric and thread electrode PVDF-
TrFE/PEO generator for a 1.5 MQ load
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Figure 6-6: Output voltage waveform obtained when subjecting the PVDF-TrFE-PEO generator with
conductive fabric and thread electrodes to a mechanical stimulus imparted at a frequency of 3.6

Hz and with a 15 MQ resistive load.
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Table 6-8: RMS values calculated for pairs of voltage and current signals recorded for each type of

generator. The average power is then calculated by multiplying Vrusand lgms.

Pave (nW) per 1

Generator type Vrus (V) Irms (NA)

cm?active area
PVDF 0.598 £ 0.02 38.7+15 23.2+1.8
PVDF/PEO 2.61+0.27 175.9+18.0 460.3 £ 94.0
PVDF-TrFE/PEO 3.72+£0.08 249.7+5.8 928.7 £ 42.8
PVDF-TrFE/PEO
with conductive 4.22 +0.37 270.3+£20.5 1141 £ 188.7

fabric electrodes

x 107 Instantaneous power waveforms for the generators

PVDE-TrFE/PEQ,
gt 1 conductive fabric
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Figure 6-7: Power waveforms obtained when multiplying the voltage and current recorded for each type
of generator under the following experimental conditions: 15.1 MQ resistive load, 3.64 Hz impact
frequency, multiple recordings lasting 2 seconds were obtained for each generator. The cubic striking

head was used in this experimental trial.

The values obtained from these calculations reflect the average power that would be provided
by the generators if the mechanical impact frequency, sample position, and other parameters
remained constant over a long time. While the Pavc figures are considerably lower than the
instantaneous output power figures shown in Table 6-8, they can be easily used to assess if
the generators are well suited specific applications. For instance, consider a Bluetooth low-
power wireless transmission device. The device cycles through a series of different operational
modes depending on the task being addressed. Active transmission and reception of data
packets consume 20 mA. The device is able to go into sleep mode, for which only a few critical

processes will be active, wake-up mode, and stand-by mode. These modes consume lower
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amounts of power, with each having requiring currents of 0.4, 0.9 and 240 uA respectively [6,
7]. These characteristics are listed for a 3 V supply. These voltage and current figures can be
used to estimate the DC power required to keep the system working on each mode. The
required power for each mode is shown in Table 6-9, as well as the active area of each type
of generator that would be required to power these up based on the Pavg figures from table 6-
8.

Table 6-9: Estimated PVDF based active core generator area required for powering up a low-power

wireless transmission module in one of several available modes.

Generator area required (cm?)

PVDF-
Operational TrFE/PEO
mode of the Required PVDFTrFE/ and
wireless power (UW) PVDF PVDFIPEO PEO conductive
transmitter fabric

electrodes
Tx/Rx 60k 2.586 M 130.4 k 64.6 k 52.58 k
Stand-by 720 31k 1.56 k 775.3 631
Wake-up 2.7 116.4 5.86 2.9 2.37
Sleep 1.2 51.7 2.6 1.29 1.05

The results shown in table 6-10 indicate that the generators are well suited as independent
power sources for the device when it operated in sleep or wake-up mode. The other two modes
would require generators with an active area that would not be suitable for a portable device;
forinstance, a 2.29 m wide and 2.29 m long PVDF-TrFE/PEQ generator with conductive fabric
electrodes would be required for powering up the wireless transmitter in Tx/Rx mode.
Additionally, this would only be possible if such a generator was being subjected to cyclic
mechanical impacts delivered at a frequency of 3.64 Hz. However, wireless transmitter
modules are typically operated in sleep mode, transitioning only to stand-by or active mode
when specific conditions such as a signal being monitored by an ADC port increasing over a
threshold value or a timer expiring. The device will only transition to the active Tx/Rx state for
a small percentage of the time it will be operating for, and thus can be at least partially powered
up by these generators if an energy storage element is added to the mix. While it is unlikely
that the PVDF-TrFE/PEO generator with conductive fabric electrodes would be capable to
power up this wireless system in Tx/Rx mode on its own, it can still become part of a secondary

power system that would help extend the battery life of a primary power cell.
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The generator with conductive fabric electrodes was tested under the experimental conditions
that had been used previously for charging the 1, 4.7 and 10 uF capacitors. Given that the
instantaneous output power figures and Pave had been shown to be higher than for the
generators with copper foil electrodes, faster capacitor charging and a higher plateauing
voltage were expected. The results of the capacitor charging experiments are shown in Figure

6-8, including the plots that had been obtained for the generators tested in the previous

chapter.
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Figure 6-8: Capacitor charging curves obtained from the generators used in the previous experiments.

The charging curves confirm that the generators with conductive fabric electrodes achieved a
higher final charge voltage and reached the plateauing state after 50 seconds, reaching a
voltage of 4.13 V. For the larger capacitive loads, the curves do not approach the plateauing
state but do achieve higher voltage levels at the end of the recordings. These results are

strong indicators that using conductive thread and fabric as the electrode materials are
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beneficial for the performance of the generators, resulting in a net improvement of the power

that can be delivered to the loads.
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6.3 Interim summary

Using the thick sponge-like electrospun PVDF structures as the active core material for
mechanical energy harvesters requires careful consideration of the layout of the device and
the selection of the materials used in their construction. While the properties of the active core
are fundamental, being of great importance for determining the electrical output performance
of the device, selecting the optimal interfacing approach is critical to ensure that the system is

being used to its full potential.

Selecting the electrode placement based on the properties of the core material allowed for an
almost 2.5-fold increase in the observed output signals of the generators, increasing from an
average 4.54 £ 0.77 V to 11.04 + 1.64 Vpp. Treating specific regions on the surface of the
active core material with conductive substances resulted in a net improvement as well,
allowing the average output Vpe to increase up to 13.97 + 1.93 V. Observing the results that
surface treatments had on the performance of the generators led to the idea that interfacing
with the inner regions of the fibrous active core would further enhance the output. Further
experiments demonstrated that using conductive fabric electrodes and conductive threads
which interact with the inner layers of the material allow for a dramatic increase in the output
signals of the generators, with the average Vep values now being 19.41 £ 1.69 V. Not only did
the output Vpe increase, but the power sourced by the generator did so as well. In terms of
instantaneous power, the generator with conductive fabric electrodes achieved a power
density of 121.8 + 18.7 yW cm which was 2.67 times that of the variant with copper foil
electrodes. In terms of Pave, the generator with fabric electrodes achieved a power density of
1.141 £ 0.19 W cm2, which was still greater than that estimated for the 928.7 + 0.04 nW cm-

2 estimated for the variant with copper foil electrodes.

The work presented in this chapter outlines only some of the methods that can be used for
further improving the performance of the energy harvesters. The approaches taken in this
chapter allowed for a net improvement of the output signal characteristics of the generators,
but future work and exploration of alternative methods might allow for further refining the

potential of the 3D PVDF fibrous materials as elements for energy harvesting.
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Chapter 7

Conclusions & Recommendations for
future work

7.1 Conclusions

The work carried out throughout this project focused on the fabrication of electrospun
piezoelectric polymer based structures that would then be used to create energy harvesting
devices. Recalling the information provided previously (Chapter 1, section 2), the specific

goals of this thesis were the following:

Electrospinning piezoelectric polymer fibrous structures
o Focusing on the manufacturing of biocompatible active materials that are
compatible with wearable device design approaches.
e Characterisation of the resulting fibrous structures
o Observe which conditions allow for the fabrication of the most promising
structures.
o Use the fabricated fibrous product to design and implement a mechanical energy
harvester.
¢ Demonstrate the properties of the fabricated materials and designed generators by
evaluating their electrical response.
o Evaluate effects of using different electrode designs and materials.
o Characterise the electrical response of the generators under different testing

conditions.

If any improvements to the designs or material fabrication methods are found,

implement them and re-evaluate the electrical responses.

The experimental work was initially dedicated to the identification of favourable conditions for
the electrospinning of PVDF (Chapter 4). Observing the effects that the working parameters
of the experimental setup, the ambient conditions, and the composition of the solvents and
polymer content of the solutions had on the morphology of the fibres allowed for the
identification of the favourable conditions that would yield fibres with a reduced amount of

breaks and beads. A preliminary analysis of the sample that had been deemed to have the
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best quality as the core material of a generator showed promise. These experimental trials
served as the foundation of the project, laying the groundwork required to try new approaches
for obtaining enhanced materials and eventually led to the fabrication of the novel 3D
structures. Additionally, it allowed for the creation of improved generator designs, which were
capable of better harnessing the potential of the enhanced materials as a key component of

mechanical energy harvesters. (Chapter 5 and 6).

However, the mechanisms explaining the working principle of the generators that were
designed and built was not properly identified. The results obtained from the experiments
outlined in chapter 5 and the early analysis carried out in chapter 6 suggested that the
observed polarisation and thus the output signals were most likely originating from both the
piezoelectric and triboelectric effect, and not only because of the piezoelectric effect. The initial
assumption that using a blank generator consisting of the copper foil used as an electrode
attached to wires and encapsulated in PDMS would allow for the identification of the portion
of the signal arising from the triboelectric effect was flawed, since the role of the increased
contact area that the core material had with the PDMS would be unaccounted for in a
completely blank generator. For this reason, the goal of creating piezoelectric generators was
not completely achieved. However, the experimental work culminated in the fabrication of
mechanical energy harvesters based on a combination of the triboelectric and piezoelectric
effect instead, and it was still possible to further improve on the output signals being generated

by proposing alternative designs and using other electrode and interfacing materials.

The findings reported throughout this document as well as the challenges that were identified
but remained unaddressed offer only a glimpse of what can be achieved when novel
electrospun structures are used to build energy harvesters. The project evolved through
several stages, initially being focused on the materials aspect, and eventually progressing to
an application-oriented evaluation of their electrical properties. The interdisciplinary work
presented in this thesis opens up new pathways for exploration in regards to the field of

materials science, electrical and electronics engineering.

The following sections will discuss in depth the concluding remarks pertaining to the materials
science aspect of the project, the work related to the application of the fabricated structures,

and the limitations and constrains associated with the project.

7.1.1 Conclusions related to the fabrication of electrospun PVDF

active core materials.

This stage of the project focused initially on electrospinning polymer solutions, starting with

the optimisation of the solution and the identification of the working parameters and ambient
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conditions that would result in quality fibrous products for the nozzle-based setup. The first set
of experiments involved using 20 wt% PVDF in DMF and acetone (4:1 solvent ratio) polymer
solutions, keeping the working distance at 20 cm while varying the voltage and flow rate. At
first, a voltage of 12 kV and a flow rate of 7 yL-min~" were used. It was observed that increasing
the voltage to 14.5 kV influenced the presence of beads in the electrospun product, with the
higher voltage level having reduced the amount of beads observed in the SEM images taken
for each sample. The following trial kept the 14.5 kV, but this time the flow rate was reduced
to 5 yL-min~". This did not have an apparent influence on the morphology of the fibres. Fibre

diameters for these trials were 388 + 128 nm, 447 + 161 nm and 405 *+ 139 nm respectively.

Aiming to improve the quality of the product, a special nozzle that allows nitrogen gas to be
pumped around the nozzle was used to reduce the RH% on the vicinity of the needle tip. A 20
wt% PVDF in DMF solution was electrospun with this nozzle, keeping a constant flow rate (7
uL-min~") and voltage (18 kV) while varying the working distance from 20 cm to 15 cm. The
product obtained from these experiments had a higher bead content. An additional ftrial
involved keeping the flow rate constant at 15 yL-min~", changing the working distance from 10
to 25 cm in 5 cm increments, and adjusting the voltage to levels that were high enough to form
a stable Taylor cone. A final trial involved adjusting the polymer concentration to 15 wt%, using
a higher flow rate of 25 yL-min~', 21 kV, and working distance of 20 or 15 cm. The results
obtained from all the previous experimental trials allowed for the identification of the
experimental conditions that were most favourable for the fabrication of electrospun PVDF
fibres. A working distance of 15 cm, voltage just high enough to observe a stable Taylor cone
on the needle tip, and a flow rate lower or equal to 15 pyL-min~" allowed for the fabrication of
more uniform fibres with a lower presence of beads. Additionally, using a lower polymer
concentration (15 wt%) or a solvent system of DMF and acetone also had a favourable effect

on the product.

The next step was to use a more complex polymer and solvent system; a solution consisting
of a combination of PVDF and PEO in a solvent system of DMF and water (50:3 ratio for both
polymers and solvent). This combination resulted in a dramatic improvement of the quality of
the fibres; the average diameters recorded for two different trials were 928 + 194 nm and 1.498
+ 242 ym. The first figure was obtained from fibres that were elctrospun with a flow rate of 7
pL-min~', 17 kV and a working distance of 30cm. The other figure corresponds to a flow rate
of 15 yL-min™", 22 kV and a working distance of 35 cm. No beads were present in any of the
samples. The electrospinning parameters were once again optimised for this solution, with
conditions such as a lower flow rate, higher voltages, and higher working distances being
identified as favourable for both 10 wt% and 12 wt% PVDF/PEOQO solutions.
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Once products with more uniform, bead-free fibres were obtained, LiCl was added to the
polymer solutions. The most important result of this phase of the project was also observed
after having added this salt; electrospinning a 10 wt% PVDF/PEQO solution with added 1 wt%
LiCl resulted in the formation of 3D fibrous structures. After 10 minutes of electrospinning,
these structures had an area of 5 cm?, a thickness of 1.2 cm, and weighed 57.5 mg. At the
time, the fabrication of 3D PVDF structures had only been achieved with extruder-based
methods; this was a result that had not been reported previously in the literature. Additionally,
when using these solutions with the needleless electrospinning setup, a thick, sponge-like
fibrous non-woven fabric was obtained. This method yielded a 28 cm wide, 19 cm long sheet
with a thickness form 0.4 to 0.72 mm and a weight of 2.8 g after only 15 minutes of
electrospinning. Replacing PVDF with PVDF-TrFE vyielded similar results. Thus, the
electrospinning of 3D PVDF and PVDF-TrFE structures was achieved with both the classical

electrospinning method and with a high throughput method.

The effects that added LiCl had on the morphology of the fibres and how these may also occur
when different salts are used as additives encouraged one additional experimental trial. Zinc
nitrate was also tested as an additive to the solutions. While the resulting fibrous product did
show a limited degree of 3D build-up for added salt concentrations of 1 and 5 wt%, the product
was not as sturdy as that obtained when using LiCl. Further information regarding these results

can be found in Appendix B.

The identification of the ideal conditions for electrospinning a combination of polymers can be
complicated. While the conditions found to be favourable for one combination of polymers can
also work if one of them is changed for a similar one (for instance, what was observed when
PVDF was replaced with PVDF-TrFE), the addition of minute amounts of additives can alter
the solution to a degree for which these favourable conditions no longer work. However, fine-
tuning of the working parameters is what makes it possible to fabricate of products with unique
properties tailored for a particular application. In the case of the studies conducted in this
thesis, this process resulted in polymer-based 3D structures in forms that can be effectively

integrated into portable devices.

7.1.2 Conclusions related to the mechanical energy harvesters.

The potential of the fibrous products and structures obtained throughout this study as active
materials were evaluated by using them as cores for different energy harvester designs. The
earliest version of the generators were built with 1 cm? sections of the electrospun fibre mats
obtained from the 20 wt% PVDF in DMF solutions. While it was possible to observe an

electrical response in the oscilloscope when connecting the probe to the terminals of these
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early designs, several issues were affecting the performance of the devices. First and
foremost, the layered design, which consisted of the flat PVDF fibre mat sandwiched between
aluminium or copper electrodes and sealed with insulating tape, was flawed in regards to the
choice of wiring and the vulnerability of the design to mechanical impacts. The first wiring
choice were 23 AWG bare copper wire pieces, which were found to rub against the fibrous
core and destroy it just after a few mechanical impacts had been exerted on the generator.
Replacing the copper wire with copper foil solved this issue, but the active core was still being
damaged after a few rounds of mechanical testing, with the response decaying rapidly until it
was non-existent. In spite of the generators being fragile and considering how the fibrous mats
used for this iteration had some imperfections, the responses recorded showed promise,

indicating that addressing these issues would help with the durability of the generators.

The design and implementation of generators was attempted once more after obtaining the
thick sponge-like and cloud-like 3D PVDF/PEO and PVDF-TrFE/PEO structures. The products
obtained up to this point would be tested against each other to discover which would have the
most favourable response. Layered generators with adhesive copper foil electrodes and
modified electrode placement were built, using PVDF fibre mats, PVDF/PEO and PVDF-
TrFE/PEO thick-sponge like structures as the active core material. PDMS was used as an
encapsulation material to ensure that the active core would not break down when subjected
to continuous mechanical impacts. Additionally, this PDMS layer would seal the core and

electrodes from the environment and provide insulation for the devices.

A custom-made mechanical testing device consisting of a slider and crank mechanism was
designed and built. This device, capable of delivering repeated mechanical impacts at a user-
designated frequency, was used to test the electrical output of the generators. An initial
evaluation compared the output current and voltage of the generators when these were
connected to different load resistors, ranging from 10 Q to 15.1 MQ, and exposed to a series
of mechanical impacts (3.65 Hz impact frequency). The impact head of the device was a 1
cm? cube. The average output Ver obtained for all generator types increased with increasing
resistive load. These values were 5.76 + 1.2V, 18.53 + 4.49 V and 29.5 + 6.8 for the PVDF,
PVDF/PEO and PVDF-TrFE/PEO generators respectively when the resistive load of the
system was 15.1 MQ. The average output /rpvalues decreased as the resistive load increased.
These values were 0.37 £ 0.085 pA, 1.26 + 0.3 pA and 1.99 + 0.45 pA for the PVDF,
PVDF/PEO and PVDF-TrFE/PEO generators respectively, for a 15.1 MQ load. The maximum
instantaneous output power for all generators was calculated for the signals obtained at this
resistive load value. These were 1.35 £ 0.7 pW, 13.8 £ 2.5 pW and 45.5 + 8.82 pW for the
best performing PVDF, PVDF/PEO and PVDF-TrFE/PEO generators respectively. These

figures were found to be comparable and in some cases superior to other similar state-of-the-
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art generators. Further analysis of these generators involved rectifying the output and charging
capacitors of different values. The PVDF-TrFE/PEO generator managed to almost fully charge

a 1 uF capacitor in under 100 seconds, with the recorded voltage value being close to 3.7 V.

The following step was to evaluate the response of the best performing PVDF/PEO and PVDF-
TrFE/PEO generators over 500 seconds of continuous mechanical impacts to test the stability
of their electrical response. Since the impact frequency was once again close to 3.65 Hz, these
tests probed the response for around 1850 continuous impacts. The results obtained showed
that the response of the generators did not decay even after sustaining a high number of
mechanical impacts, with the average Vpp being 21.29 + 3.17 V and 65.32 + 6.4 V for the
generators with PVDF/PEO and PVDF-TrFE/PEO cores respectively.

A compound generator consisting of 13 basic units in parallel (each unit is a 1 cm? piece of
active core material) was assembled and tested in real world conditions. A user was asked to
wear a flip-flop fitted with the compound generator and told to march at four different speeds,
ranging from a gentle stroll (50 SPM) to a very vigorous jog (115 SPM). The generator was
connected to a rectifier, with the aim of the experiment being to observe the charging of the
capacitors over a period of 100 seconds. These trials involved using a different type of
capacitor that is better suited for energy harvesting applications since their insulation
resistance value is many orders of magnitude higher than that of the electrolytic capacitors
used in the previous experimental trial. The results for this experiment showed that the faster
marching speeds resulted in the capacitors charging up to higher voltages. However, even
when the load was a 1uF capacitor and the user marched at the fastest speed, it was not
possible completely to charge the capacitor in under 100 seconds. The voltage recorded on
the capacitor approached 15 V and the curve still had a linear profile, which strongly indicated
that a longer charging time would result in the capacitor charging up to higher voltages. Using
a 4.7 uF capacitor as the load resulted in the voltage reaching around 3 V at the end of the
charging period when the user had marched at 115 SPM. The stored energy was used to light
up an arrangement of 40 green LEDs in parallel to demonstrate that energy had been

harvested in the process.

The original generator design was not without its flaws; the next step was to improve on the
aspects that had been identified as upgradeable. Thinking of the thick sponge-like fibrous core
structures as stacked layers of fibrous mats led to the idea that using adhesive copper foil as
the electrode material had resulted in the inner fibrous layers within the core not being in
contact with the electrodes, thus causing a fraction of the energy being harvested to be lost.
Additionally, it was possible that the adhesive of the copper foil was not the most effective

material to use as an interface between the active core and the electrodes.
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Additional PVDF-TrFE/PEO core generators were assembled with an additional surface
treatment step right before the adhesive copper foil was placed on the active core material.
Conductive silver paint or a 15 nm gold layer were used.as the surface treatment materials.
The new generators were compared to the original PVDF-TrFE/PEO iteration by analysing
their output Ver when being exposed to repeated mechanical impacts for a period of 100
seconds. This time, however, instead of using the same cube-shaped striking head that had
been employed before, a realistic heel model that was obtained from 3D scanner was fitted to
the device. This would allow for the observation of the response of the generators under a
different mechanical impact profile. The results obtained from this experiment showed that
there was a slight but significant increase in the Vpp of the generators with surface
modifications. The values recorded were 11.04 + 1.64, 13.97 + 1.93 and 13.02 + 1.91 V for
the generators with no surface modification, conductive silver paint, and a 15 nm gold layer
respectively. This increase in the output Ver can be attributed to the treatment effectively

reducing the contact resistance at the core-to-electrode interface.

To assess whether using electrode materials that could access the fibrous layers within the
sponge-like core would result in an increased electrical output, additional PVDF-TrFE/PEO
generators with the same layout but different electrode materials were assembled. The
electrode material selected for these was conductive fabric and conductive thread. The use of
the conductive thread to sew the conductive fabric directly onto the active material would in
theory allow the electrode to extend deep into the sample with each individual stitch. This
generator was subjected to the same testing conditions used previously and the output Vee
value for it was compared to that of the original generator and the one with conductive silver
paint. The output Vpe for the generator with conductive fabric and thread electrodes was 19.41
1 1.69 V, showing that this technique managed to improve the performance of the generator
dramatically, by a factor of 1.76 and 1.4 when compared to the unmodified generator and the

one treated with the silver paint.

The next experimental trial aimed to compare the generator with conductive fabric electrodes
to the best performing PVDF, PVDF/PEO and PVDF-TrFE/PEOQO, offering a more complete
overview of the performance of this new iteration. The cubic-shaped striking head was fitted
to the cyclic mechanical impact device, and the generator with conductive fabric electrodes
was tested under the same conditions as it had been done previously with the other three
generators. The results showed that the Vppand Ipp for the generator with conductive fabric
electrodes when the resistive load was 15.1 MQ had increased slightly, with these values
being 43.09 £ 7.7 V and 2.75 £ 0.46 uA respectively. In terms of instantaneous output power,
the best performing conductive fabric generator achieved 121.8 = 18.7 yW. Thus, it was

theorised that using electrode materials and assembling methods that ensured access to the
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inner fibrous network of the active core may potentially increase the electrical output figures
of the generators. While the instantaneous output power figure is typically used to describe
the capabilities of an energy harvester, the average power figure can be extrapolated to
practical situations more easily. Pavc represents the outputs of these generators in terms of
DC elements, being directly comparable with the constant power consumed by electronic
devices such as integrated circuits, sensing systems, and others. The Payc values calculated
for the PVDF, PVDF/PEO, PVDF-TrFE/PEO and PVDF-TrFE/PEO with conductive fabric
electrodes were 23.2 + 1.8nW, 460.3 + 94.0 nW, 928.7 + 42.8 nW, and 1.14 + 0.19 pW
respectively. A few comparisons were made to provide some context for these figures.
Considering how one specific wireless transmission module consumes 2.7 yW when operating
in a low-power mode, the generator area required to provide this amount of power would be

116.4 cm?, 5.86 cm?, 2.91 cm?and 2.37 cm? by core type respectively.

Overall, the process of building different generator prototypes allowed for the continuous
improvement of the designs, resulting in a better understanding of how the 3D thick sponge-
like materials behave when used as part of an energy harvester. The process allowed for the
identification of the characteristics that should be taken into account to ensure that the core
material is being used to its full potential. The results obtained in this thesis have addressed
the original aims and objectives of the project, and provide a starting point for future research
activities relating to the use of 3D electrospun materials for portable energy harvesting

applications. However, there exist several points that require further study and clarification.

7.1.3 Limitations of the work presented in this thesis

Perhaps the greatest limitation of the work presented in this thesis was the lack of a more
effective strategy for assessing whether the observed outputs obtained from the generators
were a product of both the piezoelectric and triboelectric effects and to identify the contribution
that each had to the observed outputs. An exploration of these characteristics would have
altered the course of the experimental work outlined in chapter 6; having a clearer picture of
the behaviour of the core materials and their interaction with the electrodes and encapsulation
materials would have allowed for a more effective identification of beneficial generator designs
and geometries, which in turn would have resulted in the design of better performing

generators.

Other limitations were related to the availability of equipment and accessories, as well as those
arising from the pandemic. Most of the research activities outlined in this document were
carried out in the nanomaterials laboratory. The electrospinning setups available in in this

laboratory allowed for the successful fabrication of the 3D PVDF fibrous materials. However,
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both the nozzle-based and the nozzle-free setup lacked a few accessories and features that
would have potentially allowed for a more efficient and exhaustive electrospinning experience.
For instance, the nozzle-based setup had an accessory that could be used to electrospin core-
shell nanofibers, but this accessory had been missing for a very long time. The RPM controller
for the nozzle-free electrospinner works very well, but the device itself appears not to be able
to withstand speeds over 1000 RPM for a prolonged time. When operating at high RPM, the
device begins to shake and if left running for a long time had been reported to cause heavy
mechanical stress on the walls of the electrospinning chamber. The opportunity to conduct a
few experiments when operating the device at high RPMs would have allowed to evaluate if
electrospinning the 3D structures under these conditions would have resulted in thick

structures composed of mostly aligned fibres.

Another limitation at times was the availability of an oscilloscope and mechanical testing
devices. There is no oscilloscope available in the nanomaterials laboratory; thus, it was
necessary to borrow one from other laboratories. This would work out fine most of the time,
but often resulted in the interruption of my experimental work when the owners of the device
requested to get it back. The devices available for testing the mechanical properties of the
products created in the nanomaterials laboratory were mostly related to slow actuation rather
than the fast impact frequency desired for characterising the response of the generators. This
was addressed by collaborating with another student and creating our own custom-made

device.

Measuring the impact force being exerted on the generators by the cyclic mechanical impact
device proved to be challenging. Using the FSR and comparing the readings to calibration
curves provided by the manufacturer of the sensor allowed to measure these forces on a very
basic level. However, a more meaningful exploration of the role that the impact force plays

relative to the output of the generators would require equipment that is more sophisticated.

The effect of the previous limitations was further exacerbated by the COVID-19 pandemic.
Laboratory closures and the restrictive working policies enforced once people were being
allowed back into the buildings resulted in the experimental work presented in this thesis

slowing down severely.

A final experimental trial had been planned to evaluate how the best performing generators,
both original and modified, would perform when used to power up a simulated wearable
device. A Wurth Elektronic energy harvesting kit was purchased with the intention of using the
included evaluation board to program a simplified sensing system. The evaluation board has
an EFM32 microprocessor and has been built with the most efficient passive components

available in the market; in other words, it is tailored specifically for these kind of applications.
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Although this experiment was not carried out due to time constraints, it is something of interest
that would have complemented greatly the results obtained in this thesis, and can always be

addressed in future work.

209



210 Conclusions & Recommendations | Chapter 7

7.2 Thesis contributions

The main original contributions of the work presented in this thesis relate to the fabrication of
novel 3D forms of PVDF and PVDF-TrFE fibrous structures by electrospinning and their use
as active cores for mechanical energy harvesters. The contributions of the work presented in

this document are outlined below.

e Fabrication of electrospun 3D PVDF/PEO and PVDF-TrFE/PEO structures.

o The process of electrospinning solution optimisation and employing the nozzle-
free and nozzle-based electrospinning setups allowed for the identification of
the favourable conditions required for inducing a form change in the
electrospun product. The addition of the LiCl salts mediated a transition from
2D fibrous mats to 3D fibrous structures. The 3D structures ranged from thick,
sponge-like variants to cloud-like structures.

e Mechanical energy harvesters with thick sponge-like PVDF/PEO and PVDF-TrFE/PEO
cores.

o The 3D structures that resembled thick sponge-like materials were used to
assemble a variety of mechanical energy harvesters. The basic design
consisted of an active area of 1 cm? copper foil electrodes and PDMS as the
encapsulating material. The best performing generator, which had a PVDF-
TrFE/PEO core, achieved an instantaneous output power of 45.5 + 8.82 uW, a
figure that compares favourably or surpasses those of other state-of-the-art
generators based on similar materials. However, it was unclear if the objective
of enhancing the B-phase content of the fabricated materials had been
achieved. The XRD scans obtained from the PVDF/PEO samples were not
taken at a scan rate that would allow for the clear distinction between the
crystalline domains present in the sample when compared to the reference
pristine PVDF curve; thus, it is not possible to say with confidence that the -
phase content of the electrospun fibres was enhanced at all. Additionally, the
generated output power was not proven to be unequivocally because of the
piezoelectric effect. A more rigorous approach for assessing the portion of the
signals that arise from the triboelectric effect is required. For these reasons, the
generators were subsequently referred to as mechanical energy harvesters,
indicating that both the piezoelectric and triboelectric effects play a role in
generating the output signals.

e PVDF-TrFE/PEO core generator with conductive fabric and thread as electrode

materials.
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O

Using the generators mentioned previously as a starting point, a few different
electrode materials were used for assessing how these would change the
electrical outputs of the devices. Generators built with conductive thread and
fabric electrodes instead of adhesive copper foil allowed for the instantaneous
output power to increase to 121.8 + 18.7 yW. The average power figure was
calculated as well, resulting in a value of 1.14 yW. This figure can be interpreted
as the generator being able to source this constant amount of output power

over time.

¢ Cyclic mechanical impact device.

O

A custom-built device for testing the electrical properties of the generators was
designed and built in collaboration with one of my fellow PhD students, Michael
Chung. The device can strike a sample at a programmable frequency of up to
9.42 Hz in optimal conditions. In relation to the mechanical parts, | was
responsible of designing and printing some of the parts and accessories of the
device, focusing on sample holders, another striking head, and the fixture that
would house the force sensitive resistor. The code, electronics and interfacing

was also my responsibility.
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7.3 Recommendations for future work

The work carried out in this thesis allowed me to experiment with several fabrication methods,

generator designs and substances for improving the response of the piezoelectric materials

obtained in these studies. While this work was going on, several improvements were identified,

some of which were addressed in previous chapters. However, some of the aspects that were

identified posed greater challenges and would require more extensive work. The following

propositions represent the main lines of work that could be of interest for further investigation.

PVDF based electrospun 3D structures:

1.

The use of the nozzle-free electrospinning setup resulted in an up-scaled production
of the PVDF/PEO and PVDF-TrFE/PEO fibrous structures. The rotating collector was
only used at relatively low speeds, which resulted in the electrospun structures to be a
collection of randomly oriented fibres. If the RPM setting had been ramped up to over
2000, the resulting material would have consisted of a collection of aligned fibres
instead. However, the effect that the rapid rotation of the collector would have on the
3D build-up of the material would need to be reviewed. This setting could potentially
allow for the fabrication of highly aligned PVDF structures, which have been shown to
have a higher electrical properties when tested against randomly oriented fibrous

structures [1, 2].

Generator design

1.

The use of gold and conductive silver paint for treating the surface of the thick sponge-
like PVDF-TrFE/PEO fibrous cores that would be in contact with the copper foil
electrodes resulted in a slight yet significant improvement of the electrical output of the
generators. These findings strongly suggest that improving the interface between the
electrode and the surface of the active core material can be used to reliably increase
the electrical output characteristics of the devices. One method that could be used to
achieve this would involve using the conductive polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). This polymer, which is
widely regarded in the field of polymer science as a very promising alternative for the
creation of flexible electronics due to its high conductivity, could be used to coat the
regions of the active core that would be in contact with an electrode [3-5]. A layer of
PEDOT:PSS can be effectively deposited on the surface of PVDF fibrous structures
by using functionalisation methods such as plasma treatment, which allow for more
efficient charge transfer due to the strong chemical bonds which attach the coating to

the surface of the core material.

212



Chapter 7 | Conclusions & Recommendations 213

2. The output Ve of generators with thick sponge-like PVDF-TrFE/PEOQ fibrous structures
was observed to increase by a factor of 1.75 times when the sticky copper foil
electrodes were replaced with conductive fabric and thread. The observed increase
was attributed to the conductive fabric electrodes gaining access to the inner layers of
the fibrous core material by having the conductive thread penetrating into the fibrous
structures as the electrode were being sewn. One method that could potentially result
in an increased amount of contact points between the electrode material and the
fibrous layers within the cores would be the fabrication of structures such as copper
dendrites on the electrodes. This idea was inspired by the formation of lithium dendrites
on batteries [6]. Methods such as electrodeposition could be used for creating
micrometric copper wires branching out of a seeded electrode surface, although the
viability of this idea would depend on how damaging the solutions involved in the
electrodeposition of copper are to the PVDF-TrFE structures [7-9]. PVDF is typically
used as a coating material in the industry due to its chemically inert nature; thus, the
risk of the cores being damaged is relatively low [10-12].

3. The implementation of generators using the cloud-like 3D PVDF/PEO structures was
found to be challenging in regards to the type of electrodes that would better adapt to
the core material. The use of conductive fabrics and threads was problematic due to
the difficulty of sewing the electrodes to the sample without deforming the material.
Trying with the copper foil and using conductive glue for facilitating the bonding
process, a prototype 3D PVDF generator was built, using clear PDMS as the
encapsulation material to allow for the observation of the state of the sample after
having been exposed to the curing process. The resulting generator did not appear to
have been negatively affected by the vacuuming process used to extract air bubbles
from the PDMS before curing, with the electrodes not having been brought too close
together in the process. This prototype is shown in Figure 7-1. This very basic
generator assembly method could be further improved upon.

4. The thick sponge-like PVDF-TrFE/PEO structures resembled non-woven fabrics, with
some of the samples being very similar to felt textiles often employed for making
clothes and accessories. The compound generators with 13 units in parallel presented
in chapter 5 were originally assembled with copper foil and copper tape as the
electrode and interconnect materials, which might have affected the flexibility of the
generator since the copper tape and foil are not as pliable as the core material itself.
Considering a smart textile design approach, a similar compound generator was
assembled using only conductive thread and fabrics, and a regular cotton fabric as a

substrate. The prototype is shown in Figure 7-2. This type of designs might result in
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purely fabric-based generators that could be more easily integrated to smart shirts and
similar wearables.

5. Identifying and designing an adequate control experiment for identifying the
contribution that the triboelectric effect had to the overall electrical response of the
generators would be beneficial for better understanding the potential of the materials
as cores for mechanical energy harvesters. One alternative would be making a
generator for which the core material has been replaced for a different electrospun 3D
polymer with a similar layered structure. This would be useful to compare the response
from the PVDF-TrFE/PEO and PVDF/PEO generators against that from a non-active
core generator with similar surface area. Another alternative would be to acquire a
commercially available PVDF membrane or foam that has not been poled, which would
allow for observing the response arising from the interaction between the PDMS and
the PVDF core, although how fitting the model is would be dependent on the

characteristics of the purchased material.

ED PVDF core “

JiEY

Electrodes

Figure 7-1: True 3D PVDF/PEO generator. This prototype uses the cloud-like sample as the active core

material. The vacuuming process did not affect the positioning of the electrodes and core material.
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Figure 7-2: Prototype fabric only compound generator. The 1 cm? PVDF-TrFE core units are sewn into a
cotton fabric substrate using conductive thread. Conductive fabrics are used to connect all the 13 core

units in parallel.
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ABSTRACT: This paper presents a scalable method of developing ultrasensitive electrochemical biosensors. This is achieved by
maximizing sensor conductivity through graph pping of carbonized electrospun nanofibers. The effectiveness of the graphene
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highly conductive, inert sensing platform.
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Technical note

Design and development of a nozzle-free electrospinning device for n
the high-throughput production of biomaterial nanofibers SEy

Muhammad Wagqas®*, Antonios Keirouz®*, Maria Kana Sanira Putri?, Faraz Fazal*",
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ARTICLE INFO

ABSTRACT

Article history:

Received 26 October 2020
Revised 10 April 2021
Accepted 29 April 2021

This technical note provides a step-by-step guide for the design and construction of a temperature-
controlled nozzle-free electrospinning device. The equipment uses a rotating mandrel partially immersed
within a polymer solution to produce fibers in an upward motion by inducing the formation of mul-
tiple Taylor cones and subsequently multi-jetting out of an electrified open surface. Free-surface elec-
t inning can overcome limitations and drawbacks associated with single and multi-nozzle spinneret

Keywords:
Nozzle-free
electrospinning
cryo-electrospinning
nanofibers
high-throughput
biomaterials

configurations, such as low yield, limited production capacity, nonuniform electric field distribution, and
clogging. Most importantly, this lab-scaled high-throughput device can provide an alternative economi-
cal route for needleless electrospinning research, in contrast to the high costs associated with industri-
ally available upscaling equipment. Among the device's technical specifications, a key feature is a cryo-
collector mandrel, capable of collecting fibers in sub-zero temperatures, which can induce ultra-porous
nanostructures, wider pores, and subsequent in-depth penetration of cells. A multi-channel gas chamber
allows the conditioning of the atmosphere, temperature, and airflow, while the chamber’s design averts
user exposure to the high-voltage components. All the Computer-Aided Design (CAD) files and point-by-
point assembly instructions, along with a list of the materials used, are provided.

© 2021 IPEM. Puhlished bv Flsevier I1td. All rights reserved.
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Keywords:

Bioprinting
Electrospinning
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Vascular tissue engineering

ABSTRACT

There is a high demand for small diameter vascular grafts having mechanical and biological properties similar to
that of living tissues. Tissue-engineered vascular grafts using current methods have often failed due to the
mismatch of mechanical properties between the implanted graft and living tissues. To address this limitation, a
hybrid bioprinting-electrospinning system is developed for vascular tissue engineering applications. The setup is
capable of producing layered structure from electrospun fibres and cell-laden hydrogel. A Creality3D Ender 3D
printer has been modified into a hybrid setup having one bioprinting head and two electrospinning heads. Fortus
250mc and Flashforge Creator Pro 3D printers were used to print parts using acrylonitrile butadiene styrene
(ABS) and polylactic acid (PLA) polymers. An Arduino mega 2560 and a Ramps 1.4 controller board were
selected to control the functions of the hybrid bioprinting setup. The setup was tested successfully to print a
tubular construct around a rotating needle.
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HIGHLIGHTS

« Various polymers and shapes can be built with the 3D electrospinning technology.

« The mechanism behind 3D build-up has been analyzed and characterized thoroughly.
« The shaping of 3D electrospun structures can be further enhanced with electrodes.

« The shelf-life and compressibility of the 3D structures have been characterized.

» The ling of 3D elec ing, in term of size and quantity, has been achieved.

ARTICLE INFO ABSTRACT

Article history: Fabrication of macroscopic three-dimensional (3D) structures made of nanofibers of widely used poly-
Received 12 February 2021 mers is reported. 3D structures have several benefits over ional flat two-di ional (2D) struc.

Revised 10 June 2021
Accepted 16 June 2021
Available online 21 June 2021

tures by the added dimension. The structures have been fabricated by the 3D electrospinning technology
that can build 3D structures rapidly due to certain additives in the solution and appropriate process con-
ditions. The process parameters of 3D electrospinning have been identified and investigated to better
understand the formation mechanism of the 3D build-up for polystyrene (PS), polyacrylonitrile (PAN),
and polyvinylpyrrolidone (PVP). Different types of electrodes were inserted in the electrospinning cham-
ber to alter the electric field and have better control over the shape of the 3D structure. The upscalability

Keywords:
3D electrospinning
Formation mechanism

Upscalability of this technology was investigated by using a dard electrosy and a zle-free electrosy g
Polystyrene setup. It was possible to manufacture 3D structures with these devices, highlighting the versatility of thi
Polyacrylonitrile technology. 3D elec inning opens the pal y for the facile fabrication of macroscopic 3D structure
Polyvinylpyrrolidone with microfibrous features on a commercial scale.

@ 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abstract: A high piezoelectric cneff'nenl polymer and biomaterial for bone tissue engineering—
poly(vinylidene fluoride-co-h propylene) (PVDF- H'FP)—hns been successfully fabricated
into 3D scaffolds using the wet electrospinning method. Three-d | (3D) scaffolds have
significant advantages for lissue engineering applications. Electrospinning is an advanced method
and can fabricate 3D scaffolds. However, it has some limitations and is difficult to fabricate nanofibers
into 3D shapes because of the low controllability of porosity and internal pore shape. The PVDF-
HFP powders were dissolved in a mixture of acetone and dimethylformamide with a ratio of 1:1
at various concentrations of 10, 13, 15, 17, and 20 wt%. However, only the solutions at 15 and
17 wt% with optimized electrospinning parameters can be fabricated into biomimetic 3D shapes. The
produced PVDF-HFP 3D scaffolds are in the cm size range and mimic the structure of the natural
nests of termites of the genus Apicotermes. In addition, the 3D nanofiber-based structure can also
generate more electrical signals than the conventional 2D ones, as the third dimension provides more
compression. The cell interaction with the 3D nanofibers scaffold was investigated. The in vitro
results demonstrated that the NIH 373 cells could attach and migrate in the 3D structures. While
conventional electrospinning yields 2D (flat) structures, our bio-inspired electrospun termite nest-like
3D scaffolds are better suited for tissue engineering applications since they can potentially mimic
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Appendix B

Morphological effects of using
other salt additives for electrospinning
PVDF/PEO

The work presented in this thesis mostly relates to the fabrication of electrospun materials and
their performance as the core of mechanical energy harvesters. The use of zinc oxide
nanowires grown on the surface of substrates and active materials, as well as its use for the
decoration of electrospun nanofibres, for the enhancement of the piezoelectric response of
the material has been thoroughly documented in the literature [1-4]. The work presented in
this section deals with a series of experiments conducted for evaluating if variations of the
electrospun materials obtained in the previous chapters are compatible with the hydrothermal

method for the fabrication of ZnO nanowires.

The main objective of these experiments was to observe if the use of other salts such as zinc
nitrate and zinc acetate instead of LiCl would result in the formation of 3D electrospun
structures or in the initiation of 3D build-up. If this was found to occur, the feasibility of using

the hydrothermal growth method to decorate the resulting fibres with ZnO would be evaluated.

The experiments conducted on this chapter show additional methods that can be used to
further improve the piezoelectric properties of the electrospun structures showcased in the
previous chapters, showing that the improvement of the materials obtained as the cores of

piezoelectric energy harvesters can be achieved with different approaches.

As discussed in chapter 5, the use of LiCl as an additive had allowed for the fabrication of 3D
PVDF/PEO structures with morphologies that ranged from thick sponge-like mats to 3D cloud-
like structures. The goal of the following experiments was two test two additional salts, zinc
nitrate and zinc acetate, as additives for the 10 wt% PVDF/PEO in DMF/water solutions (50:3
ratio for both the polymers and the solvents) to observe whether these would also promote
the transition from flat mats to 3D structures. PVDF/PEO stock solution enhanced with 0.5, 1
and 5 wt% zinc nitrate and zinc acetate was electrospun using the nozzle-based setup (please

refer to Chapter 3, section 3.4.1) with the conditions outlined in Table B-1.
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Table B-1: Electrospinning conditions used for the fabrication of electrospun PVDF/PEO fibrous structures

or mats with added zinc nitrate or zinc acetate.

Additiv  Quantit Voltage FR WD Temperature
RH% Observations

e y (kV)  (uL'-min™") (cm) (°C)
0.5 wt% 18 12 10 21 42 2D mat
Zinc 1 wt% 16 12 8 17 61 3D build-up
nitrate 2D mat, 3D
5 wt% 20 16 12 16.8 60 .
build-up.
0.5 wt% 18 7 16 16.7 61 2D mat
Zinc 1 wt% 20 25 12 16.7 61 2D mat
acetate Slight 3D
5 wt% 18 25 12 16.8 1 i
build-up

For those with zinc nitrate, gelation was apparent starting at 1 wt%, with the needle tip
requiring frequent cleaning for the trials involving both the higher wt% solutions, causing the
frequent interruption of the experiment. In the case of the solutions with added zinc acetate,
no gelation was observed for any of them during electrospinning. In regards to 3D build-up,
the solutions with added zinc acetate did not yield more than 2D flat mats for the lower added
salt concentrations. The solution with added 5 wt% did show structures for which the initiation
of the 3D build-up process was observed. Over the course of 10 minutes after initiating
electrospinning, a few very fine threads started forming on the surface of the collector, as
shown in Figure B-1a. These strands were attracted to the nozzle-based, grew longer, often
collided with each other and coalesced into thicker threads. After 5 more minutes, several
strands had started to attach to each other, forming an even thicker and longer strand, shown
in figure B-1b. The experiment had to be interrupted since the growing strand was now too
close to the nozzle-based, resulting in an electric arc becoming visible between the nozzle
and the tip of the strand. For the solution with added zinc nitrate, the initiation of the 3D build-
up process was observed to occur immediately after initiating electrospinning for the solution
with added 1wt% of this salt. The resulting product did not resemble those that had been
observed for the solutions with added LiCl; a wispy fibre mat had formed instead of a cloud-
like structure. The resulting fibre mat is shown in figure B-1c. For the solution with added 5
wt% zinc nitrate, a thick strand product very similar to that observed when electrospinning the
5 wt% zinc acetate solution was obtained, although the formation of this one occurred over

the course of very frequent experiment interruption and nozzle cleaning steps.
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The solutions with added zinc acetate content had the advantage of not showing signs of
gelation even for added salt content as high as 5 wt%. When electrospinning this group of
solutions, the experiment would not need to be interrupted to clean the nozzle, potentially
allowing for the fabrication of materials without the risk of any polymer solution droplets
depositing on the surface of the fibre mats every time that the process is interrupted and
restarted. However, the formation of fibrous structures that indicated the start of the 3D build-
up process was only observed for the solution with the highest zinc acetate content, and was
not as fast as for the solutions that had LiCl or zinc nitrate. For this reason, only the products

obtained from solutions with zinc nitrate were considered for the next stage.

SEM images of the fibres obtained from electrospinning the 10 wt% PVDF/PEOQ in DMF/water
solution with 1 wt% added zinc nitrate revealed that the resulting product consisted mostly of
groups of fibres that had formed thick yarn-like structures and a few individual fibres. The
average individual fibre diameter was 708 + 182 nm, and their surface resembled the crater-
like appearance that had been observed for the fibres that had been obtained previously for
the stock solution, indicating that the addition of zinc nitrate to the solution had no negative
influence in the morphology of the surface in the sense of causing beads or breaks in the

fibres. Figure B-2 shows two captures of the same region with different focus settings.

The use of zinc nitrate and zinc acetate as additives allowed for the formation of electrospun
structures that transitioned from flat mats to 3D structures when concentrations higher than 1
wt% relative to the base solution had been employed. However, the amount of zinc salts
required to replicate or surpass the 3D build-up observed when using solutions with added
LiCl is higher; using 5 wt% zinc nitrate or zinc acetate results in a 3D build-up rate that comes
close but is not completely similar to that observed when using 0.75 wt% of added LiCl. While
the formation of 3D structures was observed, the greater amounts of zinc nitrate and zinc
acetate required for generating a strong build-up response and the tendency of these solutions
to start showing signs of gelation for concentration as low as 1 wt% are disadvantageous. For
instance, additional mechanisms and instrumentation for generating and mantaining the
temperature conditions necessary to keep the solutions from gelating would complicate the
fabrication process. Thus, for the electrospinning setups employed in this project, the use of
zinc nitrate and zinc acetate as additives for the electrospinning of PVDF does not provide any

advantageous properties over the use of LiCl.
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Figure B-1: (a) Product obtained from electrospinning a 10 wt% PVDF/PEQ in DMF/water solution with
5 wt% added zinc acetate. (b) Yarn obtained from electrospinning the solution from (a) for 5 additional
minutes. (c) Wispy fibre mat obtained from electrospinning a 10 wt% PVDF/PEQ in DMF/water

solution with 1 wt% added zinc nitrate.
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100 pm —

Figure B-2: SEM images of the wispy PVDF/PEO mat with added 1 wt% zinc nitrate. Both images show the

same region, but focus was adjusted to clearly show the fibres on the background or those on top.

Employing zinc salts in the previous experiment inspired one additional idea. Zinc nitrate and
acetate are often used as reagents for the hydrothermal growth of zinc oxide (ZnO) structures.
Zn0O nanostructures grown on the surface of electrospun PVDF fibres have been proven to
increase the Voc of the material when used as a mechanical energy harvester. The use of
ZnO nanostructures for the fabrication of sensing surfaces, microelectromechanical systems,
and the enhancement of the piezoelectric properties of other systems has been thoroughly
documented [1, 2, 5-7]. The following experiment was done to evaluate if the electrospun
structures obtained when using 1 wt% zinc nitrate as an additive can be decorated with ZnO

nano or microstructures.

A few samples of the structure obtained when using 1 wt% zinc nitrate were selected. Four
individual sample holders with the sample and an additional control sample, which consisted
of 10 wt% PVDF/PEO fibres with 0.75 wt% added LiCl, were prepared. These were placed on
carbon tape that had been placed on individual SEM stubs. 100 mL stock solutions for ZnO
crystal growth comprised of 100 mL DI water, 50 mM HMTA, and 50 mM zinc nitrate were
prepared at room temperature and left stirring at 400 RPM until the liquid had turned clear.
The solution was then set on a heated stirring plate, and the samples were placed within the
solution once the temperature had reached 90° C. Each one of the sample holders would be
extracted from the solution at different times, allowing for the observation of the crystal growth
process at 30 minutes, 1, 2 and 4 hours after initiating the experiment. The control sample
was exposed to the solution for 4 hours. SEM was used to observe the surface of the fibres

for all 5 samples. The images obtained for the control sample are shown in Figure B-3.
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Figure B-3: Images showing PVDF/PEO with 1 wt% added LiCl fibrous structures that were exposed to ZnO

hydrothermal growth conditions for 4 hours.

Microstructure growth on the sample with added zinc nitrate was revealed not to occur evenly.
30 minutes of initiating the hydrothermal growth process, SEM images revealed a few
structures of unidentified composition had formed on the surface of the most external fibres

for the corresponding sample. These SEM images are shown in Figure B-4.

Figure B-4: Images showing unidentified microstructures growth on PVDF/PEO fibres with 1 wt% added
zinc nitrate after 30 minutes of exposure to hydrothermal growth conditions. A few microstructures can

be observed scattered on the surface of the fibres.

SEM images for the sample that had been exposed to the hydrothermal growth conditions for
1 hour show that the microstructures had now started to grow on the surface of the fibres. The
images corresponding to the sample exposed for 1 hour are shown in Figure B-5.
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Figure B-5: Images showing an unidentified microstructure growth on PVDF/PEO fibres with 1 wt% added
zinc nitrate after 1 hour of exposure to hydrothermal growth conditions. Longer microstructures are

visible on the surface of the fibres on top and for those within the fibrous network.

The SEM images for the sample that had been exposed for 2 hours, shown in Figure B-6,
revealed that small, medium and large formations now covered most of the surface of the
fibres. Regions with no crystals still existed, but not as extended as those that had been

observed on the samples exposed for 30 minutes or 1 hour.

Figure B-6: Images showing microstructure growth on PVDF/PEO fibres with 1 wt% added zinc nitrate
after 2 hours of exposure to hydrothermal growth conditions. The surface of the fibres is being covered
by the microstructures, although the process is not uniform. Nascent structures are visible in some of the

regions that have almost no presence of ZnO microstructures.

After 4 hours of exposure to hydrothermal growth conditions, most of each individual fibre
surface had been covered by the unidentified crystals. As seen in the SEM images for this
sample, shown in Figure B-7, individual fibres deep within the sample had been covered in

crystals, with the coverage being virtually complete judging by the absence of visible fibre
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surfaces. The SEM image with the highest magnification shows that the individual structures

had varying width and lengths.

Microstructures had been observed to grow on the 1 wt% zinc nitrate samples; whether this
unidentified material is ZnO or a different one altogether remains to be determined. In the case
of the control sample, which consisted of the electrospun sample with added LiCl, no
unidentified microstructures had been observed on the surface of the fibres. However, this
does not necessarily mean that the method employed for placing the samples in the solution

had an impact in the absence of visible structures.

The morphology of the products obtained from this experimental trial, which had a diameter of
708 £ 182 nm, was comparable with those that had been obtained from electrospinning the
10 wt% PVDF/PEO in DMF/water solutions without other additives, for which the average fibre
diameter had been 928 + 194 nm when comparing only individual fibres. However, the fibrous
structures obtained from the solutions with added zinc nitrate are formed by combinations of
individual fibres and groups of these in the form of thick yarn-like arrangements. Additionally,
in contrast with the thick fibrous structures obtained from the solutions with added LiCl, the
products of the experiments outlined in this section were wispy fibre mats for which 3D build-
up did occur, but not to the same degree observed for other solutions. The resulting structures

were found to be frail, unravelling easily even when handled with care.
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