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Abstract

Adaugo Mary-Frances Enuka
MANUFACTURING OF POST-DRAWN ELECTROSPUN NANOFIBER YARNS FOR
THEIR ENHANCED MECHANICAL AND PIEZOELECTRIC PROPERTIES
2023 — 2024
Vince Z. Beachley, Ph.D.
Master of Science in Chemical Engineering

Electrospinning is a widely used technique for producing nanofibers with diverse
applications. This method uses polymer solutions and strong electric fields to generate
nano-sized fibers with unique properties. This study presents a novel manufacturing
approach that enables the production of electrospun poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) nanofiber yarns using an automated parallel track
system and an adjustable roll-to-roll collector. This research examines the impact of an
automated post-drawing system on the polymer chain orientation, crystallinity, tensile
strength, morphology, and piezoelectric properties of PVDF-HFP nanofiber yarn. The
results reveal that the post-drawing process significantly improves molecular alignment,
increases tensile strength, and enhances the piezoelectric outputs of the nanofiber yarn. The
potential applications of these piezoelectric nanofiber yarns extend to the realm of smart
textiles, where they can be integrated into various wearable devices and intelligent fabrics.
It highlights a significant advancement in the field and emphasizes the importance of post-
drawing processing in improving the tensile and piezoelectric properties of electrospun
PVDF-HFP nanofiber yarn. Furthermore, it demonstrates the potential for manufacturing
on a commercial scale, a feat not achieved by previous research efforts, increasing

economic market opportunities in the smart textile industry.
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Chapter 1
Introduction

1.1 Overview

Polyvinylidene fluoride (PVDF) is a well-known synthetic polymer with exceptional
piezoelectric properties, first discovered in 1969. PVDF has been combined with other
materials to enhance its piezoelectric performance and create composite materials (1).
Electrospinning is one of the most extensively researched processes for producing PVDF
nanofibers. This is because it does not necessitate a separate poling phase, typically
required to induce piezoelectric properties in PVDF (2). Electrospinning is a simple, rapid,
and efficient method for generating nanofibers. Precise regulation of operating parameters
is essential for the electrospinning process to generate the desired fiber morphologies and
diameters. The resulting nanofibers possess distinctive features, including an extremely
small diameter, a high surface area to volume ratio, and the capacity to form highly porous

mats or fleeces (3).

Electrospinning, as a versatile technology, provides a new avenue for developing smart
fibers. Over the past few decades, it has garnered significant attention due to its simple
method of producing micro- and even sub-nano-scale fibers with exceptional mechanical
properties, particularly flexibility. These fibers exhibit a large specific surface area, high
aspect ratio, surface functionality, low density, the ability to form fibers in one dimension
(1D) to three dimensions (3D), and high porosity. Electrospun fibers have found

widespread applications owing to these advantageous characteristics (4).

PVDF must be in the electroactive phase to exhibit promising piezoelectric properties.
PVDF has five known crystalline phases: a, B, v, 0, and €. These phases determine the

1



electroactive properties, with the B-phase being the most crucial due to its excellent piezo-
, pyro-, and ferroelectric characteristics. In the B-phase, all dipole moments are aligned in
the same direction, resulting in a non-zero dipole moment and the highest piezoelectric
responses (5). Due to its exceptional properties, Poly (vinylidene fluoride) (PVDF) has
become the preferred polymer for many scientific researchers. These include its piezo-,
pyro-, and ferroelectric characteristics, flexibility, thermal stability, high mechanical
strength, chemical resistance, and the ability to be fabricated into various structures. As a
result, PVDF has been increasingly utilized in diverse fields, such as energy harvesting and

sensing applications (6)

1.2 Scope of Study

This study focuses on manufacturing poly(vinylidene fluoride-co-hexafluoropropylene)
PVDF-HFP nanofiber yarn using an electrospinning technique combined with an
automated track system, an adjustable roll-to-roll collector, and a novel twist and roll
(spinning) device. The goal is to enhance the nanofiber yarn's mechanical and piezoelectric
properties by varying process parameters, such as fiber densities and draw ratios. Two
forms of mechanical deformation, flick, and stretch tests, are used in the electrical testing
of the nano yarns. Electrospinning is an innovative and efficient fabrication technique that
produces fibrous polymer mats composed of fibers with diameters ranging from several
microns to less than 100 nanometers. This process relies on the intricate interplay of surface
properties, rheological characteristics, and electrical charge. Electrospinning has been
employed to generate nanofibers from various materials, with the most commonly used

being organic polymers in either solution or melt form (7-9).



The results from this study are further characterized by analysis methods such as scanning
electron microscopy, Fourier transform infrared spectroscopy, and electrical tests from
different modes of mechanical deformation. By developing high-performance PVDF-HFP
nanofiber yarns with enhanced mechanical and piezoelectric properties, this work aims to
advance energy harvesting technologies, particularly in the smart textile industry. The
fabricated nano yarns can be integrated into various devices, such as self-powered sensors,
wearable electronics, and smart textiles, to capture and convert ambient mechanical energy

into electrical energy.

1.3 Aim and Objectives of Study

The aim and objectives of this study are:

1. To manufacture electrospun PVDF-HFP nanofiber yarn using a novel twist and roll
technique in conjunction with an automated parallel track system and an adjustable
roll-to-roll collector

2. To enhance the mechanical and electrical properties of the nanofiber yarn by
varying different process parameters

3. To characterize the manufactured nanofiber yarns using techniques such as
scanning electron microscopy, Fourier transform infrared spectroscopy

4. To obtain electrical voltage outputs from applied mechanical input forces.

1.4 Motivation of Study

Piezoelectric polymers like PVDF and its copolymers are well-suited for wearable sensors

due to their flexibility, softness, stability, biocompatibility, piezoelectric properties, ease of
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processing, and cost-effectiveness (10). The results from this study will characterize the
manufactured material, evaluating not just its mechanical properties but also its
piezoelectric capabilities. This investigation seeks to provide insights into the potential of

this electrospun PVDF-HFP nanofiber yarn for use in smart textiles.

Smart textiles are advanced materials that can detect and react to their surroundings reliably
and beneficially. These textiles may include components such as sensors, actuators, power
sources, communication systems, data processing units, and interconnecting elements to
create a complete intelligent system. However, a smart textile does not always need all
these functional elements to be considered intelligent (11). One of the most important
considerations for fibers is choosing materials that give them some intelligence. Stimuli-
responsive polymers engineered into nanoscale or nano-fibrous fibers via electrospinning
can result in a larger specific surface area and higher porosity, enhancing sensitivity. The
higher porosity and larger specific surface area lead to shorter diffusion distances and more
interactive sites, respectively. Smart properties can also come from special polymers with
effects like piezoelectric and triboelectric, making them an excellent choice for flexible

electronics fabrication (4).

The smart textile industry is poised for substantial growth in the next few years, with
multiple market research reports forecasting strong economic prospects as shown in Figure
1. The global smart textiles market is anticipated to expand from $2.9 billion in 2022 to
$14.8 billion by 2032 at an average annual growth rate of approximately 20%. Similarly,
the e-textiles and smart clothing market is projected to grow at an average annual rate of
32.35% between 2022 and 2028, rising from $1.73 billion in 2021 to $15.02 billion by

2028. These high growth rates suggest the smart textile industry will encounter significant



economic opportunities in the coming years. The increasing incorporation of technology
into textiles, rising demand for fitness and health tracking wearables, and expanding
applications across various end-use industries such as sports, fitness, military, and
healthcare drive this market expansion (12). Various factors influence the demand for smart
textiles, from the rising demand for wearable technology to integration with the Internet of

Things (IoT).

Global Smart Textiles Market
Market forecast to grow at a CAGR of 28%

USD 29,670.5 Million

USD 2,516.6 Million

2021 2031

Figure 1. Global Smart Textile Market (12)

The unique properties of electrospun PVDF-HFP nanofibers make them promising
materials for sustainable energy solutions. Their piezoelectric capabilities allow the
generation of electrical charges from mechanical deformation, potentially powering
various devices. It can contribute to achieving the 2030 Agenda's Sustainable Development
Goal 7, which aims to ensure universal access to affordable, reliable, and modern energy.
These PVDF-HFP nanofibers promise to advance affordable, reliable, and modern energy
sources (13). Previous studies have shown that PVDF-HFP has better flexibility than
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PVDF, but no method has been developed to produce continuous post-drawn electrospun
PVDF nanofiber yarns commercially. This research technique can potentially revolutionize
the manufacturing of continuous post-drawn electrospun PVDF nanofiber yarns on a
commercial scale. The results of this study suggest that the technique could lead to

significant advancements in producing these materials.

1.5 Thesis Summary

The pursuit of high-performance piezoelectric materials has gained significant momentum,
driven by their versatile applications in energy harvesting, sensing, and actuation.
Nanofiber yarns, with their unique structure and high surface area, present an intriguing
avenue for enhancing piezoelectric performance. This thesis delved into the manufacturing
of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) nanofiber yarn via an
electrospinning process to improve the mechanical and piezoelectric properties of

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) nanofiber yarn.

This research was guided by three key hypotheses that shaped the experimental approach.
Firstly, it was hypothesized that optimizing fiber density through controlled electrospinning
parameters could enhance the mechanical strength and piezoelectric response of the
nanofiber yarn. Secondly, varying the draw ratio during the electrospinning process was
expected to influence the molecular orientation and crystallinity of the nanofibers, thereby
affecting their piezoelectric performance. Thirdly, using a novel twist-and-roll (spinning)
device during electrospinning was anticipated to enable the production of twisted nanofiber
yarns with improved mechanical properties and enhanced piezoelectric response due to

increased molecular alignment.



To investigate these hypotheses, a custom electrospinning setup was designed and
constructed, featuring an automated track system, an adjustable roll-to-roll collector, and
an innovative twist-and-roll device. The automated track system and adjustable roll-to-roll
collector facilitated continuous fiber collection and the production of large surface area
fiber sheets suitable for roll-to-roll processes. Concurrently, the twist-and-roll device
enabled the twisting of nanofibers into yarns, allowing for the exploration of the twisting

hypothesis.

Various electrospinning parameters, including fiber densities and draw ratios, were
systematically varied to optimize the mechanical and piezoelectric properties of the PVDF-
HFP nanofiber yarn. The mechanical properties were rigorously evaluated through flick
and stretch tests. Additionally, the piezoelectric performance was assessed through
comprehensive electrical testing. By investigating the effects of these process parameters
on the yarn's mechanical and piezoelectric characteristics, this thesis aims to contribute to
the understanding of the intricate relationship between electrospinning conditions and the

resulting properties of PVDF-HFP nanofiber yarn.

Ultimately, this research endeavored to pave the way for developing high-performance
piezoelectric materials, unlocking their potential in a wide range of applications and

advancing piezoelectric nanofiber technology.



Chapter 2
Background

2.1 Nanofibers

The concept of nanofibers has a long-standing history, with early investigations into
electrospinning techniques dating back centuries, and the formal terminology of
"nanofiber" and extensive research in this field emerging in the late 20th century,
culminating in the widespread adoption and popularization of the "electrospinning"
technology (14). Nanofibers are ultrafine fibrous structures with diameters typically less
than 100 nanometers. An example shown in Figure 2, which can be fabricated from a
diverse range of natural polymers, including collagen, cellulose, silk fibroin, keratin,
gelatin, chitosan, and alginate, among others, owing to their unique structural and
functional properties (15,16) and synthetic polymers, which include poly(lactic acid)
(PLA), polycaprolactone (PCL) (17), polyurethane (PU), poly(lactic-co-glycolic acid)

(PLGA) (15,16), poly(vinylidene fluoride) (PVDF) (18).

A variety of fabrication techniques, including drawing, electrospinning, self-
assembly, template synthesis, and thermal-induced phase separation, have been developed
for the production of nanofibers, with electrospinning being the most widely utilized
method due to its straightforward setup, ability to continuously mass-produce nanofibers
from diverse polymers, and capability to create ultrathin fibers with precisely controllable
diameters, compositions, and orientations (19). Also, nanofibers can be prepared through
the following methods: blow/jet spinning (20,21), centrifugal spinning (22), touch spinning

(23), and force-spinning (24).



The high surface area-to-volume ratio of nanofibers renders them particularly
attractive for various applications, including energy, environmental remediation, and
biomedical engineering. The exceptional properties and promising application potential of
nanofibers have garnered significant interest from both academic researchers and industry.
Extensive scientific investigations have been undertaken to explore the fundamental

characteristics and optimize the performance of these nano-scale materials (14,25).

Figure 2. Aligned mesh SEM image of PVDF-HFP nanofibers

2.2 Electrospinning Overview

Electrospinning despite its origins dating back to the early 1900s (26,27), has
become a widely adopted and versatile technique in the 21st century, particularly in the
biomedical sector, enabling the fabrication of fibers with specific properties that have been
utilized in a large number of applications across more than 200 different polymers (27). In

the electrospinning process, a powerful direct current electric field draws a dissolved
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polymer mixture from a needle toward a grounded target. A mechanical pump pushes the
solution to the needle's end, creating a distinctive conical shape known as a Taylor cone
(28) due to the high surface tension. The high-voltage power supply charges the needle tip
and droplet, causing the droplet to burst and emit a jet stream of fiber that stretches and
travels to the collector, with the solvent evaporating during this process, resulting in the
random deposition of polymeric fibers on the collector surface (29). Predicting and
quantifying the electric charge that droplets accumulate is crucial for precisely controlling
their movement. James Maxwell derived a limiting prediction for the charge a droplet
should gain upon touching an electrode. He demonstrated that the amount of charge Q a
perfectly conductive sphere would acquire from a perfectly conductive flat electrode is

given by
Q == w2’k (1)

Here, a represents the sphere's radius, €€, is the permittivity of the surrounding
liquid, and E 1s the applied electric field. Several parameters, such as fiber diameter, surface
morphology, and crystalline phases, influence the mechanical, physicochemical, and
piezoelectric properties of fibers produced via electrospinning, an illustration shown in
Figure 3. These parameters include relative humidity (RH), temperature, polymer
concentration, elasticity, molecular weight, polarity, solvent, polydispersity, solution
additives, electrical potential, and the distance between the tip and the collector. This work
generated PVDF-HFP nanofibers using the electrospinning technique for the experiments

(29-35).
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Figure 3. Schematics Illustration of Electrospinning Process (36)

The electrostatic forces during electrospinning can induce conformational changes
in the polymer, promoting a straighter all-trans (TTTT) conformation through
disentanglement and parallel packing. This is necessary for forming the B-phase crystalline
structure in PVDF, thereby enhancing the piezoelectric properties of the resulting
electrospun nanofibers (28,37). Electrospinning is a more efficient and cost-effective
technique than electrical poling for producing piezoelectric polymers, as it charges the
polymer solution during fabrication rather than post-fabrication, leading to a higher -
phase fraction and permanent piezoelectric properties while also potentially offering
advantages in membrane morphology, such as increased porosity, compared to the

conventional porous structure obtained through electrical poling (29,38).
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2.3 Self-Bundling Electrospinning for Nanoyarn Formation

Self-bundling electrospinning is a conventional method for producing continuous nanoyarn
from electrospun nanofibers. It involves using a grounded needle tip to induce the self-
bundling behavior of nanofibers ejected from a high-voltage charged needle tip. The self-
bundled nanofibers are then pulled back and wound onto a rotating drum to form a

continuous nanoyarn (39,40).

The key factor for successful self-bundling electrospinning is the conductivity of the
spinning solution. Organic salts like benzyl triethylammonium chloride (BTEAC) are
added to the polymer solution to improve its conductivity. This technique has been used to
produce nanoyarns from various synthetic polymers such as polyacrylonitrile (PAN),
poly(L-lactic acid) (PLLA), poly(3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV), and

poly(m-phenylene isophthalamide) (PMIA), demonstrating its versatility (40).

The self-bundling of nanofibers during electrospinning in Figure 4 is attributed to the
electrostatic interactions between the charged nanofiber jets. As the nanofibers are ejected
from the charged needle, they carry the same charge and experience repulsive forces.
However, the presence of the grounded needle tip creates an electric field that induces the
nanofibers to align and bundle together (39). The proposed mechanism suggests that the
nanofibers initially undergo a whipping instability, causing them to stretch and thin down.
As they approach the grounded needle tip, the electric field aligns the nanofibers parallel
to each other, and the electrostatic interactions between the like-charged nanofibers cause

them to bundle together (39,40).
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Figure 4. Self-bundling electrospinning system

The self-bundling electrospinning system offers several advantages, including simplicity,
energy efficiency, and the ability to produce continuous nanoyarns from various polymers.
However, it also has limitations, such as the difficulty in precisely controlling the self-
bundling behavior during the nanoyarn formation process, resulting in low-quality
nanoyarns, the inability to be post-drawn for better mechanical properties, and a high yarn
breakage rate. Attempts have been made to commercialize this system to make continuous
yarns, but they have all failed. To address these limitations, this research study will utilize
a different electrospinning setup consisting of an automated parallel track system, an
adjustable roll-to-roll collector, and a conjugated yarn spinning device to improve
nanofibers' bundling or twisting and alignment. Additionally, it is hypothesized that this
electrospinning system will increase the nanoyarn production rate and make it

commercially scalable.
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2.4 Ferroelectricity

Some materials possess a unique characteristic called ferroelectricity, which
involves a naturally occurring electric alignment that can be flipped by introducing an
external electric force. The ferroelectric effect can be described mathematically using the

following equation (41).
P = Ps + Xe+E (2)

Where: P is the electric polarization (C/m?), Ps is the spontaneous polarization (C/m?), X

is the electric susceptibility of the material, E is the applied electric field (V/m)

The spontaneous polarization, Ps, is a key characteristic of ferroelectric materials.
It arises from the asymmetric arrangement of atoms within the crystal structure, which
results in a net electric dipole moment even in the absence of an external electric field.
When an external electric field is applied to a ferroelectric material, the spontaneous
polarization can be reversed, leading to a hysteresis loop in the relationship between the

polarization and the applied field (42).

Dielectric materials are insulators that an electric field can polarize. Ferroelectrics
are a subset of dielectrics that exhibit spontaneous and reversible electric polarization.
Figure 5 shows the relationship between ferroelectric, pyroelectric, piezoelectric, and
dielectric materials. Piezoelectric materials, which belong to the dielectric group, can
generate a net separation of positive and negative charges when subjected to mechanical
stress due to their non-centrosymmetric crystal structure. Ferroelectrics are a specialized
subset of pyroelectric materials, where all ferroelectrics are also pyroelectric and

piezoelectric, but not all pyroelectric or piezoelectric materials are ferroelectric. Their
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crystal symmetry governs the categorization of these materials, as all crystalline substances
belong to one of the 32 crystallographic point groups, with 20 being piezoelectric and ten

being ferroelectric (41).

Ferroelectric

Pyroelectric

Piezoelectric

Dielectric

Figure 5. Relationship between Ferroelectric, Pyroelectric, Piezoelectric, and Dielectric
materials (43)

2.4.1 Mechanism of Piezoelectricity

Piezoelectricity is an electromechanical interaction that occurs in certain non-
centrosymmetric crystalline materials. Before applying an external force, the net dipole
moment in the material's structural unit is zero, as the positive and negative charge centers
are balanced, resulting in an electrically neutral arrangement. The piezoelectric effect
involves the generation of an electric dipole moment within a material in response to an
applied mechanical stress. A typical illustration is shown in Figure 6. The basic structural
configuration deforms, causing a separation of the positive and negative charge centers.

This disruption in the charge balance leads to the emergence of fixed electric charges on
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opposing material surfaces. The piezoelectric effect is reversible, as applying an electric

field can also induce mechanical deformation in the material (44-47).

The brothers Pierre and Jacques Curie made a groundbreaking discovery in 1880
when they identified the direct piezoelectric effect. They observed this phenomenon in
various single-crystal materials, including quartz (Si02), Rochelle salt, tourmaline, topaz,
and even sugar cane (47). This effect results in the production of an electric charge that
correlates directly with the amount of mechanical force applied. In the years following this
discovery, quartz emerged as a prominent and extensively utilized piezoelectric substance.
It wasn't until several decades later those researchers identified polycrystalline
piezoelectric ceramics, which are oxide-based materials. The pioneering example of these
was BaTiO3, first discovered during the Second World War and initially employed as a
dielectric in solid-state capacitors. The unique property of these piezoelectric materials to
transform mechanical energy into electrical energy, and the reverse, has led to their

adoption in numerous applications, driving significant technological progress (48).

Piezoelectric ceramics like BaTiO3 and PZT have been extensively researched but
have limited flexibility and high processing temperatures. In contrast, piezoelectric
polymers such as PVDF, PVDF-HFP, and PVDF-TrFE offer advantages that make them
attractive alternatives. These polymers can be quickly processed at low temperatures into
complex shapes due to their flexibility, a key advantage over rigid ceramics. Additionally,
piezoelectric polymers have other unique benefits, including easy processing, low
manufacturing costs, and high compatibility with biological applications, making them
well-suited for various uses where the flexibility and versatility of polymers are desirable

(49).
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Figure 6. The illustration shows a two-dimensional grid model of a piezoelectric
substance. A unit cell is outlined by dotted lines. The left portion displays the material in
its relaxed state, where the center points of positive and negative charges align, indicated
by a black dot. The right section presents the material under compression. This
compression causes the material to expand horizontally, leading to a separation of positive
and negative charges, marked by asterisks (*). This charge separation results in the
formation of an electric dipole. Blue and yellow dots represent the center points of the
positive and negative charges, respectively, in this compressed state (47).

2.4.2 Piezoelectric Effect

Piezoelectricity is a characteristic of specific non-conducting substances that allows them
to produce an electric charge on their exterior when exposed to mechanical force. These
materials also exhibit the reverse property: they can physically deform or strain when
exposed to an electric field. As illustrated in Figure 7, piezoelectric materials demonstrate
both direct and inverse piezoelectric effects. The direct effect occurs when mechanical
stress induces electric polarization, while the inverse effect involves dimensional
alterations in response to an applied electric field. The unique capacity of these materials
to transform electrical energy into mechanical energy and vice versa makes them

invaluable components in a wide array of electromechanical systems and devices (50).
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Figure 7. The illustration depicts two key aspects of piezoelectricity: the direct effect,
where mechanical stress produces an electric charge, and the converse effect, where an
applied electric field results in physical deformation or strain. This schematic visualization
demonstrates the bidirectional nature of the piezoelectric phenomenon (47)

The linear relationship between these phenomena is quantified by the piezoelectric
coefficient, a third-rank tensor that links a first-rank tensor or vector (representing either
electric displacement or field) with a second-rank tensor (denoting stress or strain).
Consequently, the mathematical expressions describing piezoelectric behavior can be

formulated as follows (where 1, j, and k each represent 1, 2, or 3)

Dy = diij x Tjj (3)
Sij=dxj” * Ex  (4)

The electric displacement Dy (C/m?) is related to the electric field E; (V/m) and the
strain S;; or stress T;; (N/m?) through piezoelectric constants. The piezoelectric charge or
strain constant d (in pC/N or pm/V) connects the electric field/displacement and the
mechanical strain or stress. The subscripts of d denote the directions of the electric and
mechanical quantities. k represents the electric field/displacement direction, and m

represents the mechanical stress/strain direction. It is important to note that the
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piezoelectric constants dijj or dkij* are equal (1, j, k = 1, 2, 3), representing the coupling

between the electrical and mechanical domains.

In addition to the piezoelectric charge/strain constant d, three other piezoelectric
constants are used in specialized design cases: the piezoelectric voltage constant g, the
electromechanical coupling factor k, and the elastic compliances. These constants are
partial derivatives under different boundary conditions, such as constant stress, electric
field, displacement, or strain. The different forms of piezoelectric constants allow the
relationships between the electrical and mechanical quantities to be expressed in various

ways depending on the design requirements and boundary conditions (46,51-53).

The piezoelectric coefficient (dxy) quantifies the strength of the connection
between electrical and mechanical properties in piezoelectric materials. The directionality
of this coefficient is crucial for understanding and utilizing these materials effectively as
shown in Figure 8. The performance of piezoelectric devices is highly dependent on the
orientation of both the applied stress and the electric field. For example, the d33; mode
coefficient of lead zirconate titanate (PZT), a widely used piezoelectric material, is
approximately twice as large as the d3; coefficient, with values of 225 pC/N and 110 pC/N,
respectively. This means that the voltage output generated in the d33 mode is anticipated to

be significantly higher than that in the d3; mode (54,55).
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Figure 8. Notation of crystal axes with the polarization of light passing through the crystal
(56)

The piezoelectric coefficient (dxy) represents the charge generated per unit of
applied force or the deflection per unit of electrical voltage. The piezoelectric coefficient
has an intrinsic vectorial nature, meaning it is directional. It is usually written as dxy, where
x indicates the direction of the electric field, and y indicates the direction of the stress or
strain. The two most common operation modes for piezoelectric materials are 31 and 33.
Longitudinal piezoelectric coefficient (ds3): the coefficient relating to the polarization in
the direction of the applied field. Transverse piezoelectric coefficient (dsi1): the coefficient
relating the polarization perpendicular to the applied field. Tangential piezoelectric

coefficient (dis): the coefficient relating the polarization to a shear stress (57-59).
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2.5 Triboelectricity

Static electricity, also known as triboelectricity, is a phenomenon that occurs when
two different materials come into contact or rub against each other. This causes electrons
(negatively charged particles) to move from one material to another. The triboelectric series
ranks materials based on how easily they can gain or lose electrons during contact. Some
materials are more likely to gain electrons, while others are more likely to lose them
(60,61). The transfer of electrons, ions (charged atoms or molecules), or material fragments

from one surface to another causes static electricity.

For solid materials rubbing against each other, the transfer of electrons is the main
mechanism. Electrons move from the material with more electrons (higher electron
density) to those with fewer electrons (lower electron density). This is driven by the
tendency of electrons to fill the lowest available energy levels (surface states) on the
material surfaces (60). The transfer of charged ions or particles is responsible for static
electricity for solids and liquids or two liquids in contact. The triboelectric series can
predict whether a material will gain or lose electrons (become positively or negatively

charged) when in contact with another material (62).

PVDF (polyvinylidene fluoride) is a polymer material that exhibits a high surface
charge density when it comes into contact with other materials, making it an attractive
choice for triboelectric applications. PVDEF's position in the triboelectric series allows it to
readily gain or lose electrons when paired with suitable materials (63,64). Researchers have
explored various forms of PVDF, such as thin films, nanofibers, and composites, to
enhance its triboelectric performance. Triboelectric nanogenerators (TENGs) are a

promising technology that harvests energy from mechanical motions and vibrations using
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the triboelectric effect. PVDF has been extensively used as a friction layer in TENGs due
to its high triboelectric charge density and mechanical flexibility (63—65). One notable
example is the development of flexible and wearable PVDF-based TENGs for harvesting
energy from human body movements (kinetic energy harvesting). To further improve the
triboelectric performance of PVDF, researchers have incorporated various nanofillers

(nanoparticle additives) and developed nanostructured PVDF materials (65-67).

Adding nanoparticles like BaTiO3 (barium titanate), ZnO (zinc oxide), and carbon
nanotubes to PVDF has improved the triboelectric charge density and output power of
PVDF-based TENGs (68). Fabricating PVDF nanofibers and nanostructured surfaces
increases the effective surface area and enhances triboelectric charge generation (charge
transfer efficiency) (69—71). These nanostructured PVDF materials have demonstrated
improved triboelectric performance and potential applications in energy harvesting, self-
powered sensors (sensors that generate their power), and other triboelectric devices (69—
72). PVDF has also been combined with other triboelectric materials to create hybrid and
composite TENGs, taking advantage of the synergistic effects of different materials
(68,70). For example, PVDF has been integrated with materials like PDMS
(polydimethylsiloxane), PTFE (polytetrafluoroethylene), and graphene to form composite
structures with enhanced triboelectric properties (improved charge generation and output
power) (68). These hybrid TENGs have shown promising results in terms of output power,
stability, and versatility for various applications like wearable electronics and self-powered

systems (70,72).

In summary, PVDF materials have been extensively studied in triboelectricity

research due to their excellent triboelectric properties and potential for energy harvesting
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and self-powered systems (68—72). Electrospun PVDF nanofibers work effectively in
TENG applications due to their triboelectric properties, high surface roughness, flexibility,
stretchability, ability to form composites and hybrid devices, and the underlying
triboelectric principle of charge transfer upon contact and separation (69,70,72). These
unique characteristics make PVDF nanofibers a promising material for developing high-
performance TENGs for energy harvesting, self-powered systems, and various sensing

applications.
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2.6 Piezoelectric Materials

Piezoelectric materials can be classified into Inorganic Piezoelectric Ceramics,
Piezoelectric Polymers, Bio-Piezoelectric, and Composite Piezoelectric materials as

shown in Figure 9 (73).
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Figure 9. Overview of the major classes of Piezoelectric materials with some
representative examples within each category.
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2.6.1 Natural/Bio Piezoelectric

Natural piezoelectric materials, such as quartz, bone, and specific proteins, exhibit
a non-centrosymmetric crystal structure, as shown in Figure 10 which implies that the
arrangement of atoms is not symmetric about a central point (74,75). This asymmetric
arrangement of atoms within the unit cell is a crucial requirement for the piezoelectric
effect to occur. When an external electric field is applied to the natural piezoelectric
material, the following happens at the unit cell level: the asymmetric arrangement of atoms
in the unit cell causes a separation of positive and negative charges, forming an electric
dipole. The applied electric field causes the unit cell to deform, either by expanding or
contracting along specific axes, depending on the direction of the electric field. The
deformation of the unit cell leads to a change in the net polarization of the material, which

can be detected as an electric charge or voltage (47,76).

l Centrosymmetric Noncentrosymmetric l
Figure 10. Centrosymmetric and Non-centrosymmetric Crystal Structure (77)

Natural and bio-based piezoelectric materials have gained significant attention
recently due to their potential applications in various fields, including biomedical devices,

energy harvesting, and sustainable building structures. Bone is one of the most well-known
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natural piezoelectric materials, exhibiting this behavior due to collagen fibrils and
hydroxyapatite crystals. Other natural piezoelectric materials include silk, cellulose, and
chitin. Silk has been used to develop flexible and biodegradable sensors, energy harvesters,
and smart materials, with a piezoelectric coefficient (d33) of around 38 pC/N. To enhance
their piezoelectric properties, cellulose and chitin can be processed into various forms, such

as nanofibers, films, and composites (78,79).

In addition to natural piezoelectric materials, researchers have also explored bio-
based piezoelectric materials, such as gelatin, poly(L-lactic acid) (PLLA), and poly(y-
benzyl L-glutamate) (PBLG). Gelatin has a piezoelectric coefficient (d33) of around -20
pC/N and has been used for pressure sensor applications. Aligned PLLA nanofibers have a
piezoelectric coefficient (di4) of around 19 pC/N and have been used for pressure sensors
and electrical stimulators. Aligned PBLG nanofibers embedded in a PDMS matrix have a
piezoelectric coefficient (dss) of around 54 pC/N (13). While generally lower than
traditional inorganic piezoelectric materials, these materials' piezoelectric coefficients offer

advantages in biocompatibility, flexibility, and environmental friendliness.

2.6.2 Inorganic Piezoelectric Ceramics

Inorganic piezoelectric ceramics exhibit the piezoelectric effect, which is the ability
to generate an electrical charge in response to mechanical stress. These ceramics are widely
used in various applications, including sensors, actuators, and energy-harvesting devices.
One of the most commonly used inorganic piezoelectric ceramics is lead zirconate titanate
(PZT) (73,80). PZT is a composite material formed by combining two distinct compounds:

the antiferroelectric lead zirconate (PbZrO3) and the ferroelectric lead titanate (PbTiO3).
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This blend results in a material with remarkable characteristics, including a high dielectric
constant, strong electromechanical coupling, and superior piezoelectric performance.
These exceptional properties have made PZT a widely favored option across numerous

applications (80).

Barium titanate (BaTiO3) stands out as another significant inorganic piezoelectric
ceramic. It was among the first piezoelectric ceramics to find practical use in transducer
applications, notably in SONAR technology. BaTiO3 boasts impressive characteristics,
including a high dielectric constant and a substantial electromechanical coupling
coefficient. However, it has a limitation: its Curie point - the temperature at which the
material transitions from a non-centrosymmetric ferroelectric state to a centrosymmetric

paraelectric state - is comparatively low, occurring at approximately 120°C (80).

In addition to PZT and BaTiO3, other inorganic piezoelectric ceramics, such as
sodium bismuth titanate (BNT) and potassium sodium niobate (KNN), have also been
extensively studied and developed. These materials have shown promising properties and
are being explored as lead-free alternatives to PZT (73,80). Research studies have also
investigated the use of porous piezoelectric ceramics to control internal stress and improve
the overall performance of these materials, particularly PZT and BaTiO3, which have been
widely used in various applications due to their excellent piezoelectric properties. Ongoing
research is focused on developing new lead-free piezoelectric ceramics and exploring the

use of porous structures to enhance the performance of these materials further.
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2.6.3 Piezoelectric Polymers

Piezoelectric polymers exhibit the piezoelectric effect, which is the ability to
generate an electric charge in response to mechanical stress or strain. These polymers have
gained significant attention due to their unique properties, which make them suitable for
various applications, including sensors, energy harvesters, and actuators (13,81,82). One
of the most widely studied piezoelectric polymers is poly(vinylidene fluoride) (PVDF),
and its copolymers, such as polyvinylidene hexafluoropropylene (PVDF-HFP),
poly(vinylidene fluoride-co-trifluoro ethylene) (P(VDF-TrFE)). PVDF is a semi-
crystalline polymer that can exhibit different crystalline phases, with the B-phase being the
most desirable for piezoelectric applications due to its high polarization. Also, polylactic
acid (PLA) and poly(L-lactide) (PLLA) have been investigated for their piezoelectric

properties and potential use in tissue engineering and implantable devices (73,83).

2.6.3.1 Polyvinylidene Fluoride (PVDF). Polyvinylidene fluoride (PVDF) is a
widely studied piezoelectric polymer due to its unique properties, flexibility, lightweight,
and ease of processing. It is generally acknowledged that PVDF (d31 = 20-25 pC/N and d33
~ 20-35 pC/N), as a semi-crystalline polymer, whose piezoelectricity mainly depends on
its crystalline phase which has five polymorphs: a, B, v, 6 and € (84,85). Figure 11 depicts
a chain conformation for PVDF's a, B, and vy crystalline phases. The a-phase (crystal form
IT) has a trans-gauche-trans-gauche (TGTG') conformation. It is the most common and
stable phase under normal conditions. The B-phase (crystal form I) has an all-trans (TTTT)
planar zigzag conformation. The [-phase is the most desirable for piezoelectric

applications due to its high polarization. The y-phase (crystal form III) has a TTTGTTTG'
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conformation, d-phase has a TGTG' conformation, and e-phase is the least studied, and its

structure is not well-established (86—88).
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Figure 11. A chain conformation for PVDF's a, B, and y crystalline phases (89).

Various techniques to enhance the piezoelectric properties of PVDF have been
researched, such as stretching (90), polarization under a high electrical field (91), thermal
annealing (92), nanoconfinement-induced crystal orientation (93), and nanocomposites
with conductive fillers. Adding conductive fillers (84) like silver nanowires (AgNWs) can
act as nucleating agents, promoting the formation of the B-phase and improving the
piezoelectric properties of PVDF-based composites. However, excessive fillers can lead to
crystal defects and lower the degree of crystallinity, resulting in worse piezoelectric

performance (94).
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The piezoelectric coefficients of PVDF depend on factors such as stretch ratio,
temperature, crystallinity, and poling conditions. The two principal modes of operation for
energy harvesters using PVDF are the d31 and d33 coefficients, which describe the electric
polarization created perpendicular to and in the same direction as the applied stress,
respectively (85). Studies have shown that PVDF films exhibit good repeatability and
linearity in their piezoelectric response under quasi-static compression. Additionally,
PVDF films can effectively capture the propagation of stress waves under high loading
rates, with the material exhibiting higher failure strength at higher strain rates.
Measurements of the piezoelectric coefficients of PVDF films have shown that the
difference in the coefficients under extremely low (10"-2 s”-1) and high (10”5 s”-1) strain
rates is only around 10%, indicating the stability of the piezoelectric properties of PVDF
over a wide range of loading conditions (93). Figure 12 shows the structural formula for
PVDF. Piezoelectric PVDF nanofibers fabricated through electrospinning and various
material design strategies, including filler incorporation and fiber alignment, have shown
great potential for a wide range of applications, such as sensors, energy harvesters, and

actuators (95-98).
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Figure 12. The structural formula of polyvinylidene fluoride PVDF (99)

2.6.3.2 Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP). While
PVDF and PVDF-HFP share similarities in their piezoelectric and ferroelectric properties,
the copolymer PVDF-HFP structural formula as shown in Figure 13 exhibits some distinct
advantages, such as improved flexibility and processability, due to the addition of the HFP
comonomer in PVDF-HFP and the potential for further enhancement through the addition
of functional fillers. PVDF-HFP is a promising piezoelectric copolymer that can be further
optimized by incorporating fillers and applying specific processing techniques, such as

stretching and poling (100-104).

Electrospinning is an effective technique for fabricating PVDF-HFP nanofibers with
enhanced piezoelectric performance. The electrospinning process and parameters can be
optimized to promote the formation of the desired polar B-phase in the PVDF-HFP
structure, which is crucial for achieving high piezoelectricity (97,98,105). Also,

incorporating CoFe>O4 nanoparticles into PVDF-HFP has been reported to improve the
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material's piezoelectricity. Additionally, the preparation of PVDF-HFP/Ni composite films
through solution casting, uniaxial stretching, and high electric field poling has increased
the calibrated open-circuit voltage by up to 23% compared to pure PVDF-HFP films

(103,104).

The piezoelectric performance of electrospun PVDF-HFP nanofibers is greatly
affected by their shape and internal arrangement. Scientists have investigated various
structural configurations, including highly aligned nanofibers, core-shell architectures, and
multi-layered composite designs, aiming to boost the piezoelectric output of these
materials. To examine the development of crystalline structures and phase compositions in
these electrospun PVDF-HFP nanofibers, researchers have utilized advanced analytical
methods such as x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
and differential scanning calorimetry (DSC). These studies have shed light on the
underlying processes that lead to enhanced piezoelectric properties in the nanofibers.
Achieving optimal shape and structure in electrospun PVDF-HFP nanofibers is essential

for realizing their full piezoelectric potential (97,98,105).
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Figure 13. The structural formula for poly(vinylidene fluoride-co-hexafluoropropylene)
PVDEF-HFP (99)

2.6.3.3 Poly(vinylidene fluoride-co-trifluoro ethylene) (PVDF-TrFE). PVDF-
TrFE is a copolymer of vinylidene fluoride (VDF) and trifluoro ethylene (TrFE), and it
exhibits a non-centrosymmetric crystal structure essential for piezoelectricity.
Poly(vinylidene fluoride-co-trifluoro ethylene) (PVDF-TrFE) structural formula as shown
in Figure 14 is a widely studied piezoelectric polymer that has attracted significant research
interest due to its excellent piezoelectric properties and potential applications (106,107).
The B-phase in PVDF-TrFE exhibits a non-centrosymmetric crystal structure, a

prerequisite for piezoelectricity (83).

Research studies have investigated various approaches to improve the piezoelectric
performance of PVDF-TrFE, with a focus on manipulating crystal orientation and creating
nanostructures. One notable study described the creation of PVDF-TrFE nanotube arrays
aligned vertically, where the nanotubes' crystallographic polar axes were oriented along

their length. This specific crystal arrangement led to significant improvements in
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piezoelectric strain and voltage coefficients, achieving values up to 1.97 and 3.40 times
greater than those observed in traditional spin-coated films. Additionally, researchers have
explored the integration of inorganic materials, such as ceramic particles or carbon
nanotubes, into PVDF-TrFE matrices. This strategy aims to enhance both the piezoelectric
properties and mechanical characteristics of the resulting composite materials

(73,106,108).

The mechanical properties of the electrospun PVDF-TrFE nanofibers also play a
crucial role in their performance and stability as piezoelectric devices. Researchers have
explored ways to improve mechanical strength by combining PVDF-TrFE with polymers
or reinforcing the nanofibers with nanomaterials. Electrospun PVDF-TrFE nanofibers have
demonstrated great potential for piezoelectric applications, such as sensors, energy
harvesters, and flexible electronics. Ongoing research focuses on developing advanced
materials and structures to further enhance the piezoelectric properties and expand the

practical applications of these nanofibers (98,109).
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Figure 14. The structural Formula for Poly(vinylidene fluoride-co-trifluoro ethylene)
(PVDF-TrFE) (110)

Table 1

Comparing Significant Mechanical and Piezoelectric Properties of PVDF, PVDF-HFP,
and PVDF-TrFE (27,85,111-113)

Properties Units PVDF PVDF-HFP PVDEF-TrFE
Density g/cm’ 1.78 1.77 1.89
Curie Temperature °C 160-180 110-135 100-120
Piezo-stress constant | mV.m/N 330-400 200-300 40-60
(g33)
Piezo-strain constant pC/N 20-30 10-15 30-40
(d33)
Dielectric constant - 8-12 6-7 10-13
Biocompatibility - Good Good Good
Piezoelectricity - High Moderate Very High
Flexibility - Good Excellent Good
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2.6.4 Composite Piezoelectric

Composite piezoelectric materials are a class of functional materials that combine
piezoelectric active materials, such as ceramics or single crystals, with non-piezoelectric
passive polymers. These composites are designed to leverage the advantages of both the
active and passive phases, resulting in enhanced properties compared to their components
(114). One common example of a composite piezoelectric material is the PZT-polymer
composite. PZT (lead zirconate titanate) is a widely used piezoelectric ceramic known for
its high electromechanical coupling and piezoelectric coefficients. Combining PZT with a
polymer matrix, such as epoxy or polyurethane, the resulting composite can exhibit
improved flexibility, lower acoustic impedance, and higher coupling coefficients than

monolithic PZT ceramics (115).

Another example is the BaTiO3-polymer composite. Barium titanate (BaTiO3) is a
ferroelectric ceramic with piezoelectric properties. Incorporating BaTiO3 particles into a
polymer matrix can produce composites with enhanced piezoelectric and dielectric
properties, making them suitable for energy harvesting and sensing applications. A specific
type of composite piezoelectric material is the 1-3 composite, where the piezoelectric
ceramic phase is continuous in one direction. In contrast, the polymer phase is constant in
the other two directions. This connectivity pattern can provide lower acoustic impedance,
higher coupling coefficients, and other benefits compared to other composite
configurations. The versatility of composite piezoelectric materials allows for their use
across diverse sectors. These include medical fields such as ultrasound imaging and
treatments, marine technologies like underwater acoustic detection, infrastructure

maintenance through structural health monitoring, and sustainable energy solutions via
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energy harvesting. The adaptability of these composites stems from the ability to fine-tune
their characteristics by modifying their composition, structural connectivity, and
manufacturing techniques. This flexibility makes them highly suitable for a broad spectrum

of practical applications (116-118).

Table 2

Comparing Significant Mechanical and Piezoelectric Parameters for PVDF, PZT, and
BaTiO3 (85,112,119)

Properties Units PVDF PZT BaTiO3
Density g/cm’ 1.78 7.5-8 5.7
Curie Temperature °C 160-180 200-350 120
Piezo-stress constant mV.m/N | 330-400 10-30 10-20
(g33)

Piezo-strain constant pC/N 20-30 200-600 190
(d33)

Dielectric constant - 8-12 300-3500 1700-4000
Biocompatibility - Good Poor Good
Piezoelectricity - Moderate Excellent Good
Flexibility - Excellent Poor Good

2.7 Energy Harvesting and Applications

Energy harvesters, also referred to as power harvesters, are mechanisms designed

to capture and convert ambient energy from the environment into usable electrical power.
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These devices can supply electricity to small electronic gadgets or recharge batteries,
reducing reliance on battery replacements and conventional power sources. They are
particularly valuable in remote or inaccessible locations where regular battery maintenance
is challenging. The scale and complexity of energy harvesters vary widely, ranging from
miniature devices powering individual sensors to larger systems capable of generating
substantial electrical output. Their effectiveness is determined by the nature of the energy
source and the specific technology utilized. Scientists and engineers are continually
advancing energy harvesting technologies to enhance their efficiency, dependability, and
applicability across diverse sectors. These include the Internet of Things (IoT), wireless
communication, remote sensing, and biomedical applications. In the medical field,
wearable energy harvesting sensors facilitate ongoing, non-invasive, real-time monitoring
of human health and physiological performance. The ongoing development of these
technologies aims to make them more practical and widely applicable, addressing the
growing need for sustainable and autonomous power sources in various industries and

applications (120).

For close to two decades, scientists have been investigating energy harvesting
technologies as a potential replacement for traditional power sources like batteries in
compact, low-power electronic devices. The primary motivation has been to address the
persistent challenge of limited battery life and the need for frequent recharging or
replacement, particularly in portable, remote, and implantable devices. Environmental
energy is typically available in the forms of solar, thermal, and vibrational energy. Among
these, vibration is particularly ubiquitous, present in both natural environments and human-

made structures. Various materials and conversion mechanisms can transform this
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vibrational energy into usable electrical power. As illustrated in Figure 15, these include
piezoelectric, electromagnetic, and electrostatic generators. Piezoelectric transducers have
garnered significant attention for harvesting power from vibration sources. This interest
stems from their intrinsic electromechanical coupling properties and superior power

density compared to their electromagnetic and electrostatic counterparts (121).

The capacity of piezoelectric materials to transform mechanical energy into
electrical energy has been the subject of extensive research, establishing them as crucial
elements in energy harvesting systems. These materials exhibit a distinctive characteristic:
they produce an electric charge when exposed to mechanical stress or strain, a phenomenon
referred to as the piezoelectric effect. A critical component of energy harvesting is the
temporary storage of the collected energy for later use. This storage capability enables the
utilization of harvested energy on demand, rather than necessitating immediate
consumption. The effective use of captured energy heavily relies on incorporating energy
storage solutions, such as capacitors or rechargeable batteries, into energy harvesting

systems (122).
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Figure 15. Various Applications of piezoelectric electrospun PVDF film (5)

Also, researchers have explored the use of piezoelectric materials to power
wearable sensors and electronics. It becomes possible to capture the mechanical energy
generated during everyday activities, such as walking, running, or simple gestures. The
stretchable and conformable nature of electrospun PVDF-HFP nanofibers enables their use
in flexible energy harvesting devices. These nanofibers can be integrated into wearable or
implantable systems to scavenge mechanical energy from body movements, vibrations, or
impacts. The nanofiber mats' flexibility and high surface area are advantageous for
conformal integration with curved surfaces (105). Similarly, piezoelectric energy
harvesting with wearable devices holds significant promise in addressing battery life
challenges and sustainability. As piezoelectric energy harvesting continues to evolve,
researchers are exploring innovative ways to integrate this technology into various

applications, from medical implants to wearable devices. The potential to harness the
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energy generated by human movements and environmental vibrations opens up new
possibilities for developing self-powered, sustainable, and long-lasting electronic systems

(122).
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Chapter 3
Characterization and Experimental Methods

3.1 Introduction

Poly(vinylidene fluoride-co-hexafluoropropylene), commonly known as PVDF-
HFP, is a copolymer that has several desirable characteristics, including high
hydrophobicity, robust mechanical properties, and ease of processing. To dissolve PVDF-
HFP, researchers frequently employ N, N-dimethylformamide (DMF), and acetone as
solvents. For this particular study, a commercially available PVDF-HFP was utilized. DMF,
classified as a polar aprotic solvent, has the capacity to dissolve a broad spectrum of both
polar and nonpolar substances. Acetone, on the other hand, is a polar solvent that readily
mixes with water and numerous organic solvents. The combination of DMF and acetone in
different ratios can control the viscosity and spinnability of PVDF-HFP solutions. The
automated track system, roll-to-roll collector, and yarn spinning process are used to
fabricate PVDF-HFP nanofibers and yarns. These methods allow for the production of
continuous and uniform nanofibers and yarns with controlled morphology and properties.
Mechanical testing, scanning electron microscopy (SEM), brightfield microscopy, and
Fourier transform infrared spectroscopy (FTIR) are commonly used characterization
techniques for PVDF-HFP nanofibers and yarns. These techniques provide information
about the materials' mechanical properties, morphology, chemical composition, and
crystalline structure. The mechanical-electrical system setup is used to study the
piezoelectric and pyroelectric properties of PVDF-HFP nanofibers and yarns. This setup
allows for applying stretch and flick deformations to the materials while measuring the

generated electrical signals, providing insights into their energy harvesting.
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3.2 Materials and Solvents

3.2.1 Polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) Polymer

PVDF-HFP (polyvinylidene fluoride-co-hexafluoropropylene) is a copolymer that
dissolves in polar solvents like DMF (dimethylformamide) and acetone due to their close
Hansen solubility parameters, indicating good mutual solubility. As the acetone content in
the solvent mixture increases, the viscosity of the polymer solution decreases, but the
solution behavior deteriorates at higher polymer concentrations, making viscosity
measurement challenging. Researchers used the Teas diagram and Hansen space to
visualize the locations of PVDF-HFP and the solvent mixtures, revealing that as the acetone
content increased, the solvent mixture moved further away from the PVDF-HFP location
in the Hansen space as shown in Figure 16. This suggests that pure DMF is the best solvent
for PVDF-HFP among the mixtures studied, as it has the closest Hansen solubility

parameters to the copolymer (46,123—-125).
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Figure 16. Visualizing the solubility of PVDF-HFP in DMF and acetone mixtures using
teas diagrams. (125).
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The process of electrospinning PVDF-HFP solutions using various DMF/acetone
ratios resulted in nanofibers with diverse morphological characteristics. As the proportion
of DMF increased, the fibers became more uniform and exhibited fewer beads. A
correlation was observed between higher DMF concentrations and decreased average fiber
diameter. Both the polymer concentration and the composition of the solvent were found
to have significant effects on the solution's viscosity and the resulting morphology of the
electrospun nanofibers. This research involved a methodical examination to elucidate how
solvent composition and polymer concentration influenced the morphology and diameter

of PVDF-HFP nanofibers produced through electrospinning (125).

3.2.2 N, N-dimethylformamide (DMF)

DMF (N, N-dimethylformamide) is an organic or dipolar aprotic solvent that
effectively dissolves PVDF-HFP (polyvinylidene fluoride-co-hexafluoropropylene)
polymer. A typical procedure is to add PVDF-HFP to DMF at a ratio of around 1 g of
polymer per 10 mL of solvent, resulting in a ten wt.% solution. However, adding a small
amount of acetone to the DMF solvent can enhance the formation of the electroactive -
phase in PVDF-HFP. From research, a DMF/acetone solvent ratio in the range of 4/6 to 7/3
was found to be suitable for creating uniform PVDF-HFP fibers with a high content of the
B-phase, which is desirable for piezoelectric applications. The choice of solvent system and
its ratio affects the thermodynamic properties of the PVDF-HFP solution, the processing
techniques that can be used, and the final physicochemical characteristics of the processed

material. Common solvents for PVDF and its copolymers include DMF, DMA (N, N-
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dimethyl acetamide), NMP (N-methyl-2-pyrrolidone), MEK (methyl ethyl ketone), THF

(tetrahydrofuran), and DMSO (dimethyl sulfoxide) (5,126—128).

3.2.3 Acetone

Acetone is a colorless, volatile, flammable liquid with a characteristic pungent odor.
Acetone alone cannot dissolve PVDF-HFP polymer, but it can be combined with other
solvents like DMF to dissolve PVDF-HFP. The addition of acetone to DMF affects the
morphology and crystal structure of the resulting PVDF-HFP fibers. The presence of
acetone in the solvent system enhances the formation of the B-phase in PVDF-HFP.
However, an excess amount of acetone can decrease the fraction of the B-phase because
the solution is subjected to less elongation during processing. In summary, while acetone
alone cannot dissolve PVDF-HFP, it can be combined with DMF as a binary solvent system
to dissolve the polymer and influence its crystal structure. The optimal ratio of DMF to
acetone ranges from 4/6 to 7/3 to obtain uniform PVDF-HFP fibers with a high B-phase

content (5,128).

3.2.4 Electric Paint

Electric paint is a conductive coating that can enhance the sensitivity of
piezoelectric testing. It is composed of tiny piezoelectric particles dispersed in a thin
polymer matrix. Electric paint can be used as an amplifier for piezoelectric testing by
coating it on the surface of a piezoelectric material. The electric paint, a conductive coating,

helps distribute the electric field more uniformly across the piezoelectric material,
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enhancing the sensitivity of the testing. When a piezoelectric material is subjected to
mechanical stress, it generates an electric charge. Coating the surface with electric paint
allows the generated charge to be more effectively collected and measured, allowing for
more accurate piezoelectric testing. The use of electric paint as an amplifier for
piezoelectric testing is particularly useful when dealing with small or thin piezoelectric
samples, where the generated charge may be too weak to be detected without amplification

(129,130).

3.3 Sample Preparation Method

PVDF-HFP copolymer pellets with a molecular weight of 400,000 and the organic
solvents N, N-dimethylformamide (DMF), and acetone were purchased from (Sigma-
Aldrich and Fisher Scientific), respectively. As shown in Figure 17, to prepare a 30% w/v
PVDF-HFP solution, 5.4 g of PVDF-HFP pellets were dissolved in a 2:1 ratio of DMF and
acetone. This mixture was placed on a heated shaker at 65°C for 24 hours to ensure
complete dissolution of the pellets. After 24 hours, a viscous, homogeneous solution was
obtained at room temperature. Proper dissolution of the PVDF-HFP copolymer in the
solvent mixture is crucial for obtaining a uniform solution suitable for electrospinning

nanofibers.
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Figure 17. Schematics Flowchart Process of (A) DMF and Acetone solvents are poured
into a beaker containing a yellow magnetic stirrer on a hot plate at 65°C. (B) measured
PVDF-HFP pellets are poured into the solvent mixture, stirring at 250 rpm for 24 hrs. (C)
Homogenous PVDF-HFP solution.

3.3.1 Electrospinning of PVDF-HFP Nanofibers

Electrospinning uses polymer solutions and an electric field to produce nanofibers.
For this research study, electrospinning was carried out with a 9KV applied voltage via a
power supply ES40P-10W (Gamma High Voltage Research Inc) to a 21-gauge blunt
capillary needle at a 10cm height distance above the top of an automated track system. A
syringe pump (New Era Pump systems) expelled the solution at a constant rate of 1ml/hr.
The electrospinning process was done in a controlled acrylic fume hood container. Samples
were collected within an observed temperature and humidity range of 70°F to 75°F and 50-

60%, respectively.
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3.3.2 Principle of the Post-Drawing Process

The principle of the post-drawing process from Figure 18 with an electrospun
polymer nanofiber like PVDF-HFP involves applying a tensile force to elongate or stretch
the nanofibers after they are initially electrospun. This post-drawing step induces molecular
orientation and crystallinity changes that significantly improve the mechanical properties
of the nanofibers. During electrospinning, the polymer chains within the nanofibers are
initially frozen in a kinked and disordered state due to the rapid solvent evaporation. The
post-drawing process applies a tensile force to elongate these as-spun nanofibers, causing
the polymer chains to straighten out and align along the fiber axis. This molecular
orientation disrupts the initial crystalline structures formed during electrospinning and

leads to the formation of new, highly oriented crystalline domains along the fiber direction.

Figure 18. illustrates the automated-track system for facilitating the continuous collection
of polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) nanofibers. The top gap
represents the undrawn nanofibers, while the bottom gap shows the post-drawn nanofibers.
As the nanofibers are lengthened during the drawing process, their diameter decreases due
to the alignment and extension of the polymer chains. This process is expected to result in
a higher prevalence of organized polymer chains, leading to stronger and more aligned
nanofibers.
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Post-drawing of electrospun nanofibers is achieved using automated track systems
as it applies a controlled tensile force to elongate the fibers immediately after
electrospinning. This allows the post-drawing process to be integrated with electrospinning
in a continuous manufacturing approach. Achieving high draw ratios is crucial for
maximizing the mechanical performance benefits from post-drawing. The ability to post-
draw electrospun nanofibers is particularly important as it enables producing polymer
nanofibers with mechanical properties that match or even exceed those obtained through
conventional fiber spinning methods. This makes post-drawn electrospun nanofibers
attractive for this research work in obtaining high mechanical performance combined with
the high surface area and other unique advantages offered by the nanoscale fibrous

structure (131-133).

3.3.3 Automated Parallel Track System

An automated parallel track system as shown in Figure 19 and Figure 20 was built
in-house to achieve the stretching and post-drawing process for the electrospun PVDF-HFP
nanofibers. It is an adjustable system that can be angled to enable the function of stretching
fibers as the solvent fully evaporates and nanofibers fully solidify; they travel down parallel
aluminum conveyor belts powered by a 12V stepper motor and deposit on a roll-to-roll
collector for yarn manufacturing. Also, fiber controls were collected using a static rack.
This assembly system was angled at different length gap ratios by varying the top and
bottom of the tracks to give a draw ratio of 1:1, 1:2, and 1:3, which have dimensions of 12
cm-12 cm, 6 cm-12 cm, and 4 cm-12 cm, respectively. The (DR= Bottom fiber length/Top

fiber length). Five samples (n=5) were collected for DR1 (Undrawn), DR2, and DR3.
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Figure 19. (A) Schematics of the variable draw ratio electrospinning system modified to
collect controls of each sample (B) Electrospinning system setup with the roll-to-roll
collector (C) Parchment paper containing a sample of electrospun PVDF-HFP nanofibers.
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Figure 20. (A) Schematics of the variable draw ratio electrospinning system modified to
collect controls of each sample (B) Electrospinning system setup (C) Tray Collector
containing electrospun PVDF-HFP nanofibers (D) 10mm by 10mm plastic window frame
containing an electrospun PVDF-HFP sample.

3.3.4 Roll to Roll Collector

The roll-to-roll collector in Figure 21 is an adjustable continuous collector that
works with the automated parallel track system during electrospinning. The electrospun
PVDF-HFP nanofibers are deposited on the parchment paper rolled onto this collector. The
step motor rotates the center gear, rotating the bottom rollers at the same speed to allow for
a continuous collection of electrospun fibers. This collector can be extended up to a width

of 19cm.
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Figure 21. Modifiable roll-to-roll collector allowing collection of electrospun nanofibers
as they travel down the automated tracks.

3.3.5 Yarn Spinning Process

The novelty and impact of this research study lie in the innovative twist-and-roll
process used for manufacturing nanofiber yarns from electrospun nanofiber webs. This
process represents a significant advancement in nanofiber yarn production, offering precise
control and optimization of the yarn properties. From Figure 22, the twist-and-roll process
begins by securing the edges of the nanofiber web in a fiber grip connected to a moving

motor. The nanofibers are pulled from the web and aligned under the resulting tension as
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the motor moves. This alignment step is crucial for ensuring the uniformity and strength of
the final nanofiber yarn. The aligned nanofibers are twisted into a nanofiber yarn, with the
twist per inch (TPI) being a critical parameter. In this study, the twisting speed was fixed
at 30 rpm (1 twist/s), and the TPI was inversely proportional to the translational speed,
allowing for precise control over the yarn properties. During the manufacturing process, a
unique geometric configuration is formed. A triangle is created between the web and the
yarn, with the base being the width of the nanofiber web and the vertex being the point
where the nanofiber yarn is formed. As the spinning device moves in a circular and
rotational direction simultaneously, the nanofibers are pulled out from the base, and the
nanofiber yarn is spun at the vertex with a constant triangle height. This geometric
configuration plays a crucial role in determining the yarn's characteristics, such as strength,

uniformity, and alignment (134).
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Figure 22. (A) Schematics diagram of the yarn spinning method. (B) Pictorial
representation of the yarn-spinning method.

3.4 Mechanical Testing

The mechanical properties of nanofiber yarns were investigated using a single-strand
method. The testing was conducted on a universal testing machine with grips that had
frictionless loops to hold the fixed yarns. A 100N load cell was utilized for the tensile tests,
performed at a strain rate of 10 mm/min and a gauge length of 10 mm. All test conditions
adhered to the standards set by ASTM D2256 (134). The single-strand yarn tensile test
determines the breaking force, elongation, and toughness properties of a yarn material. This
information is crucial for evaluating and comparing different yarn materials' strength and

performance characteristics.
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Tensile testing was conducted on fiber samples collected on plastic window frames to
determine their ultimate tensile strength and Young's modulus. A 2 Newton load cell was
used, and the tests were performed at a 4.5 mm/min rate until the samples failed. The plastic
frames were loaded into the tensile test clamps, and the sides of the frames were cut to
ensure that the load was solely concentrated on the fibers and not the frame, allowing the
calculation of Young's modulus from the initial linear region of the stress-strain curve

(133).

The average cross-sectional area of each sample was calculated by multiplying the total
number of fibers by the average individual fiber cross-sectional area, which was
determined using a formula involving the average fiber diameter. The stress and strain
values were calculated by dividing the force and displacement values by the total cross-
sectional area and initial window frame length. The yield stress was identified as the point
where the stress-strain curve transitioned from the linear to the nonlinear or plastic region

(133). Figure 23 indicates the key points in a stress-strain curve.
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Figure 23. A typical stress-strain curve (135)

The yield stress is the point on the stress-strain curve where the material transitions from
elastic to plastic deformation. It is the stress at which the material starts to deform
permanently. This can be seen as where the stress-strain curve deviates from linearity. The
ultimate tensile strength is the maximum stress the material can withstand before
fracturing. It is the highest point on the stress-strain curve. The ultimate tensile strength is
the maximum stress the material can withstand before fracturing. It is the highest point on
the stress-strain curve. The elongation at break is the strain (change in length divided by
the original length) at which the material fractures. It is the maximum strain value on the
stress-strain curve. Specific strength is the ultimate tensile strength divided by the yarn's

linear density. This gives a measure of the material's strength-to-weight ratio.

The single-strand yarn tensile test with an example shown in Figure 24, is a critical quality
control and material development tool that provides essential mechanical property data to

support the manufacturing of reliable, high-quality textile products. The test results enable
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informed material selection and design decisions. Adhering to these established standards

ensures consistent, reproducible results that can be compared.

Figure 24. Tensile test of an electrospun PVDF-HFP nanofiber yarn using the universal
testing System

3.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a crucial imaging technique used
extensively in research across various fields. SEM imaging analysis involves carefully
preparing samples, selecting appropriate imaging modes (such as secondary electron,
backscattered electron, or energy-dispersive X-ray spectroscopy), and optimizing
instrument settings to capture high-resolution, informative images (136). Researchers then
apply image processing techniques to enhance the clarity and interpretability of the SEM
data, which can be used for both qualitative and quantitative analysis. This includes

measuring dimensional features, identifying material phases, and estimating properties like
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porosity and surface area. This study examined the PVDF-HFP nanofiber yarn samples
using the SEM (Phenom Pure). The samples were prepared carefully and placed on
aluminum stubs covered with carbon black tape. All samples were sputter-coated before
imaging. Three images were taken at different magnifications to determine the fiber

density, fiber diameter, and yarn diameter (136—138).

3.6 Brightfield Microscope

A brightfield microscope is a common and widely used type of light microscope in
biology, cellular biology, and microbiology. It uses a simple and reliable method to
illuminate a sample and create an image. In a brightfield microscope, the sample is placed
on a glass slide and illuminated by a light source. The light passes through the sample, and
an objective lens magnifies the image and projects it onto an eyepiece or camera. The
sample appears dark against a bright background, hence the name "brightfield." The key
components of a brightfield microscope include the eyepiece, objective lenses, focus
knobs, stage, condenser lens, and light source. This study utilized this in taking images of
the nanofibers for fiber count. Nanofibers were collected on a 10 mm x 10mm plastic
window frame width. Using a measuring tool known as ImagelJ, fibers can be counted
within an orthogonal distance of 100 um. The estimated value obtained is multiplied by the

width of the frame, which is 100.
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3.7 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical technique
used to identify and analyze the chemical composition of various materials, including
organic compounds, polymers, and inorganic substances. FTIR works by passing infrared
radiation through a sample, which causes the chemical bonds in the sample to vibrate at
specific frequencies. These vibrations are characteristic of the sample's molecular structure
and functional groups, creating a unique spectrum. FTIR uses an interferometer to encode
all the infrared frequencies into a single signal, decoded using a Fourier transform

algorithm.

Polarized Fourier Transform Infrared Spectroscopy (FTIR) differs from nonpolarized FTIR
in how it accesses molecular alignment in materials. Polarized FTIR involves analyzing
absorbances with light (infrared light) in specific directions, allowing for evaluating
molecular order in the sample. In contrast, nonpolarized FTIR does not consider the
direction or alignment of molecules and provides somewhat of a more general analysis of

the chemical absorbances of chemical absorbances in a material.

The Thermo Nicolet Nexus 670 FTIR spectrometer was used to obtain information
about the chemical absorbances of the samples. This enabled the calculation of the B-phase
(non-polarized FTIR) and polymer chain alignment (polarized FTIR) characteristics of the
materials. The spectra were acquired using polarized light, with measurements taken in
both the parallel and perpendicular directions relative to the direction in which the fibers
were post-drawn. The OMNIC Software tool established the baseline for the wavelength
and absorbance at an observed spectra region between 400 and 4000 cm™'. Characteristic

peaks associated with the a-phase of PVDF were examined at 613 cm™!, 761 cm™!, and
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1189 cm™!, while characteristic absorption peaks for the B-phase were examined at 841

cm !, 881 cm™!, 1072 cm™', 1280 cm™!, and 1400 cm™! (133).

__XB _ AR _ 4B
F(B)_XOL+XB (ﬁ—g)AwXﬁ 1.26Aa+APB Q)

Where Xa is the crystal mass fraction of the a phase, and Xf is the crystal mass fraction of
the B phase. Aa and AP are the absorbance band intensity, and K is the absorption
coefficient of each phase. The equation above is also known as the Lambert-Beer law

equation, which can be used to calculate the associated piezoelectric B-phase content.

The Dichroic Ratio is used to assess the polymer chain alignment based on the absorbances

in the parallel and perpendicular directions of the polarized FTIR Spectra.

_AL-A||

DR = AL+A|| )

Where DR is the Dichroic ratio and A. and Aj are absorbances measured in the

perpendicular and parallel direction, respectively (134).
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3.8 Mechanical-Electrical Experimental System Setup

As shown in Figure 25, manufactured PVDF-HFP yarns are amplified using electric
paint and jump wires to help distribute the electric field more uniformly across the yarn
sample, enhancing the testing sensitivity. It can be subjected to mechanical stress,
generating an electric charge. A length of at least 10 cm was measured for each sample

used.

Figure 25. (A) 10 cm measured PVDF-HFP yarn sample (B) A pair of jumper wires ends
attached to a yarn sample (C) Complete view of a pair of jumper wires attached to a yarn
sample at two points with a distance of 1 cm (D) Electric Paint (Bare Conductive) (E)
Prepared PVDF-HFP yarn sample for electrical testing.

The NI USB-6000, shown in Figure 26, is a low-cost, multifunction data acquisition
(DAQ) device that offers a versatile and portable solution for various measurement and
automation applications. This USB-based device provides analog input and output

channels, digital I/O lines, and counter/timer functionality, making it suitable for a wide
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range of applications such as data logging, sensor monitoring, and control systems. The
NI-DAQmx is a software interface that seamlessly integrates with the NI USB-6000,
enabling the configure, acquire, and analyze data with ease. This software provides a
comprehensive set of programming tools and libraries, supporting multiple programming
languages and environments, including LabVIEW, C/C++, and . NET. With its plug-and-
play connectivity, the NI USB-6000, combined with the NI-DAQmx software, offers a

cost-effective and flexible solution for this research work.

Figure 26. National Instrument (NI) USB-6000 multifunction data acquisition (DAQ)
device
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3.8.1 Stretch Deformation

A stretching deformation was implemented to obtain the piezoelectric response of
the PVDF-HFP yarn shown in Figure 27. The yarn was subjected to a rotational vibration
generated by a programmable motion controller ( Class 6 D-style SmartMotor™) at 93
rpm. The mechanical stimulation frequency range is (7 — 11) Hz. An electric paint (Bare
Conductive) was applied to the yarn to amplify the electrical signal, and it was tightly
coiled up with jump wires. The yarn was fixed at one end, and the other end was attached
perpendicular to the rotating motor shaft and secured with zip ties to ensure a stable grip.
During the testing, the rotational vibration from the programmable motion controller
stretched the PVDF-HFP yarn at the specified rotational speed and angular displacement
of 36°. Also, it can be inferred that a higher rpm would correspond to a higher frequency
of the applied mechanical stress. Therefore, based on the information provided, one can
hypothesize that the voltage output from a piezoelectric polymer nanomaterial would
increase with increasing the applied mechanical stress or vibration RPM. This study
research shows that for PVDF/BNNT nanocomposite, the voltage output increased from
49.24 mV at 20 Hz to 62.68 mV at 50 Hz when subjected to longitudinal forces. Another
study mentions that as the shaking frequency increases from 19 Hz to 26 Hz, the device

with optimized ZnO nanorod length produces an increasing output voltage (139,140).

This test was carried out for each draw ratio (n = 5) and fiber density (n = 5), with
each test lasting 30 seconds. I hypothesize that higher draw ratios and densities in
electrospun nanofiber yarns will increase the voltage generation capability for this flick
deformation test. A data acquisition (DAQ) system, specifically the NI (National

Instruments) system, was used to capture and collect the generated electrical signals. A
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visual measurement program (LabView) developed in DAQ Express was utilized to acquire
and analyze the output electrical signals from the device, which were displayed on a
computer interface. The collected data provided insights into the yarn's piezoelectric

performance, particularly the peak-to-peak voltage.

.

Figure 27. Stretch deformation test on an electrospun PVDF-HFP nano yarn sample using
a programmable motion controller

3.8.2 Flick Deformation

This experiment used a 6-blade flexi-plastic rotating wheel attached to a DC motor
to create a flick deformation effect shown in Figure 28. The wheel rotated at a speed of 93
rpm for all samples to ensure consistency in the data obtained. The mechanical stimulation
frequency range is 7 - 11 Hz. An electric paint was applied to the yarn to maximize the
electrical signal, and the yarn was tightly coiled up with jump wires. The yarn was locked

at both ends with a glued plastic piece within a distance of 2cm to ensure a stable grip. The
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rotating wheel was positioned during the testing, so the blades hit the yarn right in the

middle between the probed nodes.

This test was carried out for each draw ratio (n = 5) and fiber density (n = 5), with
each test lasting 30 seconds. A Data Acquisition (DAQ) system, specifically the NI
(National Instruments) system, was used to capture and collect the generated electrical
signals. A visual measurement program (LabView) developed in DAQ Express was utilized
to acquire and analyze the output electrical signals from the device, which were displayed
on a computer interface. The collected data provided insights into the piezoelectric

performance of the yarn via this deformation method to obtain the peak-to-peak voltage.

Figure 28. Flick deformation test on an electrospun PVDF-HFP nanoyarn sample using a
rotating wheel powered by a 12 V DC motor.
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Piezoelectric materials like PVDF-HFP nanoyarns exhibit a coupling effect between their
mechanical and electrical behaviors. When subjected to mechanical stress or vibrations,
they generate an electrical voltage output proportional to the applied force. Likewise, in
the stretch deformation test, it can be inferred that a higher rpm would correspond to a
higher frequency of the applied mechanical stress cycles. Consequently, a similar trend is
expected in the flick deformation test, where higher flick frequencies would result in higher
voltage outputs from the nanoyarn piezoelectric material. This frequency-dependent
behavior highlights the potential of PVDF-HFP nanoyarns for applications in smart textiles

and energy harvesting devices.

66



Chapter 4
Result and Discussion

4.1 Introduction

Tensile analysis, morphology analysis, FTIR spectroscopy, and mechanical-
electrical testing are complementary techniques to characterize materials' physical and
functional properties. Tensile testing provides critical data on a material's strength and
flexibility, while morphology analysis examines its surface features and microstructure
using advanced microscopy. FTIR spectroscopy identifies the crystalline phases of
poly(vinylidene fluoride) (PVDF) based on the characteristic absorption peaks, providing
a unique "fingerprint" spectrum. Mechanical-electrical testing combines mechanical
loading with electrical measurements to characterize the electromechanical properties of

smart materials and devices.

4.2 Tensile Analysis

The specific strength of PVDF-HFP nanoyarn, as illustrated in Figure 29 and
Figure 30, shows a notable increase with higher draw ratios (DR). Specifically, the specific
strength values are 34,900 Nm/kg for LDR1, 39,700 Nm/kg for LDR2 (a 13.8% increase
from LDR1), and 48,500 Nm/kg for LDR3 (a 22.1% increase from LDR2 and 39.0% from
LDR1). This significant enhancement in specific strength is promising for materials
science and nanotechnology applications. Additionally, increasing the fiber density of the
yarns, also increased their specific strength with a low density at 48,500 Nm/kg, a medium
density at 54,500 Nm/kg (a 12.4% increase from a low density), and a high density at

86,000 Nm/kg (a 57.8% increase from medium density and 77.3% from low density).
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These results obtained using an automated track electrospinning setup with an adjustable
roll-to-roll collector, demonstrate better improved mechanical properties of the

manufactured yarns.

The specific strength of the component PVDF-HFP nanofiber makes up the
nanoyarns as shown in Figure 31. Their specific strength increased dramatically with
increasing draw ratio, with LDR1 at 37600 Nm/kg, LDR2 at 87200 Nm/kg (a 132%
increase compared to LDR1), and LDR3 at 106000 Nm/kg (a 21.4% increase compared to
LDR2 and 181% compared to LDR1), indicating that the specific strength of the PVDF-
HFP nanofiber yarn and control samples increased significantly with increasing draw ratio
and fiber density, with the nanofiber control samples showing the most dramatic increases,

with the LDR3 samples nearly 2.8 times stronger than the LDR1 samples.

The mechanical behavior of component nanofibers in Figure 32 shows an
increasing trend for ultimate tensile stress, Young's modulus, and yield stress from LDR1
to LDR3. Ultimate tensile Stress increases from 85.9 MPa for LDR1 to 165 MPa for LDR2
(92% increase) and 203 MPa for LDR3 (23% increase from LDR?2). Young's modulus rises
from 253 MPa for LDR1 to 656 MPa for LDR2 (159% increase) and 911 MPa for LDR3
(39% increase from LDR?2). Yield stress increases from 36.9 MPa for LDR1 to 104 MPa
for LDR2 (182% increase) and 131 MPa for LDR3 (26% increase from LDR?2). Also, this
result does compare relatively to this research study's findings on electrospun PVDF- HFP
nanofiber, where a 30% increase in ultimate tensile strength, from 250.6 MPa at DR1 to
325.1 MPa at DR3. A 53% increase in Young's modulus, from 0.96 GPa at DR1 to 1.47
GPa at DR3. A 141% increase in yield stress, from 78.4 MPa at DR1 to 189.1 MPa at DR3

(133). By comparing both studies, the ultimate tensile stress from LDR1 to DR1 (192%) is
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significantly higher than the change from LDR3 to DR3 (60%). For Young’s modulus, a
61% increase from LDR3 to DR3 is still a substantial increase but lower than the
percentage increase observed from LDR1 to DR1. These results could be attributed to the

fiber counts obtained from the different experimental or processing conditions.

The mechanical behavior of nanoyarns from this research manufacturing approach
reveals in Figure 33 significant variations in the mechanical properties of the three
samples, LDR1, LDR2, and LDR3. LDR1 had an ultimate tensile stress of 61.8 MPa, while
LDR2 showed a 13.6% increase with a value of 70.2 MPa, and LDR3 exhibited a further
22.3% increase of 85.9 MPa. LDRI1 had the lowest Young's modulus of 83.4 MPa, while
LDR2 exhibited an 84.2% increase with a value of 154 MPa, and LDR3 showed a further
45.2% increase with 224 MPa. LDR1 had a yield stress of 11.0 MPa, while LDR2 showed
a 12.7% increase with a value of 12.4 MPa, and LDR3 exhibited a further 8.8% increase
with a value of 13.5 MPa. Yarn strength did not increase as much as their component fiber
strength with draw ratio. I hypothesize that this is because the nanoyarns could fail by
unraveling as opposed to tensile failure of the component fibers. Comparatively, this
research study used a self-bundling electrospinning approach for producing PVDF-HFP
nanoyarns, with obtained maximum average ultimate strength results at 60.4 MPa (141).
This is a 2.32%, 16.23%, and 42.24% increase in ultimate tensile stress for LDR1, LDR2,

and LDR3 respectively.
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Specific Strength Vs Nanoyarn Draw Ratio
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Figure 29. Specific strength of low density (LD) nanoyarn vs. component fiber draw ratio
(n =5), ANOVA p-value < 0.01, all group-to-group comparisons student t-test give a p-
value < 0.01 for LDR1 vs LDR3 only.

Specific Strength Vs Nanoyarn density
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Figure 30. Specific strength of nanoyarns vs low (LD), medium (MD), and high (HD)
density yarns, ANOVA p-value > 0.01, All were comprised of component fibers drawn to
a draw ratio of three (DR3) (n =5), and all group-to-group comparisons with student t-test
give a p-value > 0.01.
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Specific Strength Vs Nanofiber Draw Ratio
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Figure 31. Specific strength of nanofibers vs draw ratio (n=5), ANOVA p-value = 0.01,

group-to-group comparisons with student t-test have a p-value < 0.01, except for groups
LDR2 vs LDR3.
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Figure 32. Mechanical behavior of component nanofibers (A) presents stress-strain curves
from one nanofiber sample for LDR1, LDR2, and LDR3. The curves are truncated after
the ultimate tensile strength peak for better presentation. (B) Notably, there is a clear
upward trend in the nanofiber yield stress from the LDR1 to LDR3, indicating a significant
increase in strength, ANOVA p-value < 0.01, all group-to-group comparisons with student
t-tests give a p-value < 0.01, except for groups DR2 vs DR3. (C) The Young’s Moduli
shows a continuous increase from LDR1 to LDR3, ANOVA p-value > 0.01, all group-to-
group comparisons with student t-tests give a p-value > 0.01. (D) Ultimate tensile strength
also shows a continuous increase from LDR1 to LDR3, ANOVA p-value > 0.01, and all
group-to-group comparisons with student t-tests give a p-value > 0.01.
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Figure 33. Mechanical behavior of nanoyarns (A) presents stress-strain curves from one
nanoyarn sample for LDR1, LDR2, and LDR3. The curves are truncated after the ultimate
tensile strength peak for better presentation. (B) There is a noticeable upward trend in the
yield stress of the nanoyarns from LDR1 to LDR3, indicating an increase in strength,
ANOVA p-value <0.01, all group-to-group comparisons with student t-tests give a p-value
< 0.01, except for groups LDR2 vs LDR3. (C) The Young's Modulus, a measure of
stiffness, exhibits a continuous increase from LDR1 to LDR3, ANOVA p-value < 0.01, all
group-to-group comparisons with student t-test give a p-value < 0.01, except for groups
LDR1 vs LDR3. (D) Similarly, the ultimate tensile strength, which represents the
maximum stress the material can withstand, also shows an increase from LDR1 to LDR3
(n =5) for figures (B-D), ANOVA p-value < 0.01, all group-to-group comparisons with
student t-test have a p-value < 0.01 for LDR1 vs LDR3 only.

The findings from this research study reveal a notable disparity in specific strength
between the nanofiber control samples and the PVDF-HFP nano yarn. Also, the strength
ratios for DR 1, 2, and 3 nanofibers to nanoyarns are 95.9, 45.5, and 45.8 respectively. The

nanofiber control samples exhibited significantly higher specific strength. This difference
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became increasingly pronounced as the draw ratios increased, suggesting that the nanofiber
control samples maintain their strength advantage even under higher tensile forces. One
plausible explanation for the observed strength discrepancy lies in the inherent structure of
the nano yarns. Unlike the nanofiber control samples, which consist of individual
nanofibers, the nano yarns are composed of multiple twisted nanofibers. This twisted
configuration may introduce structural defects or cause the unraveling of the yarns,

affecting their overall strength compared to individually drawn nanofibers.

4.3 Morphology Analysis

The scanning electron microscope (SEM) imaging of nanofibers and yarns
collected using an automated track device (DR1, DR2, DR3) clearly shows that the fibers
have an aligned orientation. The SEM results from (Tables 3 & 4) reveal interesting trends
in nanofiber and nanoyarn diameters across different samples and processing conditions.
A pictorial representation of these results is shown in Figure 34 and Figure 35. For the
nanofiber diameters, a decreasing trend is observed from DR1 (1.120 £+ 0.150 um) to DR2
(1.081 £0.112 um) and DR3 (1.067 £ 0.121 um), suggesting that the post-drawing process
causes a reduction in nanofiber diameter. A clear trend emerges based on the density and
draw ratio groups regarding the nano yarn diameters. The high-density group (HDR3)
exhibited the largest average diameter of 505 + 34.5 um, followed by the medium-density
group (MDR3) with 449 + 11.2 pm, and the low-density groups (LDR1, LDR2, LDR3)
have decreasing average diameters ranging from 429 + 11.2 pum to 352 + 27.5 um.
Therefore, these results show that the nano yarn diameter increases with increasing density

and decreases with draw ratio.
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Table 3

Average Nanofiber Diameters and Standard Deviation for Each Group (n = 5)

Sample Name Initial Final Length Average Average No of
Length (mm) Nanofiber Fiber/sample
(mm) Diameter (um)
DR1 120 120 1.120 £ 0.150 960 + 120
DR2 60 120 1.081 £0.112 940 + 90
DR3 40 120 1.067 £ 0.121 850 £ 90
Table 4

Average Nanoyarn Diameters and Standard Deviation for Each Group (n = 5)

Sample Name Average Nanoyarn Diameter (um)
Low density (LDR1) 429+ 11.2
Low density (LDR2) 374+ 21.3
Low density (LDR3) 352+27.5
Medium density (MDR3) 449 £ 11.2
High density (HDR3) 505+£34.5

/I

\

zgure 34. (A-C) shows representatlve SEM images of PVDF-HFP nanofiber with low
linear density (fixed) and component fiber draw ratio varied from DR1-DR3. All scale bars

=5 pum
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MDR3

Figure 35. (A-E) shows representative SEM images of PVDF-HFP nanoyarns with low
linear density (fixed), medium linear density, high linear density, and component fiber draw

ratio varied from DR1-DR3 for LDR1, LDR2, LDR3, MDR3, and HDR3, respectively.
Scale bars are 400 and 500 um.
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4.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The PB-phase content, a key indicator of piezoelectric efficiency, showed a
substantial rise from 0.532 in the film to 0.924 in the DR1 nanofibers (Table 5). However,
the nanofibers' B-phase content showed no substantial increase as the draw ratio increased
from DR1 to DR2 to DR3 (0.924, 0.939, 0.857, respectively). These B-phase values,
calculated using Beer-Lambert's law with the B-phase peak at 840 cm™ and the a-phase

peak at 761 cm™, provide key insights into the piezoelectric properties.

A similar trend was observed for nanoyarns. The B-phase content increased from
0.532 in the film to 0.971 in the DR3 nanoyarns. However, there was no significant increase
in B-phase content as the draw ratio increased from DR1 to DR2 to DR3 (0.966, 0.973,
0.971, respectively). It is worth noting that the B-phase content does not drop for nanoyarns
as it does in fibers. Although there is no statistical difference in B-phase percentage between
fibers and nanofibers, the yarns exhibited higher B-phase content, which could be due to

the stretching that occurs during yarn spinning.

This polarized Fourier Transform Infrared (FTIR) spectroscopy method involves
analyzing the relative intensities of specific vibrational bands in the infrared spectra
obtained with the infrared beam oriented parallel and perpendicular to the nanofiber axis.
The dichroic ratio, calculated from the parallel and perpendicular absorbances, provides a
quantitative measure of the molecular order in the nanofibers. A dichroic ratio of zero
indicates a disordered polymer chain, while values closer to -1 and 1 represent the parallel
and perpendicular alignment of bonds or functional groups relative to the fiber axis,

respectively (133).
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The dichroic ratio data from (Table 7) provides insights into the molecular
orientation and order within the PVDF-HFP nanofibers at different draw ratios. The
wavenumbers 1400 cm™, 1180 cm!, 1070 cm™!, and 474 cm! exhibit increasingly negative
dichroic ratios with higher draw ratios, indicating a progressive alignment of the
corresponding chemical bonds or functional groups parallel to the fiber axis. This trend
suggests an enhancement in molecular order and orientation along the fiber direction as the
draw ratio increases. Although the 474 cm™! peak, linked to the B-phase is less frequently
mentioned in literature, it is observed in electrospun PVDF and is thought to be a result of
the electrospinning process (133,142—-145). Previous research studies have connected
peaks in the 473-475 cm™! range with the B-phase of PVDF. Additionally, the 474 cm™! peak
was noted in a study where a supercritical PVDF solution was rapidly expanded through a
heated capillary nozzle, a process that shares a high strain rate with electrospinning, which
may explain its occurrence in this study (133,146). On the other hand, the wavenumbers
1278 cm!, 881 cm!, and 840 cm™ display a contrasting behavior. The dichroic ratio for
1278 cm! transitions from a slightly negative value at DR1 to a positive value of 0.636 at
DR3, implying a reorientation of these bonds from a parallel to a perpendicular alignment
relative to the fiber axis with an increasing draw ratio. The wavenumbers 881 cm™ and 840

cm™!

exhibit small positive dichroic ratios around 0.1 to 0.2, suggesting a slight
perpendicular orientation relative to the fiber axis, which remains relatively unchanged

across the different draw ratios

The most notable observation is the substantial increase in the dichroic ratio at 1278
cm’! for the DR1 nanofiber sample. This significant increase in the dichroic ratio indicates

an enhancement in the parallel alignment of these bonds along the fiber axis, suggesting an
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improvement in molecular order and orientation within the nanofibers as the draw ratio
increases. It is hypothesized that the high dichroic ratio of the DR1 nanofiber, even without
post-drawing, can be attributed to the electrospinning process itself. During
electrospinning, the polymer solution is subjected to a strong electric field, which causes
the polymer chains to align along the direction of the applied field. The stretching of the
polymer jet further enhances this alignment as it travels towards the collector. Additionally,
the use of a parallel track collector contributes to the high dichroic ratio observed in the

DR1 nanofiber sample (133,147,148).

Also, the molecular orientation and alignment of various bonds and functional
groups within the PVDF-HFP nano yarn samples were of different draw ratios. The
dichroic ratio, which quantifies the degree of alignment relative to the fiber axis, is a
powerful tool for understanding the structural changes induced by the drawing process.
The positive dichroic ratios at wavenumbers 1400 cm-1 and 1070 cm-1 indicate that the
corresponding bonds or functional groups tend to align parallel to the fiber axis. This
parallel alignment becomes more pronounced with increasing draw ratios, as evidenced by
the increasing dichroic ratio values. Conversely, the negative dichroic ratios observed at
wavenumbers 1278 cm-1, 1180 cm-1, 881 cm-1, and 840 cm-1 suggest a perpendicular

alignment of the associated bonds or functional groups relative to the fiber axis.

Notably, the absolute values of these negative dichroic ratios increase with higher
draw ratios, signifying an enhanced perpendicular alignment and molecular order. The
observed trends in the dichroic ratios can be attributed to the specific bond angles and
conformations within the PVDF-HFP polymer chains. The peak at 1178 cm™ is attributed

to the a-phase of the polymer, representing symmetric CF> stretching and CH» twisting
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vibrations (133,144,149). The 1400 cm™' peak corresponds to the B-phase, involving CHa
wagging and CC antisymmetric stretching, with a dipole moment change parallel to the
polymer backbone. The 1278 cm™ peak, also associated with the P-phase, relates to
symmetric stretching of CF» and CC, as well as CCC bending, exhibiting a dipole moment
change orthogonal to the backbone. For instance, the bonds contributing to the 1400 cm™
peak are known to align parallel to the PVDF backbone, while those for the 1278 cm™ peak
tend to orient perpendicular to the backbone. This behavior is influenced by the inherent

molecular structure and the rearrangement of polymer chains during the drawing process

(133,150).

Table 5

Average [-phase Content for Nanofiber at Different Draw Ratios

Average Beta Phase Content (Nanofiber)
Film DRI DR2 DR3
0.532 0.924 0.939 0.857
Table 6

Average f-phase Content for Nanofiber Yarn or Nano Yarns at Different Draw Ratios

Average Beta Phase Content (Nanofiber Yarn)

Film

DRI

DR2

DR3

0.532

0.966

0.973

0.971

80




Table 7

The Dichroic Ratio for Each Group Nanofiber (n = 1) for the Wavenumbers 1400 cm™,
1278 em™, 1180 em™, 1070 em™, 881 em™, 840 em™, and 474 ecm™.

Dichroic Ratio (Nanofiber)

1400 cm-' | 1278 cm-! | 1180cm-' | 1070 cm-! | 881 cm-! | 840 cm-' | 474 cm-!
DR1 -0.478 -0.161 -0.234 -0.644 | -0.0105 0.103 -0.818
DR2 -0.531 0 -0.165 -0.696 0.0588 0.231 -0.587
DR3 -0.592 0.636 -0.123 -0.7 0.0256 0.231 -0.996
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Table 8

The Dichroic Ratio for Each Group Nano Yarn (n = 1) for the Wavenumbers 1400 cm™,
1278 em™, 1180 em™, 1070 em™, 881 em™, and 840 em™.

Dichroic Ratio (Nanoyarn)

1400 cm-' | 1278 cm-! | 1180 cm-' | 1070 cm-! 881 cm-! 840 cm-!
DR1 0.386 -0.154 -0.066 0.208 -0.096 -0.118
DR2 -0.007 -0.364 -0.248 0.205 -0.270 -0.364
DR3 0.068 -0.500 -0.277 0.325 -0.333 -0.418
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Figure 36. Non-polarized FTIR representative spectra for the film and nanofiber at DR1,

DR2, and DR3.
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Figure 37. Non-polarized FTIR representative spectra for film and nano yarn at DR1, DR2,
and DR3.
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Figure 38. Polarized 0° and 90° FTIR representative spectra for DR1, DR2, and DR3
nanofiber.
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Figure 39. Polarized 0° and 90° FTIR representative spectra for DR1, DR2, and DR3
nanoyarn.

4.5 Mechanical-Electrical Testing Analysis
4.5.1 Flick Deformation Analysis

The average peak-to-peak voltage from Figure 40 and Figure 41 shows a clear
increasing trend with a draw ratio. The average voltage for LDR1 is 2.53 'V, followed by
3.17 V for LDR2 and 3.67 V for LDR3. This suggests that higher draw ratios increase
voltage generation in the yarns. The voltage per draw ratio also positively correlates with
fiber density. For the DR3 group, the voltage per density gradually increases from low to
medium density (3.67 V to 4.06 V) and significantly from low to high density (3.67 V to
4.28 V). This indicates that higher fiber densities contribute to enhanced voltage

generation, particularly in the DR3 group.
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Figure 40. Flick deformation test (A-C) Peak-to-peak voltage outputs for LDR1, LDR2,
and LDR3, respectively. (D) Voltage per draw ratio (V), ANOVA p-value <0.01, all group-
to-group comparisons with student t-test give a p-value < 0.01 for group LDR1 vs LDR3
only.
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Figure 41. Flick deformation test (A-C) Peak-to-peak voltage outputs for LDR3, MDR3,
and HDR3, respectively. (D) Voltage per density (V), ANOVA p-value > 0.01, and all

group-to-group comparisons with student t-tests give a p-value > 0.01.

4.5.2 Stretch Deformation Analysis

These results from Figure 42 and Figure 43 indicate a strong positive correlation
between the fiber density of the material and voltage generation. The voltage generation
significantly increased as the fiber density increased from low to medium and high levels.
The average peak-to-peak voltage for the low-density (LD) fiber density group was 2.44
V. This suggests that even at low fiber densities, the material could generate a measurable
voltage, indicating the potential for energy harvesting applications. The average peak-to-
peak voltage for the medium-density (MD) fiber density group was 4.23 V. This represents
a significant increase compared to the low-density group, demonstrating the impact of
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higher fiber densities on voltage generation. The average peak-to-peak voltage for the high-

density (HD) fiber density group was 4.60 V.
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Figure 42. Stretch deformation test (A-C) Peak-to-peak voltage outputs for LDR1, LDR2,
and LDR3, respectively. (D) Voltage per draw ratio (V), ANOVA p-value < 0.01, and all
group-to-group comparisons with student t-test give a p-value < 0.01.
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Figure 43. Stretch deformation test (A-C) peak-to-peak voltage outputs for LDR3, MDR3,
and HDR3, respectively. (D) Voltage per density (V), ANOVA p-value < 0.01, and all
group-to-group comparisons with student t-test give a p-value < 0.01 except for groups
MDR3 vs HDR3.

The combination of increasing draw ratio and fiber density appears to have a
synergistic effect on voltage generation. As both draw ratio and density increase, the
voltage output increases more than the individual effects of each factor. This is evident in
the significant jump in voltage from medium to high density in the DR3 group. The
observed trends and correlations can be attributed to several factors, such as changes in
fiber alignment, cross-sectional area, and surface properties due to the draw ratio and
density variations. Higher draw ratios can lead to better fiber alignment and increased
surface area, while higher densities may result in more efficient charge transfer and storage

within the yarn structure.
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The voltage output from electrospun PVDF-HFP twisted nanofiber yarns or
filaments in energy harvesting devices exhibits a wide range. The highest reported voltage
was 2.8 V for PVDF-HFP/Co-ZnO nanocomposite nanofibers in a flexible nanogenerator
(151). Nanofibers made of PVDF were electrospun and coated onto nylon microfibers that
had silver deposited on them, resulting in a nanogenerator based on an electrospun
nanofiber coverspun yarn. This fabricated piezoelectric yarn nanogenerator demonstrated
an average peak voltage of 0.52 V when subjected to cyclic compression. The combination
of nanofibers and microfibers with deposited silver enabled this nanogenerator to generate

a voltage from applied compression. (40,152).

The overall electrical output of piezoelectric devices is influenced not only by the
piezoelectric material itself but also by the device design and mechano-electrical
configuration. Notably, this study observed systematic increases in energy conversion as
the draw ratios and fiber densities of the nanofiber yarns increased, irrespective of the
voltage magnitude. The PVDF-HFP yarns tested in this work demonstrated voltages nearly
an order of magnitude higher when subjected to flicking (bending deformation) and
stretching (axial deformation). These findings indicate that both draw ratio and fiber
density significantly impact voltage generation in the yarns. The synergistic effect of these
factors suggests that optimizing both draw ratio and density could lead to enhanced voltage
output, which may have important implications for developing high-performance energy-

harvesting textiles (40,133).

89



4.6. Statistical Analysis

This research study employed a comprehensive statistical analysis strategy to
thoroughly understand the relationships and trends within the collected data. This approach
encompassed group-level analyses across all measured parameters, including diameters,
mechanical properties, and electrical characteristics. The averages and standard deviations
of a population were calculated for each group using Microsoft Excel. Group-to-group
comparisons were conducted to identify significant differences and patterns among the
various experimental conditions or sample groups. The data processing and visualization
tasks were streamlined using Python libraries, namely NumPy, Pandas, and Matplotlib.
NumPy facilitated efficient numerical computations, while Pandas provided robust data
manipulation and analysis capabilities. Matplotlib enabled the creation of informative and
visually appealing plots and graphs, aiding in the interpretation and communication of the

findings.

Industry-standard techniques were employed to ensure the statistical validity of the
analyses. Analysis of Variance (ANOVA) tests assessed statistically significant differences
among multiple groups or conditions. Additionally, t-tests were conducted to evaluate the
significance of differences between pairs of groups or conditions. The SciPy library, a
comprehensive collection of mathematical algorithms and statistical tools for Python,
facilitated these analyses. Through this comprehensive approach, encompassing group-
level analyses, data processing, visualization, and rigorous statistical testing, a thorough
understanding of the underlying patterns and relationships within the data was achieved,

enabling informed decision-making and the derivation of meaningful conclusions.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

The study investigated the influence of processing conditions, specifically draw
ratio and fiber density, on the properties and performance of PVDF-HFP nanofibers and
nano yarns. The results revealed significant correlations between these factors and the
materials' specific strength, fiber morphology, crystalline structure, molecular orientation,
and voltage generation capabilities. The specific strength of the nano yarns increased
substantially with increasing draw ratio and fiber density, with the high-density DR3
sample exhibiting the highest specific strength. Interestingly, the nanofiber control samples
demonstrated even higher specific strength than the nano yarns. This suggests that the
twisting process involved in nano yarn production may have introduced structural defects
or misalignments. More importantly, the yarns can fail when individual fibers slip past one
another, overcoming the friction forces between fibers, and fail even if the fibers
themselves do not fail, reducing the overall strength. SEM imaging confirmed the aligned
orientation of nanofibers and nano yarn across all draw ratios while revealing a decrease
in nanofiber diameters and an increase in nano yarn diameters with increasing draw ratio

and fiber density, respectively.

The processing conditions also influenced the materials' crystalline structure and
molecular orientation. The B-phase content increased significantly from the film to the DR1
nanofibers but remained relatively constant with further increases in draw ratio. Polarized
FTIR analysis showed molecular order in the PVDF-HFP nanofibers, with certain bonds

exhibiting preferential alignment parallel or perpendicular to the fiber axis. Increasing the
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draw ratio led to increased molecular order, as evidenced by the increasing absolute value

of spectral differences in parallel versus perpendicular infrared absorbances.

Notably, the average peak-to-peak voltage generated by the nano yarns increased
with increasing draw ratio and fiber density, indicating the synergistic effect of these factors
on voltage output. The high-density DR3 sample exhibited the highest voltage generation,
suggesting the potential for developing high-performance energy-harvesting textiles by
optimizing processing conditions. The material could generate a measurable voltage even
at low fiber densities, demonstrating its potential for energy-harvesting applications. The
improved electrical performance of these yarns with increasing draw ratio and fiber density
may be attributed to superior macromolecular and crystalline alignment experienced during
post-drawn conditions, despite the total B-phase content not appearing to increase
significantly. The post-drawing process led to better organization and alignment of the
existing piezoelectric P-phase regions within the polymer material. This enhanced
molecular and crystalline alignment coincided with amplification in the overall
piezoelectricity of the post-drawn samples. While the B-phase content did not change much
across draw ratios, the drawing enabled optimal orientation of those piezoelectric regions,

maximizing the piezoelectric response.

5.2 Future Work

Future research should investigate the relationship between draw ratio, fiber
density, and their synergistic effects to determine the optimal combination for maximizing

voltage generation. A comprehensive investigation into the long-term stability and
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durability of voltage generation under various environmental conditions and mechanical
stresses is crucial. Additionally, exploring different deformation modes, such as torsion or
compression, could provide valuable insights into the piezoelectric behavior of the PVDF-

HFP nanoyarns.

To facilitate commercial use in industries like smart textiles, future work should
focus on increasing the manufacturing efficiency, yield, and uniformity of the piezoelectric
nanoyarns. Developing scalable manufacturing processes to produce large quantities of
optimized nanofiber yarns with consistent voltage generation and mechanical properties
across large-scale production batches is essential. A key objective is achieving commercial-

length (>100 m) and high-quality piezoelectric nanoyarns.

Investigating alternative piezoelectric polymer materials, such as PVDF
copolymers or blends, could lead to improved voltage generation or enhanced mechanical
properties. Furthermore, a comprehensive study on the influence of different rotational
speeds (rpm) during electrospinning could ascertain the various frequency ranges at which

the PVDF-HFP nanoyarn material can operate effectively.

The potential applications of these piezoelectric nanoyarns in wearable energy harvesting
devices and smart textiles should be further explored. Integrating these materials into
functional prototypes and evaluating their performance in real-world scenarios could pave

the way for innovative applications in the field of energy harvesting and smart textiles.
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Appendix

List of Abbreviations
LD — low density
MD — medium density
HD - high density
DR — draw ratio
LDR - low-density draw ratio
MDR - medium-density draw ratio

HDR — high-density draw ratio
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