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Abstract

The development of polyvinylidene fluoride (PVDF) fibers via electrospinning has driven
the research of piezoelectric materials towards applications in self-powered generators with
superior flexibility, great biocompatibility, and high electric output. In the last decade, many
studies have been conducted on improving the piezoelectric properties of electrospun PVDF fibers
by introducing fillers or additives. In this work, studies that produced and characterized electrospun
PVDF and PVDF composite fibers were summarized. Machine learning (ML) was used to analyze
existing data and establish models that can predict the piezoelectric output of PVDF composite
fibers from material and synthesis parameters with good accuracy. This work provides extensive
review and unique perspectives on the current advancements and challenges in using fillers to
enhance the flexibility and piezoelectricity of PVDF fibers, an approach that bears great potential

in the field of high-performance energy harvesting systems.



1. Introduction

As the depletion of natural resource accentuates the significance to seek innovative and
green methods in energy harvesting, self-powered generators, especially in the nano-scale, have
gained increasing research interests. Generating electrical charges in the absence of an external
electrical power source, a self-powered generator can be based on piezoelectricity, which converts
mechanical energy into electrical energy [1,2]. Significant research work has been devoted to
piezoelectric materials in recent years to harvest ambient kinetic energy. Piezoelectric materials
refer to the substances with crystal structures that can undergo expansion or contraction in response
to an applied electric field [3]. Conversely, as the crystal structure of such a material experiences
deformation, separation of charge generates a dipole moment so that an electric energy can be
produced. The broad application of piezoelectric materials ranges from pressure transducer for
health monitoring of large-scale equipment such as airplanes to nano-electromechanical systems
like nano-actuators or nano-sensors [4,5]. Piezoelectric materials can be embedded in wearable
accessories to convert human motion into electric energy as schematically shown in Figure 1. Due
to its tailorable dimension and functionality, exploring the full potential of piezoelectric materials

in energy harvesting is paramount to the development of next-generation power systems.
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Figure 1. Piezoelectric materials embedded in wearable accessories to harvest energy from human

motion.



There are two major groups of piezoelectric materials, piezoelectric ceramics and
piezoelectric polymers. Piezoelectric ceramics are more available commercially owing to their
superior piezoelectricity and dielectric properties. Commercial piezoelectric ceramics, which are
mostly Lead Zirconate Titanate (PZT)-based, are widely used as gas igniters, sensors, low
frequency actuators, etc. [6] Despite the fact that piezoelectric ceramics present high sensitivity in
generator or sensor applications, processing of piezoelectric ceramics typically involves high
energy consumption such as sintering at 1200-1300°C, followed by poling, or exposure to high
electric field to orient the crystal structures [7]. Additionally, brittleness restricts piezoelectric
ceramics from applications that require flexibility or high ductility. Because of these limitations,
studies in recent years are steered more towards piezoelectric polymers, which are lighter and
possess far higher flexibility.

Among various piezoelectric polymers, Polyvinylidene Fluoride (PVDF) family has
dominated the research field due to its good piezoelectric property, ease of fabrication, and high
flexibility. PVDF-derived polymers include its copolymers such as Polyvinylidene Fluoride-
Trifluoroethylene (PVDF-TrFE) or Polyvinylidene Fluoride-Hexafluoropropylene (PVDF-HFP),
and its terpolymers such as Polyvinylidene Fluoride-Trifluoroethylene-Chlorotrifluoroethylene
(PVDF-TrFE-CTFE) [8]. PVDF fiber has garnered considerable attention in the manufacturing of
functional piezoelectric devices or structures. For instance, in the area of electronic textiles or e-
textiles, which are fabrics embedded with electronic functionality, lightweight PVDF fibers can be
fabricated into yarns with average diameter of ~60 pm, which are subsequently woven into textiles
for energy harvesting from human motion [9]. In biomedical applications, biocompatible PVDF
fibers with high flexibility and small diameter (~110 nm) can convert cardiac motion into electrical
energy for powering heart pacemaker [10]. To enable similar nano-scale applications such as
flexible nanogenerators or nano-sensors, the size of the PVDF fibers can be reduced by adopting a
processing method called electrospinning [11]. Growing amount of research has focused on
improving the voltage output of the PVDF fibers produced by electrospinning. Addition of fillers
is one method to enhance the piezoelectric properties.

As such, this work presents an overview of the parameters that affect the piezoelectric
performance of electrospun PVDF and PVDF composite fibers, their characterizations, and usage

of fillers for piezoelectricity improvement. In addition, a machine learning (ML) analysis is



conducted on the published data in recent 10 years, to investigate and predict the output voltage of

electrospun PVDF composite fibers reinforced with various fillers.

2. PVDF Fibers

2.1. PVDF

Reported first by Heiji Kawai in 1969 [12], PVDF is a semicrystalline fluoropolymer with
stable piezoelectric responses and high piezoelectric coefficients surpassing most other
thermoplastic polymers. PVDF-based polymers exhibit large energy density (up to ~30 J/cm?),
high dielectric constant (~12), great biocompatibility, robust mechanical properties, and high
thermal stability [13,14]. Polymerization of the monomer unit H2C=CF: forms the molecular chain
of PVDF with several crystalline polymorphs: a, S, 7, d, and € phases. The a phase is non-polar or
non-piezoelectric, but due to its high thermal stability, without any treatment this is the general
crystallite form of PVDF. The S phase has the highest degree of spontaneous polarization and thus
higher piezoelectricity and ferroelectricity than other phases. The y phase is also electroactive with
excellent energy storage capacity, but it has lower piezoelectricity and higher melting temperature
than the f phase [15]. The 0 phase is the polar form of the o phase with every second chain twisted
180° [16]. The ¢ phase is the non-polar analogue of the y phase [17]. The a, 5, and y phases attract
most research attention as they are the three most common crystalline forms of PVDF. The
molecular conformation of these crystalline phases is trans-gauche (TGTG’) for a phase, all-trans
(TTTT) zigzag planar for f phase, and three trans-one gauche (TTTGTTTG’) for y phase as shown
in Figure 2. Typically, a phase can be achieved by reducing temperature from the molten state, S
phase by mechanical stretching, and y phase by high-temperature or solution-inducing
crystallization [18]. The conversion of the non-polar a phase to the f phase which has the highest
dipole moment generally involves mechanical stretching and poling. Mechanical stretching exerts
a force on the molecular chain to extend the conformation into f phase while the electric field

orients the dipole moments in the direction of the field to form S phase [17].
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Figure 2. Molecular conformations of a, 5, and y phases of PVDF chains.

2.2. Fiber fabrication

PVDF can be fabricated into different structures, such as membranes, fibers, and filaments.
Fiber form of PVDF is of particular interest on account of its immense applications in biomedicine,
cell scaffold, battery separator, etc. [19] Common production methods for PVDF fibers include
melt spinning, wet spinning, dry spinning, and centrifugal spinning [20—22]. However, subsequent
poling is required to convert a phase to an electroactive phase for the PVDF fibers to obtain
piezoelectric properties. Electrospinning as the production method allows incorporation of poling
in the manufacturing process to fabricate piezoelectric PVDF fibers. Two main electrospinning
methods are solution electrospinning and melt electrospinning, which respectively produce fibers
from a polymer solution and a polymer melt. In either method, liquidous PVDF that is discharged
from a spinneret is subjected to a high electric field. Repulsion between the charges causes the
liquid to overcome the surface tension and be stretched into a Taylor cone, and subsequently a
stable and unstable polymer jet (Figure 3a) [23]. Under the electrostatic force, thinning of the
travelled jet takes place and induces dipole reorientation of the PVDF chain, leading to the
formation of the electroactive phase. Melt electrospinning does not involve toxic solvents but it is
limited by low yield, more complicated equipment [24], and the thermal stability of the additives

that can be used. For solution electrospinning, PVDF can be dissolved in dipolar aprotic solvents



such as dimethyl sulfoxide (DMSO), dimethylformamide (DMF), Dimethylacetamide (DMAc) and
acetone. During collection at the oppositely charged or grounded electrode, the solvent evaporates
to yield electrospun PVDF fibers. Solution electrospinning has been reported more extensively due
to more efficient production, easily tailorable fiber morphology and less restriction on apparatus
requirement. On account of these desired characteristics, this review focuses on PVDF fibers
produced by solution electrospinning.

Besides the ability to conduct in situ poling and stretching, another appealing feature of
electrospinning compared to most other manufacturing methods is the production of ultrafine fiber
mats with diameter of each fiber in the micrometer to nanometer range. Such fibers have large
specific surface area and aspect ratio, and exhibit high piezoelectricity due to molecular chain
orientation in the fiber direction which promotes the formation of electroactive crystallites. In
addition, high flexibility of the thin fibers makes them suitable in applications such as e-textiles.
Large porosity of the electrospun fiber mat also allows incorporation of fillers or functionalization
that further enhances the piezoelectric performance [25].

To fabricate a generator or a device for testing, the electrospun PVDF fibers are generally
sandwiched between two electrode layers, which are either coated with conductive materials or
conductive foils, such as copper tapes or aluminum foils as shown in Figure 3b. Insulating layers
are applied over the electrodes to reduce noise and pyroelectric effect arising from the temperature

difference between the sample and the testing probe [26].
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Figure 3. Schematics of (a) piezoelectric mat fabricated by solution electrospinning and (b)

subsequent production of piezoelectric device.



3. Evaluation of Piezoelectric Properties
Diverse testing methods have been reported to characterize the piezoelectric properties of
electrospun PVDF fibers. The characterization methods used recently are summarized below, along

with some recommendations for more standardized procedures.

3.1. Piezoelectric coefficients
The piezoelectric behavior is governed by constitutive equations relating to stress, strain,

electric field, and electric displacement in the material, according to the IEEE standard [27]. The
constitutive equations are presented in strain-charge form, stress-charge form, strain-voltage form,
and stress-voltage form as shown below,

strain-charge form  stress-charge form

¢=s5,6+d'E c=c,e—¢E

D=do+x_E D=ec+k E

strain-voltage form stress-voltage form 1

e=s,6+g' D c=c,e—h'D

E=-go+kx,'D E=-he+x,'D
In the above equations, ¢ is the strain (6x1 vector) and ¢ is the stress (6x1 vector). Voigt notation
is used to condense the tensor presentation from components 11, 22, 33,23, 13, 12 into components

1,2,3,4,5, 6, respectively. E is the electric field (3x1 vector), D is the electric displacement (3x1

vector), 8. and s, are compliance coefficients (6x6 matrix) at constant electric field and constant
electric displacement, respectively. ¢, and ¢, are stiffness coefficients (6x6 matrix) at constant

electric field and constant electric displacement, respectively. K_ and K, are electric permittivity

(3x3 matrix) at constant stress and constant strain, respectively. d, e, g and h are the piezoelectric
coupling coefficients (3x6 matrix) relating the mechanical quantities (¢ and € ) to the electrical
quantities (E and D). The most commonly used piezoelectric coefficient is d, which for PVDF is

generally reported as,

- 0 0 d,
d = E = 0 0 0 d24 0 (2)
d,, dy, d, 0 0 0



Figure 4 illustrates the deformation of a piezoelectric material under different loading modes and

the components of d that can be extracted from each mode. For each coefficient d,;, subscript i is

the direction of the polarization and subscript j is the direction of the applied force.
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Figure 4. Deformation of piezoelectric material in different modes with corresponding piezoelectric
coefficients and polarity of voltage output (+/- on material refers to polarization direction; +/- on

circuit refers to polarity of output voltage).

3.2. Cyclic compression/impact test

Dynamic compression test and impact test are two of the most widely adopted
characterization methods to measure the piezoelectric properties of electrospun PVDF fiber mats.
When experiencing deformation under compressive load or impact in the direction perpendicular
to the mat surface, the PVDF fiber mats generate a voltage under open circuit condition. For
compression test, which is typically performed in a cyclic fashion, the force exerted on the PVDF
fiber mats can be measured by a load cell. For impact test, the common method is dropping a known
mass onto the sample from a given height. Instead of using a load cell, the following equation is

used to estimate the impact force caused by a falling object [28],



_ mobject Vzgh (3)

falling object A
t

where m;

is the mass of the falling object, g is the gravitational constant, / is the height from
which the object is released, and Az is the impact duration. This equation assumes that the mass
completely stops after impacting the fiber mat and does not bounce back. Another type of impact

test uses a pendulum. A known mass (m

pendulum

) is tied to a string of prescribed length (/) and swung

towards the PVDF sample. The average impact force generated by the pendulum can be calculated

by [29],

- (\/Zgl(l—cosﬁl)+\/2gl(1—cosﬁz)) @)

pendulum
At

where 6, and 6, are the initial angle and the rebound angle of the pendulum.

Under the dynamic stress from compression or impact test, the dynamic piezoelectric

coefficient d,; of the PVDF sample can be calculated from [30],

) I;V(t)dt

= )
ARO—applied (t)

where V(t ) is the output voltage at time ¢, 0, ;.,(?) is the corresponding stress measured at time

t, R is the test resistance, and 4 is the contact area of the PVDF sample the load is applied on. Eq.

(5) is derived from Eq. (2), where the piezoelectric coefficient is calculated as partial derivative of

electric displacement with respect to stress. Ao, ., can be identified as the applied force, and the

ratio between the obtained voltage and the measured force is defined as the sensitivity (in V/N).
An alternative form of sensitivity has also been used, which is the ratio of the output voltage to the
applied stress (in V/kPa). If the compression load is cyclic, the frequency of the compressive force
can also affect the output voltage of the PVDF sample. Higher frequency can lead to higher voltage

while causing more fluctuation in the output signal [31].

3.3. Bending test
An electrospun PVDF fiber mat can be subjected to bending deformation in order to
measure its sensitivity (in V) as the ratio between the output voltage and the maximum strain in the

sample. The common bending methods include cantilever beam [32], three-point bending [33], and



buckling with simple support [34] or clamping [35] at the two ends of the sample. The open circuit
output voltage is generally measured by oscilloscope [32—-35], while the maximum strain estimated
by the Euler-Bernoulli beam theory. Specifically, the PVDF sample is approximated by a uniform
beam that obeys the assumptions in the Euler-Bernoulli beam theory [36]: (1) the cross section of
the beam is uniform along the beam, and remains plane and perpendicular to the neutral axis; (2)
the deflection is small; and (3) the beam is homogeneous, isotropic and linearly elastic.

Within the Euler-Bernoulli beam theory, the maximum strain for a cantilever beam is
calculated by,

M h 3A h

cantilever, max cantilever, max
g == = (6)

cantilever, max 2E] 7 Lz

where E is elastic modulus, / i1s moment of inertia, L is the undeformed length of the beam,

is the deflection at the end of the beam, M

cantilever, max

is the maximum bending moment

cantilever, max

which occurs at the clamped end, and 4 is the thickness of the beam. Under three-point bending,
the maximum strain is

6A h

_ three-point, max (7)

< . =
three-point, max Lz

where A is the maximum deflection, occurring at the midpoint of the beam. For a

three-point, max

buckled beam, the maximum strain is

2
_ 272. Abuckle-clamp, maxh (8)
gbuckle—clamp, max Lz
if the two ends are clamped, and
2
_ T Abuckle—s.upport, maxh (9)
‘C"buckle—support, max o) Lz
if the two ends are simply supported. A, i ciamp mae 304 Apgiesuppor, mex @€ Tespectively the

maximum deflections for the two cases, occurring at the midpoint of the beam. In the special

situation where the radius of curvature p of the bent beam is constant, the maximum strain is the

same along the beam and is given by,
guni orm, max = 10
- (10)
which has been widely adopted for the bending of the electrospun PVDF-based fiber mats [37].
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Some studies have moved away from the assumption of small deflection. Tiwari et al.

approximated the effective bending strain for a buckled flexible sample with two ends clamped and

a force (F,,;;.q) applied in the center [38],

plied

2 % . 1 .70\ 1 .4 n) 1
gthree_poim’clamp—4£?j { f {sm (nsm 5 J,;}— f {sm (Ej,;}}—l (11)

where F=F

applied

I*/El with limit of F<64 is a dimensionless force, cos@=F/64

n=,/2/ (1+cos 49) and f (-) is the incomplete elliptical integral of the first kind. For a buckled

film with simple supports. Persano et al. considered the bending of a fiber mat perfectly bonded to

a substrate, and calculated the bending strain of the mat (&, qupport, energy ) USING an energy approach
[39],

2
T A hsubstrate + h

_ buckle-support, max ( piezo ) 2x X 3
gbuckle—support, energy L 2 Cos L

substrate substrate
(12)

A
Abuckle-support, max z; LsubstrateAL

As shown in Figure 5a, A, .. and L ... are the thickness and the length of the substrate, %

piezo

is the thickness of piezoelectric fiber mat, X; is the coordinate along the longitudinal direction of

the fiber array, and AL is the reduced length of the substrate.

Besides strain, vertical or horizontal displacement [35], change in curvature, and bending
angle [40,41] have been used as alternative indicators for the deformation of the bent sample. In
addition, many studies have used numerical tools such as finite element to analyze the bending
strain and piezoelectricity. Abbasipour et al. simulated the three-point bending of an electrospun
PVDF fiber mat assuming it to be a solid film [33]. Even though the simulated deformation showed
high resemblance to experimental data, the predicted voltage output deviated from experimental
value. Alam et al. simulated the bending of an electrospun fiber mat induced by wind pressure [42].
The simulated higher output (2.3 V) than the experimental value (~1.8 V) was attributed to the

charge dissipating between the piezoelectric layer and electrodes.
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3.4. Vibration test

Vibration test is another method to induce deformation of the PVDF sample and generate
voltage. While vibration can be produced from a wide range of sources such as wind flow, musical
instrument, human speech, waterfall, etc. [43], lab-scale characterization is usually conducted by a
vibration generator [44] or a speaker [43,45-47]. At higher decibel level, the acoustic pressure
exerted on the PVDF sample is larger. Lee at al. reported that the output voltage of a PVDF sensor
was linearly proportional to the decibel level of the sound exerted on the sensor [45]. Sound
frequency is another important factor that affects the output voltage. The closer the sound
frequency is to the resonance frequency of the PVDF sample, the larger is the vibration amplitude ,
inducing higher voltage output [47]. Since the sound produced by human, such as singing,
humming, or coughing, has specific frequency, intensity, or profile, it can be distinguished using
the near-field electrospun PVDF sensor [45].

Vibration-induced deformation can be used to quantify the piezoelectric response of
electrospun PVDF fibers. Lim et al. characterized the tensile and compressive strains experienced

by an electrospun PVDF fiber mat under vibration (Figure 5b) [48],

e _ Louter — Lcenter
tensile, bending — L
‘center
(13)
& _ Linner ~ Meenter
compressive, bending L
center
where L .., Loy Line are the lengths of the outer surface, neutral axis, and inner surface of the

sample under bending as vibration is applied. The sensitivity reported in vibrational test is normally
expressed as either output voltage per applied stress or output voltage per displacement [49].
Numerical simulation can also be used to obtain the oscillating deformation profile of energy

harvesting devices based on electrospun PVDF [50].
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Figure 5. (a) Bending of fiber mat and substrate in [39] (b) Bending strain of piezoelectric fiber
mat in [48]

3.5. Other tests

Other common testing methods to characterize the piezoelectric effect of PVDF samples
include tensile test and torsion test [51,52]. Tensile test can be conducted on a single electrospun
fiber or a fiber mat [52,53], although single-fiber tensile test is rarely used due to the difficulty to
measure its small voltage output [52]. Tensile strain can be obtained from the change in the length

of the fiber from its original (L) to elongated ( L

elongate

) values,

Lelon ate L
Erensile = gT (14)
Voltage/current output in response to an applied tensile strain is a commonly used piezoelectric
characterization for the electrospun PVDF fibers [33,34,54,55].

Additional to the aforementioned characterizations, real-life mechanical stress, such as
finger tapping, foot stepping, elbow bending and sound generating, can also be applied on the
PVDF sample to characterize its piezoelectric response [35,56]. However, quantitative
measurement of the applied force or deformation are sometimes not included for these human-

contact tests. Standardization of such piezoelectric tests is recommended for future investigations.

4. Chemical Characterization

4.1. Fourier transform infrared spectroscopy (FTIR)

Characterization of the a, f, y, and o crystalline phases is generally conducted using FTIR.
Absorption of infrared light by PVDF at different wavelengths is measured by FTIR to determine
the functional groups and the crystalline phases. The commonly reported wavenumbers
corresponding to the o phase of electrospun PVDF fibers are 482, 511, 610, 763, 976, and 1073
cm’! [35,57]. The wavenumbers for the f phase are 472, 509, 841, 879, 1072, 1174, 1280, and 1402
cm™! [35,55,57]. The wavenumbers for the o and B phases of PVDF pellets and membranes
manufactured with other methods may deviate from those of electrospun PVDF fibers [58—60].
Addition of fillers and physical or chemical changes to PVDF may also cause the wavenumbers to
shift. The wavenumbers for the f and y phases share some similarities. The characteristic peak at
841 cm™ is generally assigned to the S phase, but some researchers argue it is indistinguishable

from the y phase at the same wavenumber [59].
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Under the assumption that absorption in the infrared spectrum complies with the Lambert-

Beer law, the fraction of the f phase, or the f phase content, characterized with FTIR can be

calculated by,
A
Xy=——Lt—
F K
L4, +4, (15)
K

o

where 4 is the absorbance at around 763 cm™ corresponding to the a phase. 4 ,; 1s the absorbance
at around 841 cm™ corresponding to the  phase. K, and K , are the absorption coefficients with

values of 7.7x10* cm?/mol and 6.1x10* cm?*/mol, respectively [58].

4.2. X-ray diffraction (XRD)

Another common method to characterize the crystalline phases of PVDF is XRD or wide-
angle x-ray diffraction (WAXD), which irradiates x-rays onto the semicrystalline PVDF sample.
The crystalline spacing can be identified from the scattered rays. The diffraction pattern at different
angles shows characteristic peaks that can be assigned to specific crystal planes of each crystalline
phase. For the electrospun PVDF fibers, peaks at 17.4°, 18.4-18.5°, 20.14-20.3°, 26.7° and 27.0°
are normally assigned to the a phase with crystal planes of (100), (020), (110), (021) and (111),
respectively [55,61-63]. Peaks at 20.1-20.8°, 31.9° or 36.6°, and 36.2° are typically assigned to the
J phase with crystal planes of (200/110), (001) and (101), respectively [55,61-63]. Similar to
wavenumbers in FTIR, assigning peaks to each crystalline phase is contentious.

The degree of crystallinity characterized from XRD can be calculated by [64],

A
ZA +> 4, (16)

where ZAC and ZAa are respectively the summations of the areas under the peaks

corresponding to crystalline and amorphous structures. To calculate the f phase content of the

electrospun PVDF fibers from the XRD result [64],

X A
W) +ZZA iS4 (17

where ZAa , ZA , ZAy are respectively the summations of peak areas corresponding to a, S

and y phases assuming the crystalline structure is composed of these three phases. Area under the

14



characteristic peak corresponding to (200/110) reflection of f phase can be used as the value of
D A4, 13].

4.3. Differential scanning calorimetry (DSC)

The crystallinity of electrospun PVDF fibers can be characterized using DSC. Upon the rise

of temperature, the heat absorbed by a PVDF sample is dependent on the crystalline phases, defects,
and crystalline size in the sample [59]. The degree of crystallinity can be calculated by [65,66],

_ AH, AH,

©AH X,AH,+X,AH,

(18)

where AH ,is the melting enthalpy of the electrospun PVDF fibers and AH f0= 104.7 J/g is the
melting enthalpy of PVDF with 100% crystallinity [65]. AH,, (93.07 J/g) and AH ; (103.4 J/g) are
the melting enthalpies for 100% crystalline a and f phases, respectively [66]. X is the a phase
content and X, is the 8 phase content, which can be obtained from the previously described
characterization methods.

The results from FTIR, XRD, and DSC can be combined to describe the crystalline

structures in electrospun PVDF fibers. Even though the fraction of S phase, X ,, is the general
indication of the /8 phase content, the actual  phase content in the sample is dependent on both X,

and the degree of crystallinity [64]. The combination of these characterizations provides a good

estimation and cross-validation for the S phase content.

5. Effect of Electrospinning Parameters on Piezoelectric Output

5.1. Electric field

In the solution electrospinning process, the strength of the electric field exerted on the
discharged PVDF solution is the ratio between the applied voltage and the tip-to-collector distance.
The electric field strength determines the elongational stress experienced by the jet extruded from
the spinneret. At higher electric field, the jet is stretched into fiber with smaller diameter.
Mechanistically, at a given tip-to-collector distance, if the applied voltage is increased, the charge
density over the jet surface increases which leads to higher reduction in jet diameter and higher
acceleration of the jet. Insufficient voltage results in either failure to form the Taylor cone or

unstable Taylor cone with solution dripping at the tip. On the other hand, if the voltage increases
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beyond a certain limit, the high surface charge exerts excessive stress on the jet and causes the jet
to break off. The electric field can also be increased by decreasing the tip-to-collector distance. A
sufficient tip-to-collector distance is required for the solvent to fully evaporate before reaching the
collector. If the PVDF jet is not solidified, the collected fibers can exhibit defects, such as ribbon-
like fibers, unsmoothed surfaces, beads, or electrospraying [67]. Increasing the tip-to-collector
distance can lengthen the traveling time to reduce the diameter of the fiber, at the expense of
weakening the electric field. On that account, different effects of the tip-to-collector distance on
the fiber diameter have been reported [68,69].

There has been some debate about the effect of the electric field on the S phase content and
degree of crystallinity. Intuitively, when increasing the electric field, the molecular chains of the
PVDF jet are more oriented along the jet direction so that higher degree of crystallinity can be
expected after solidification. The work of Jin et al. is consistent with this speculation, where
increasing the tip-to-collector distance, hence reducing the electric field, lowered the degree of
crystallinity [64]. On the other hand, the change in the tip-to-collector distance had no effect on the
p phase content [64]. A completely different trend was reported by Gee et al., who discovered that
the f phase content increased from 70.9% to 83.5% as the tip-to-collector distance changed from
10 cm to 16 cm [70]. Similarly, Ribeiro et al. reported that increasing the applied voltage from 15
kV to 30 kV caused the f phase content to reduce from 86% to ~81% [66], while the degree of
crystallinity did not show significant change. The authors attributed the decrease in the f phase
content to the applied voltage exceeding the limit, which induced jet instability and posed negative
effect on the formation of electroactive § phase. Jiyong et al. reported that the f phase content
increased from ~70% to ~76% as the applied voltage increased from 14 kV to 20 kV [71]. Further
increase caused the S phase content to reduce (~71% at 24 kV). The degree of crystallinity followed
the same trend, which increased from ~48% at 14 kV to ~58% at 20 kV and reduced to ~52% at
24 kV. This work suggests that an optimal electric field may exist that maximizes the f phase
content and degree of crystallinity. Shao et al. reported that the tip-to-collector distance had a
positive correlation with the f phase content when the distance was smaller than 2 cm and a
negative correlation with the degree of crystallinity at distance smaller than 6 cm [69]. They also
found that the PVDF solution only formed fibers at specific combinations of applied voltage and
tip-to-collector distance. The interactive effect between the applied voltage, tip-to-collector

distance and other parameters, such as flow rate and solution properties, should be investigated
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when optimizing the electrospinning process. It is recommended to first find the range of distance
for which uniform fibers can be produced and then adjust the applied voltage to modulate the

electric field exerted on the PVDF solution.

5.2. Flow rate and needle diameter

Flow rate is one of the most significant factors that can influence the morphology, f phase
content, and degree of crystallinity of electrospun PVDF fibers [68]. It controls the mass of the
PVDF solution fed into the electrospinning process. At higher flow rate, higher electric field is
required to achieve sufficient stretching and poling of the jet. Otherwise, the alignment of the
molecular chain in the jet direction reduces and the £ phase content may decrease. Several works
have reported negative correlation of the f phase content and degree of crystallinity with the flow
rate [68,71]. It should be noted, however, very low flow rate can lead to discontinuous jet formation
especially at high electric field. Gee et al. did not find any correlation between the flow rate and
the f phase content when the flow rate was lower than 0.8 ml/hr [70]. Jiyong et al. also stated that
the reduction of the degree of crystallinity with the flow rate was only observed for flow rate higher
than 1 ml/hr [72]. Thus, it is crucial to find the appropriate range of flow rate for maintaining
uniform jet in electrospinning.

Similar to the flow rate, increasing the needle diameter also increases the mass of the jet
and results in larger fiber diameter. Ribeiro et al. discovered that the f phase content decreased
from 86% to 53% when the needle diameter increased from 0.25 mm to 0.50 mm [66]. If a smaller
needle diameter is chosen to yield smaller fiber diameter, the flow rate should be adjusted to avoid
discontinuous jet formation, else the piezoelectric properties of the produced PVDF fibers may be
impacted. Other than the diameter, the length of the needle also poses an impact on the fiber
diameter and the polymer crystallinity. Tian et al. found that as the length of the needle increased,
the fiber diameter decreased with increasing polymer crystallinity [73]. The saturation of the
change in crystallinity occurred after the needle was long enough for the polymer solution to
achieve fully developed flow. Therefore, the rheology of the polymer flow affected by the geometry
of the needle is crucial to tailor the properties of the PVDF fibers.

5.3. Apparatus configuration
The collectors in the electrospinning process can be customized to achieve different

configurations of the PVDF fibers. To yield random fibers, a flat plate or a collector rotating at a
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low speed can be used. To produce aligned fiber arrays, rotating drum [66], rotating ring [74],
centrifugal electrospinning [75], gap electrospinning [76], etc. can be adopted. For more control
over the fiber layout, direct-writing or near-field solution electrospinning can tailor the direction
and alignment of the electrospun PVDF fibers [54]. Aligned fibers are expected to show better
piezoelectric properties due to more oriented dipole distribution over the surface of the fiber mat.
Using a rotating collector can assist in obtaining better molecular chain orientation in the fiber
direction since centrifugal force tangential to the rotating drum rotation can apply extra stretching.
Rotating drum is one of the most widely reported methods to produce aligned electrospun PVDF
fibers, on account of its ease of operation. Singh et al. showed that increasing the drum rotating
speed from 500 rpm to 750 rpm increased the S phase content from 75% to 81.3%, but further
increase in the rotating speed caused the f phase content to decrease [65]. This reduction after
reaching a threshold rotating speed was ascribed to interruption of the fiber stretching induced by
the air flow arising from high rotation. The positive correlation between £ phase content and the
rotating speed at low speed and the presence of an optimal value were also reported in other works
[66,68].

The electrospun PVDF fibers are not limited to a solid cylindrical shape. Hollow fibers and
core-shell composite fibers have also been reported by adopting different spinnerets. Sharafkhani
and Kokabi fabricated electrospun PVDF fibers with several different structures and properties (5
phase content, degree of crystallinity): random solid fibers (72%, 34.2%), aligned solid fibers (79%,
36%), random hollow fibers (86%, 39.5%), and aligned hollow fibers (90%, 44%) [77]. In
comparison to solid fibers, hollow fibers possess higher specific surface area. Confining the
molecular chains within the shell structure of hollow fibers promotes more oriented crystal growth
in the fiber direction. Generation of hollow fibers also makes it feasible to incorporate piezoelectric
ceramics, which has better piezoelectric properties, as the core. Investigating production of
electrospun PVDF fibers with such structures is of interest in the development of flexible smart
textiles with enhanced piezoelectric properties.

To form smart textiles, post-processing electrospun PVDF fiber mat into yarns by braiding
or spinning is not ideal since it generates extra production cost. Some novel electrospinning
apparatuses have been proposed to directly produce electrospun PVDF yarn from the solution. The
yarn can be drawn from a cone, a ring, or a water bath, which assembles the individual fibers into

a yarn by twisting or stretching [74,78,79]. Peng et al. used a rotating cone with a hole, which fed
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a conductive core for yarn to be wrapped on, and two spinnerets polarized with opposite voltage to
produce PVDF composite yarns [79]. The PVDF fibers were wrapped around the core, and the
degree of wrapping was quantified by a parameter called twist per meter defined as the ratio of the
twisting speed over the translational speed at which the yarns were collected. The § phase content
and the degree of crystallinity showed a positive relationship with twist per meter up to an optimal
value. However, their reported /S phase content (~36%) was poor compared to other works. Gao et
al. formed PVDF yarns with a similar structure and reported f phase content of 79.5% [80]. Even
though this £ phase content is comparable to the value for other structures, further research needs
to be done to fully understand if yarn electrospinning can enhance the piezoelectric properties of
PVDF fibers.

Polarity is a parameter that can be easily overlooked since applying positive charge on the
spinneret and grounding the collector is the most common setup used in electrospinning of PVDF
fibers. Szewczyk et al. demonstrated that reversing the polarity on the spinneret from negative to
positive while grounding the collector caused a minor change in the degree of crystallinity, a slight
enhancement in the f phase content (from 17.8% to 18.3% measured by DSC) and a better
piezoelectric response (from 2.565 to 5.558 pm/V measured by piezoresponse force microscopy)
[13]. They reported that positive polarity attracted more negative fluorine element on the surface:
the fluorine/carbon ratio increased from 0.78 to 0.89 when the polarity changed from negative to
positive. Therefore, polarity can play a role in modifying surface chemistry and improving

piezoelectric properties of electrospun PVDF fibers.

5.4. Relative humidity and ambient temperature

Environmental parameters have substantial impact on solvent evaporation during
electrospinning. The two predominant factors are relative humidity and ambient temperature. If the
environment is humid, the evaporation rate of the volatile solvent is suppressed and the surface
charge distribution is affected. At short distance, slower evaporation rate can cause incomplete
solvent evaporation. At long distance, slower evaporation rate can induce further reduction in jet
diameter due to longer duration for deformation by electric field. A systematic study was conducted
by Zaarour et al. to understand how to control the morphology of the electrospun PVDF fibers [67].
As the relative humidity increased, the produced fibers changed from uniform solid fibers into
unsmooth fibers with interior and surface pores, or a grooved surface. Formation of surface pores

was attributed to thermal-induced phase separation, where the temperature decreased due to solvent
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evaporation. Formation of interior pores was attributed to vapor-induced separation, where water
condensed on the extruded PVDF jet, penetrated the boundary, and led to pore formation during
evaporation. Formation of grooved fibers was attributed to the trapped solvent inside the solidified
skin; evaporation of the trapped solvent induced surface collapsing towards the interior. In a
separate work, Zaarour et al. discovered that increasing the relative humidity from 2% to 62%
caused the f phase content and the degree of crystallinity to increase from 55% to 73.06% and from
44.17% to 57.32%, respectively [81]. Longer evaporation time at higher humidity promoted
molecular chain alignment and f phase formation. In general, low relative humidity is favored in
order to form uniform PVDF fibers with stronger mechanical properties, while potentially
sacrificing the f phase content and the degree of crystallinity. Relative humidity is hence a factor
that can be used to tailor the morphology and piezoelectric properties of electrospun PVDF fibers
for different applications.

The viscosity of the PVDF solution is higher at lower temperature, requiring higher electric
field to overcome the surface tension and form a jet. On the other hand, increasing the temperature
can increase the evaporation rate of the solvent, leading to faster solidification and thicker fibers.
Huang et al. observed that an optimal temperature existed for electrospinning PVDF solution,
because the degree of crystallinity increased from 38.5% at 15°C to 52.9% at 25°C and decreased
to 44.8% at 45°C [82]. They considered the initial increase to be caused by lowered surface tension
and enhanced stretching as the temperature increased. Further increment caused shorter
evaporation time and thus reduced degree of crystallinity. Overall, the ambient environment has

considerable effect on the piezoelectric properties of electrospun PVDF fibers.

5.5. Solution properties

Solution properties impact the rheology of the solution and subsequently the behavior of
the jet. The main solution properties include molecular weight of PVDF, selection of solvent,
solvent ratio, and PVDF concentration. Molecular weight is related to polymer entanglement in the
solution [66]. Higher molecular weight increases the viscosity of the PVDF solution and produces
fibers with larger diameter. Zaarour et al. increased the molecular weight of PVDF from 180 kDa
to 530 kDa to produce aligned electrospun fibers, which led to improvement in the S phase content
from 80.33% to 88.64%, increase in the degree of crystallinity from 48% to 55%, and higher output
voltage from ~1.97 V to ~2.92 V under the same compressive force of 10N and frequency of 5 Hz

[83]. They believed that the improvement in the piezoelectric properties was achieved by longer
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evaporation time associated with higher viscosity, which helped achieve better stretched molecular
chains. However, the produced fibers were grooved and interior pores were present. Increasing
molecular weight over a certain limit can decrease the specific area of the fibers due to larger
diameter, increase the surface tension of the solution, and make the electrospinning process
challenging.

PVDF is soluble in various dipolar aprotic solvents, and the selection of the solvent has a
strong influence on the electrospinning behavior of the PVDF jet and the piezoelectric properties
of the produced fibers. Unlike membrane fabrication methods where evaporation rate is the main
parameter to consider, the solubility of PVDF in the solvent, as well as the dielectric properties and
vapor pressure of the solvent all play crucial roles. To determine the solubility of PVDF, Hansen
solubility parameter (HSP) is generally used. The Hansen coordinate space consists of three axes,

SP,, SP,, and SP,, corresponding to dispersion, polar, and hydrogen-bonding solubility

parameters, respectively. The solubility of a solute in a solvent is evaluated as the distance from a

point in the Hansen space that represents the solvent to a point that represents the solute [84],

2 2 2
Ra = \/4 (SPd, solvent SPd, solute ) + (SPp, solvent SPp, solute ) + (S})h, solvent SPh, solute ) (19)
A reference distance, R , is obtained from experiments to gauge the solubility of PVDF, through

the so-called relative energy difference (RED) [84],
Ra

RED = (20)

If RED is smaller than 1, the solvent is good; otherwise the solvent is not suitable for dissolving
PVDF. The dielectric constant of the solvent determines the charges required to polarize the
solution into thin jet. Solvent with a high dielectric constant makes elongation of the solution under
the electric field easier, due to higher amount of free charges available on the surface. However,
excessive free charges may cause instability, promoting the formation of beads. Vapor pressure is
related to the evaporation rate of the solvent. At room temperature, solvent with a low vapor
pressure is less volatile and evaporates more slowly. This prolongs the stretching process to yield
thinner fibers. However, in near-field electrospinning, lower evaporation rate may cause
incomplete solvent evaporation and induce fusion. Viscosity and surface tension of the solvent also
affect the electrospinning behavior. Common solvents used for electrospinning PVDF are listed in

Table 1, along with their properties.
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The most commonly used solvents for PVDF are DMF, acetone, or their various level
mixtures. Gee et al. examined three binary solvents, DMF/acetone, DMSO/acetone, and
NMP/acetone (6/4 v/v), which produced electrospun PVDF fibers with S phase content of 90.9%,
87.4%, and 81.9%, respectively [70]. The fibers were finer and smoother with more uniform
diameter distribution when DMF/acetone was used. The authors attributed the poorer properties
yielded with DMSO and NMP to their higher surface tension and viscosity. It was further found
that for the DMF/acetone mixture, the S phase content decreased with DMF fraction. Cozza et al.
also reported that higher DMF fraction led to reduction in £ phase content and formation of beads
[85]. It was believed that the lower vapor pressure of DMF limited solvent evaporation and the
residual solvent caused undesired morphology. However, increasing the acetone fraction over a
certain limit affected the interaction between PVDF chains and the binary solvent since PVDF had
lower solubility in acetone. The widely used weight ratio or volume ratio between DMF and
acetone is 2/3 or 3/2 [33,35,40,86].

Another critical solution property is the concentration of PVDF. Increasing PVDF
concentration in the solution increases the overall viscosity and surface tension. Costa et al.
demonstrated that increasing PVDF concentration in DMF/acetone mixture from 5 wt% to 10 wt%
increased the degree of crystallinity from 45.2% to 53.1% [87]. Saha et al. confirmed the trend by
showing that increasing PVDF concentration from 10 wt% to 12 wt% produced higher
piezoelectric sensitivity from 140 mV/kPa to 160 mV/kPa, but further increment to 15 wt% caused
the sensitivity to reduce to 126.67 mV/kPa [88]. This suggests increasing PVDF concentration in
the solution up to an optimal value can improve the piezoelectric properties of electrospun PVDF
fibers.

Table 1. Common solvents for PVDF reported in literatures and their properties [84,89,90]

Hansen Solubility Parameters Vapor
Dielectric Surface Absolute
Pressure at
Material Constant Tension at viscosity at
SP, SP, SP, RED 21°C
at 20°C  20°C (dyn/cm) 25°C (cP)
(mmHg)

Acetone 15.5 104 7.0 1.1 194 20.6 233 0.33
DMAc 16.8 11.5 102 0.3 1.0 37.8 34 0.92
DMF 17.4 13.7 113 0.3 3.8 36.7 35 0.82
DMSO 18.4 164 102 0.9 0.7 46.6 43.7 2.0
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NMP 18.0 12.3 7.2 0.8 0.3 322 40.7 1.8
PVDF 17.1 12.6  10.6 R, =50 - - - -

6. Effect of Nanofillers and Additives

Piezoelectric properties of electrospun PVDF fibers can be tailored by addition of fillers.
To achieve enhanced piezoelectric performance, fillers can either possess better piezoelectric
responses than PVDF, induce formation of PVDF electroactive phases, or improve electron charge
transfer in PVDF. The £ phase nucleation can be promoted by hydrogen bond formation, ion
(charge)-dipole interaction, radical reaction, etc. Figure 6 summarizes the fillers that have been
discussed in recent works to improve the piezoelectric properties of electrospun PVDF fibers.
These fillers can be subcategorized into seven main groups: piezoelectric ceramics, salts, carbon-
based or conductive fillers, noble metal, natural biodegradable fillers, hydrophilic fillers, and clay.
In this section, the output voltages of the electrospun PVDF fibers with addition of various fillers
at different loading conditions were compared. If the loading condition was not reported in the

review, it was owing to lack of description in the original works.
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Figure 6. Summary of piezoelectric fillers and their mechanisms to improve the piezoelectric

properties of the electrospun PVDF fibers (bottom row shows color scheme for fillers).

6.1. Piezoelectric ceramics

The most widely adopted filler is piezoelectric ceramics, which can be categorized into two
main groups: lead-containing and lead-free ceramics. Examples of lead-containing ceramics
include PZT and PZT-Lead Titanate (PZN-PT). Lead-free piezoelectric ceramics include three
main perovskite families, Barium Titanate (BaTiOs)-based, alkaline niobates-based, and bismuth-
based perovskites [91,92]. For instance, the ds3 values of PZT, PZN-PT, BaTiOs, and sodium
potassium niobate (KNN) are 225-374 pC/N, 2500 pC/N, 191 pC/N, and 160 pC/N, respectively
[93-95]. Considering the much lower ds3 value of PVDF (16.8-27.4 pC/N) [40], integrating
piezoelectric ceramics into the electrospun PVDF fibers can improve the piezoelectric properties.
For instance, PZT, one of the ceramic materials with high piezoelectric coefficients and dielectric
constant, has been demonstrated in several works to improve the piezoelectric performance of
electrospun PVDF fibers. Chamankar et al. used PZT with d33 value of 104 pC/N and concentration
of 37 vol% (60 wt%) as a filler to obtain electrospun PVDF/PZT composite fibers that had S phase
content of 70%, ds3 value of 22.93 pC/N, and output voltage of 184 mV under applied force of
2.125 N [96]. The PZT particles behaved like dipole moments, contributing to local electric field
and affecting the PVDF chain orientation. Kog et al. employed a type of PZT with substantially
high ds3 value (630 pC/N) to further improve the piezoelectric properties of aligned electrospun
PVDF fibers [97]. The produced composite fibers with 10 vol% PZT exhibited highest output
voltage of 440 mV under vibration frequency of 15 Hz. Higher PZT concentration reduced the
piezoelectric response due to particle agglomeration. Lately, Du et al. managed to fabricate a high-
performance PVDF/PZT device from hot-pressed multi-layered aligned electrospun PVDF/PZT
fibers, which produced maximum output voltage of 62 V under cyclic compression of 5 N [98].
Even though PZT can considerably enhance the piezoelectric properties of electrospun PVDF
fibers, the toxic lead content limits the application of such filler. Alternative lead-free ceramics that
can achieve similar piezoelectric performance have attracted more research interests in recent
publications.

BaTiOs, the first piezoelectric ceramics fabricated in history, is one of the most extensively
investigated lead-free substitutions of PZT. Guo et al. manufactured a pressure sensor from

electrospun PVDF composite fibers with 3 wt% BaTiO3 nanowire (NW) [99]. The composite fibers
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exhibited voltage sensitivity of 0.017 V/kPa with output voltage increasing linearly with the applied
pressure until saturation at 40 kPa. Higher concentration of BaTiO3; (20-25%) was analyzed by
Hussein et al. [63] Although the highest f phase content was observed for fibers prepared from the
solution containing 14% PVDF and 20% BaTiOs, under an applied force of ~32 N, the highest
output voltage of ~6.5 V was obtained for fibers prepared from 20% PVDF and 25% BaTiO3
solution. This voltage was more than twice the output from fibers produced from pure PVDF.
Higher piezoelectric response of electrospun PVDF/BaTiOs3 fibers was reported by Jiang et al. [46].
It was found that by increasing the concentration of BaTiOs from 0 wt% to 10 wt%, the S phase
content of the composite fibers increased from 85.6% to 91% with the degree of crystallinity
increasing from 37.4% to 42.3% and output voltage from ~20 V to ~50 V (Figure 7a). Further
increment in BaTiO3 to 20 wt% reduced the f phase content due to aggregation. A high voltage
sensitivity of 18 V/N (Figure 7b) was achieved for a flexible device (Figure 7c) fabricated from
electrospun PVDF fibers with 10 wt% BaTiO3 under compressive loading. The authors attributed
the improvement of the f phase content to suppressed chain relaxation of PVDF in the presence of
BaTiOs, as well as interaction between the negatively charged BaTiOs and the dipoles of PVDF
which promoted S phase nucleation. The feasibility of using the PVDF/BaTiOs device for voltage

generation from human motion such as finger bending was demonstrated (Figure 7d-e).
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fibers with 10 wt% BaTiO3, (d) dimension of the device prepared for finger bending test, (e) output
voltage generated from finger bending. Reprinted (adapted) with permission from Jiang et al.,
Flexible Piezoelectric Pressure Tactile Sensor Based on Electrospun BaTiO3/Poly(vinylidene
fluoride) Nanocomposite Membrane, ACS Appl Mater Interfaces, 12,33989-98, Copyright 2020

American Chemical Society.

KNN, an alkaline niobate with piezoelectric coefficients comparable to PZT, has also been
studied as a filler for electrospun PVDF fibers. Teka et al. demonstrated that including 5 wt% KNN
in the electrospun PVDF fibers increased the f phase content from 64% to 68% and the output
voltage from 0.05-0.1 V to 1.9 V measured by finger tapping [100]. Disparate observation was
reported by Bairagi and Ali, concluding that KNN loading posed negative impact on S phase
crystallization [101]. In their studies, the § phase contents of the electrospun PVDF fibers were
97%, 78%, and 84% at KNN concentration of 0%, 3%, and 5%, respectively. However, under the
applied load of 0.5 N and frequency of 10 Hz, the highest voltage output of 17.5 V was obtained
at 3% KNN, compared with 0.5 V from pure PVDF electrospun fibers. Therefore, KNN was
considered to improve the piezoelectric properties of the electrospun PVDF fibers due to its higher
piezoelectric coefficient, instead of promoting f phase formation.

Examples of bismuth-based piezoelectric ceramics include Sodium Bismuth Titanate [102],
Bismuth Ferrite (BFO) [103], Bismuth Neodymium Titanate [104], etc. These materials possess
good piezoelectric properties but limited work has been done to employ bismuth-based fillers in
electrospun PVDF composite fibers. This is an intriguing research direction in the development of
high-performance electronic textiles.

Beside perovskites, Zinc Oxide (ZnO) is a semiconducting ceramic that shows piezoelectric
effect in a unique hexagonal wurtzite structure [105]. Considerable research has been conducted to
incorporate ZnO as a filler for electrospun PVDF fibers. Bafqi et al. demonstrated that by
increasing ZnO content from 0 wt% to 15 wt%, the S phase content increased from 80% to 87%,
the degree of crystallinity increased from 51.4% to 54.5%, and the output voltage increased from
0.315 Vto 1.1 V [106]. Ma et al. subsequently produced electrospun PVDF composite fibers by
including 10 wt% ZnO NW using two parallel electrodes. The f phase content was improved and
the output voltage increased from 0.143 V to 0.48 V under cantilever beam bending at a frequency
of 10 Hz [107]. The increase in the f phase content was potentially caused either by ZnO affecting

the stretching of PVDF chains during electrospinning, or by ZnO serving as a semiconductor
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generating local electric field to interact with PVDF chains. At low concentration of 0-0.1 wt%,
Satthiyaraju and Ramesh reported that the § phase content of the electrospun PVDF fibers increased
with ZnO concentration from 55.29% to 74.24% [108]. The highest ds3 value (13.42 pC/N) was
obtained at 0.1 wt% ZnO, compared with 8.29 pC/N for pure PVDF fibers. Li et al. further
compared two forms of ZnO, ZnO nanoparticle (NP) and ZnO nanorod (NR) [109]. At the optimal
concentrations, 30 wt% for ZnO NP and 5 wt% for ZnO NR, the electrospun PVDF/ZnO composite
fibers exhibited f phase content of 87.5% and 90.7%, respectively. The higher f phase content
obtained with ZnO NR was attributed to its higher aspect ratio, which had negatively charged
surface interacting with the -CHz dipoles of PVDF to nucleate f crystallites. When subjected to
bending under the frequency of ~4 Hz, the maximum output voltage of ~85 V was achieved with
ZnO NR filler, and the associated degree of crystallinity was reported to be ~53.1%. More recently,
Fu et al. converted the electrospun PVDF/Zinc Acetate fibers into PVDF/ZnO fibers via
hydrothermal reaction [110]. Even though the f phase content did not change significantly, the
maximum voltage output (0.352 V) was 2.74 times higher than the output of the pristine PVDF
fibers.

Piezoelectric ceramics are among the most effective fillers that improve the piezoelectric
properties of electrospun PVDF fibers. Some challenges still exist for using piezoelectric ceramics
as fillers. For example, high concentration of piezoelectric ceramics induce aggregation and reduce
flexibility, and some ceramics exhibit negative effect on promoting £ phase formation. Further
work can be conducted to facilitate uniform dispersion of high ceramic loading in the electrospun
PVDF fibers without sacrificing ductility, increase interaction between the fillers and the PVDF
chains by surface modifications, and fabricate piezoelectric ceramics with high aspect ratio to yield

higher piezoelectric performance.

6.2. Salts

The mechanisms by which salt fillers improve f phase formation can be divided into three
major categories: ion interaction [55], hydration [32], and dipole moment [111]. Some ionized
salts can react with the radicals of PVDF to induce £ phase formation while others can orient the
PVDF chains by ion-dipole interactions. Hydrated salts with hydroxyl groups can form hydrogen
bond with the fluorine atoms of PVDF to cause nucleation of the f phase. The dipole moments of
polar salt fillers can interact with the -CF> or -CH: dipoles in PVDF to promote f phase

crystallization.
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Bismuth Chloride (BiCl3) is a representative salt that can bind with the radicals of PVDF.
Chen et al. added 1-10 wt% BiCls to produce electrospun PVDF/BiCls composite fibers. It was
discovered that the fiber diameter decreased with filler concentration due to improved conductivity
until 4 wt% after which increased solution viscosity counteracted the higher charge density [55].
As the filler concentration increased from 0 wt% to 7 wt%, the f phase content of the composite
fibers increased from 75.2% to 85.7% and the degree of crystallinity from 37.5% to 39.5%, but
further increase in filler concentration showed negative effect on f phase formation. The f phase
enhancement was induced by Bi*" and CI ions in the solution which reacted with the charged
radicals of PVDF, affecting the structure around the crystal lattices and causing the free radicals of
PVDF to reposition into f crystallites. Impact tests were performed by dropping a 14.0 g ball from
a height of 9 cm onto the electrospun fibers, and the maximum output voltage (38 V) was obtained
from fibers loaded with 2 wt% BiCls. Zhang et al. confirmed the enhanced piezoelectric
performance of the electrospun PVDF composite fibers with 2 wt% BiCls, as the S phase content
increased from 76% to 84% and the ds3 value increased from 1.74 pC/N to 2.14 pC/N compared
with pure PVDF fibers [112]. Another ionizable salt is Lithium Chloride (LiCl) which has been
reported to interact with the dipoles of PVDF in ionized form. Mokhtari et al. reported the
production of electrospun PVDF composite fibers with 0-0.004 wt% LiCl [113]. At 0.00133 wt%
LiCl, the highest S phase content (94.3%) was achieved, compared with 84% for pure PVDF fibers.
Additionally, the fiber diameter decreased from 340 nm to 65 nm due to increased conductivity.
LiCl concentration above 0.00133 wt% led to beads and reduced S phase content. In their
subsequent work, impact tests were performed by dropping a steel ball with mass of 12 g from a
height of 20 cm onto the samples [114]. Electrospun PVDF/LiCl composite fibers at the optimal
concentration (0.00133 wt% LiCl) produced an output voltage of 5 V, much higher than the 1.3 V
output voltage from pure PVDF electrospun fibers. The enhancement was attributed to the ion-
dipole interaction between the dissociated ions of LiCl in the solvent and the dipoles of PVDF.
These results demonstrate the feasibility of using ionized salts to improve piezoelectric properties
of electrospun PVDF fibers at low concentration, while high concentration of ionized salt can
disturb production of uniform ultrafine fibers by affecting the conductivity and the viscosity of the
solution.

For the hydrated salts, water molecules are loosely bound to the salt crystals to facilitate

hydration. The functional groups on the surface can interact with the dipole moments of PVDF to

29



form S phase crystallites. Dhakras et al. examined Nickel Chloride Hexahydrate (NiCl2-6H20) and
reported highest output voltage of 0.762 V at the optimal filler concentration of 0.5 wt%, when the
sample was subjected to cantilever deformation with a maximum strain of 950 pe [32]. In
comparison, the output voltage was 0.296 V for pure PVDF electrospun fibers. Hydrogen bond
formation between water attached to NiClz and the dipoles of PVDF gave rise to S phase nucleation,
inducing improvement of the piezoelectric response. Another hydrated salt, Aluminum Nitrate
Nonahydrate (AI(NO3)3-9H20) with concentration of 8-16 wt% was investigated by Yousry et al.
[115]. After adding 8 wt% Al(NO3)3-9H20, the fiber morphology changed from beaded to uniform,
however, the fibers became fused at higher concentration of 16 wt%. Increased f phase content
and reduced a phase content were also observed after the addition of 8 wt% AI(NO3)3-9H20. The
maximized d33 value of -116 pm/V (pC/N) was obtained at 10 wt% AI(NO3)3-9H20. Metal ions
from the salt and water molecules both affected the dipole moment orientation of PVDF chain, via
ion-dipole interaction and hydrogen bonding respectively, which improved the S phase formation.
The hydrated salts used in these studies can be ionized in the solution, which makes it challenging
to identify whether the dominant mechanism is ion-dipole or hydrogen bonding interaction.

Salts with dipole moments but limited ionization can also induce f phase nucleation. Yu et
al. provided a thorough investigation on 3 types of salts, unionized salts with dipole moment close
to 0 (SnCls-5H20, AICl3, Co(Ac)2-4H20), weakly ionized salts (CoClz2-6H20, CuCl2-2H20,
MnCl2-4H20) and strongly ionized salts (LiCl-H20, CaClz, AI(NO3)3-9H20) [111]. The unionized
salts were found to have insignificant effect on f phase content or piezoelectric properties of the
electrospun PVDF fibers. The addition of weakly ionized salts with dipole moment increased
solution conductivity and facilitated dipole orientation of PVDF chains in electrospinning,
achieving the highest piezoelectric response among the 3 types of salts examined. The
improvement of piezoelectric properties with increased filler fraction met a limit at a relatively
high concentration above which the solution conductivity was too strong to produce uniform fibers.
The strongly ionized salts improved f phase content at low filler concentration. The highest voltage
output from the weakly ionized salts almost tripled the highest voltage from the strongly ionized
salts, while the optimal filler concentration of weakly ionized salts was around 10 times the optimal
concentration of strongly ionized salts. In conclusion, salt fillers are effective in promoting  phase
formation for the electrospun PVDF fibers, however, the piezoelectric response is limited at high

concentrations.

30



6.3. Carbon-based and other conductive fillers

Graphene is a two-dimensional sheet of sp>-hybridized carbon in a honeycomb lattice
arrangement. Graphene oxide (GO) is oxidized form of graphene containing oxygen functional
groups. Reduced graphene oxide (rGO) is GO with reduced oxygen content and much higher
electrical conductivity. The potential of graphene, GO and rGO in improving piezoelectric
properties of the electrospun PVDF fibers has been extensively explored. Wu and Chou discovered
that addition of graphene yielded enhanced ds3 value from 15.2 pC/N to 19.2 pC/N but reduced S
phase content from 83% to 76% [116]. The higher ds3 value was attributed to improved interfacial
polarization arising from the conductive graphene fillers. Abolhasani et al. provided a more
elaborate analysis on the graphene concentration, reporting that the § phase content increased from
77% to 83% after adding 0.1 wt% graphene but higher concentration caused the f phase content to
decrease. [62]. At 0.1 wt%, the highest voltage obtained under an applied pressure of 0.2 MPa and
frequency of 1 Hz was 7.9 V, as compared to 3.8 V produced from pure PVDF electrospun fibers.
The higher boundary charge after adding a low concentration of conductive graphene filler was
considered to promote formation of the £ phase. The same optimal concentration (0.1 wt%) was
reported in a different work when GO was added as the filler [117]. Abbasipour et al. conducted
comparative studies on graphene and GO, while Ongun et al. compared GO and rGO [33,118,119].
The electrospun composite fibers produced with GO fillers showed larger diameters, higher
dielectric constant, higher f phase content, and lower degree of crystallinity than fibers with
graphene fillers. In comparison to the pure PVDF electrospun fibers which had ds3 value of 17
pC/N and output voltage of 1 V under three-point bending with 5 mm displacement, the
PVDF/graphene and PVDF/GO fibers with filler concentration of 1.6 wt% yielded ds3 value of 18
pC/N and 24 pC/N, and output voltage of ~1.3 V and 2.1 V, respectively [33,118,119]. GO was
concluded to be more effective than graphene in improving piezoelectric properties of the
electrospun PVDF fibers. In terms of comparison between GO and rGO, the electrospun
PVDF/rGO composite fibers were found to be more uniform with higher dielectric constant and
higher f phase content than the PVDF/GO fibers. The PVDF/rGO fibers achieved maximum output
voltage of 4.38 V with 0.8% (w/v) rGO while the PVDF/GO fibers achieved maximum output
voltage of 1.15 V with 0.4% (w/v) GO, both measured by finger-tapping. While both materials

showed substantial improvement in piezoelectricity than pure PVDF fibers (maximum voltage of
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0.50 V), rGO was observed to be more effective than GO due to enhanced conductivity caused by
lower amount of oxygen function groups on the surface.

Carbon nanotube (CNT) is tubular form of carbon atom sheet. Single-walled carbon
nanotube (SWCNT) consists of a single carbon layer while multi-walled carbon nanotube
(MWCNT) consists of multiple concentric carbon layers. MWCNT has been used as a filler for
electrospun PVDF fibers. Ahn et al. characterized the crystalline structure of electrospun PVDF
composite fibers containing functionalized MWCNT at low concentration of 0.05-1 wt% [17].
They discovered that the § phase content increased from 35% to 41.9% after adding 0.05 wt%
MWCNT, and the increment plateaued to 44.8-44.9% at MWCNT concentration of 0.5-1.0 wt%.
The interaction between the carboxylic acid groups on the functionalized MWCNT and the CF2
dipoles of PVDF chains was considered as the mechanism to enhance f phase formation. Yu et al.
looked into higher concentration of MWCNT (3-10 wt%) [86]. The pure PVDF electrospun fibers
possessed degree of crystallinity of 31% and f phase content of 54.8%. Under buckling loading
(longitudinal displacement 3 cm, frequency 0.8 Hz) in a configuration where the two ends of the
sample were clamped, the output voltage was ~2 V. In comparison, the best piezoelectric property
of the electrospun composite fibers was observed at 5 wt% MWCNT, with degree of crystallinity
of 38.1%, f phase content of 68.4%, and output voltage of 6 V under the same buckling load. The
improvement of piezoelectric properties with addition of MWCNT was also confirmed by Wu et
al. by fabricating aligned electrospun PVDF composite fibers [40]. The f phase content increased
slightly from 88% to 89%, d33 value from 27.4 pC/N to 31.3 pC/N, output sensitivity from 1.93
mV/N to 2.26 mV/N under compressive load, and output sensitivity from 3.45 mV/percentage
strain to 4.29 mV/percentage strain under tensile deformation.

SWCNT has higher aspect ratio and smaller diameter than MWCNT. However, unlike
MWCNT, fewer studies have been conducted on SWCNT as a filler for electrospun PVDF fibers.
Yee et al. investigated how different surface chemistry of SWCNT may affect § phase formation
[120]. Delocalized m electrons of SWCNT could interact with the fluorine atoms of PVDF to
facilitate f conformation. At low concentration of 0.01 wt%, SWCNT with hydroxyl groups had a
more pronounced effect on nucleating S crystallites due to hydrogen bond formation. On the other
hand, SWCNT with ester groups interacted with PVDF chains via weaker dipole-dipole interaction.
Huang et al. further showed that compared with MWCNT, SWCNT yielded similar improvement

on S formation, but slightly higher electrical conductivity, better filler alignment and higher degree
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of crystal orientation [121] . These results indicate SWCNT is a promising candidate for improving
the piezoelectric properties of PVDF, which demands further research.

Although incomparable to graphene or CNT in terms of electrical conductivity, polyaniline
(PANI) is a conductive filler that can improve the charge transportation in electrospun PVDF fibers.
Cai et al. demonstrated that adding PANi had a significant effect on converting a phase to  phase
[122]. The p phase content increased with PANi1 concentration in the range of 0-9.69 wt%. Khalifa
et al. reported that PANi was not a nucleating agent but a filler to improve the electrical
conductivity [58]. After adding 17.5 wt% PAN]J, the S phase content increased from 34.9% to 40.9%
but degree of crystallinity decreased from 38.9% to 37.4%. The authors explained that the
improvement in f phase content was due to enhanced stretching facilitated by higher electrical

conductivity of the jet.

6.4. Noble metal fillers

Noble metals, such as platinum or silver, do not possess piezoelectric properties but their
anticorrosive and antioxidative properties in humid condition can enhance mechanical stability of
the generator made from electrospun PVDF fibers [34]. The incorporation of noble metal as fillers
can also induce crystallization of § phase through the interaction between the charged surface of
the metal fillers and the dipoles of PVDF. Platinum (Pt) is one example of noble metal fillers.
Ghosh and Mandal fabricated electrospun PVDF composite fibers with 1.5 wt% Pt-salt [34]. They
defined a quantity called the degree of crystallinity of § phase as the product of § phase content
and total degree of crystallinity. Including Pt in the aligned electrospun PVDF fibers caused
increase in the degree of crystallinity of £ phase from 37% to 55%, ds3 value from ~22 pC/N to
~44 pC/N and maximum output voltage from 0.2 V to 0.4 V under a compressive force (7 N,
frequency 5 Hz).

Silver nanowire (AgNW) or silver nanoparticle (AgNP) have been analyzed for its
influence on S phase nucleation of electrospun PVDF fibers. Li et al. fabricated PVDF composite
fibers with the addition of AgNW up to 3 wt% [123]. The best piezoelectric properties were
obtained at 1.5 wt% AgNW, with increased ds3 value (29.8 pC/N) compared with the pure PVDF
fiber (d33 of 18.1 pC/N). The authors ascribed the improvement to interaction between the electron-
rich surface of AgN'W and the -CHz dipoles of PVDF. Issa et al. further investigated AgNP at low
concentration of 0-1 wt% [124]. The pure PVDF fibers exhibited S phase content of ~76% and
output voltage of 0.15 V under vibration with frequency of 35 Hz. At 0.4-0.6 wt% filler
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concentration, the PVDF/AgNP composite fibers showed enhancement in dielectric constant and
J phase content (~81%). The highest output voltage of 2 V was obtained for 0.4 wt% AgNP, under
vibration at frequency of 30 Hz. Based on their work, Wu and Chou provided a more detailed
analysis on the effect of soundwave with different frequencies on the piezoelectric response of the
electrospun PVDF/AgNP composite fibers, targeting the application of acoustic-electric
conversion [125]. They reported S phase content of 94% and ds3 value of 27.1 pC/N at the optimal
AgNP concentration of 1 wt%. For such composite fibers subjected to vibration, the maximum
output voltage was 59.2 mV at low frequency (100-400 Hz), 55.8 mV at medium frequency (315-
1250 Hz), and 34.0 mV at high frequency (1250-5000 Hz). On account of the antibacterial
properties of silver, electrospun PVDF/AgNP composite fibers can be further explored in smart
textile or biomedical energy-harvesting applications [126].

Recently emerged noble metals open up more research capacity of piezoelectric materials.
Examples include MXene and Borophene, which are advanced 2D materials synthesized in 2010s
[127]. There still be limited works applying these noble metals on piezoelectric polymers. Zhao et
al. fabricated MXene-loaded PVDF film with improvement in dss value from 21 pC/N for pure
PVDF to 43 pC/N at 0.4 wt% of MXene [128]. The voltage sensitivity of MXene/PVDF sensor
reached 0.0480 V/N with applied force of 50-300 N carried out with force hammer test. The
enhancement of piezoelectric properties was subscribed to substantial increase in conductivity due
to MXene loading. Future works on using these noble metals as fillers for improving piezoelectric
properties of electrospun PVDF fibers may facilitate manufacturing of new generation of smart

textiles.

6.5. Natural Biodegradable fillers

Fillers from natural biodegradable polymers with good piezoelectric properties have been
examined to understand if they can promote S or y phase formation of electrospun PVDF fibers.
Natural fillers are generally non-toxic, renewable, and favored in textile applications. Cellulose
nanocrystal (CNC) or cellulose fiber is an example of such fillers. CNCs are rod-like structures
with high aspect ratio, superior mechanical properties, and abundant hydroxyl groups. The
hydroxyl groups tend to form hydrogen bonds with the electronegative fluorine atoms in PVDF so
that CNC can induce nucleation of electroactive crystalline phases for PVDF [129]. Issa et al. used
cellulose fibers up to 4 wt% to produce electrospun PVDF composite fibers with diameter of 370-

870 nm [130]. The degree of crystallinity decreased from 34.3% to 33.4% after 0.5 wt% cellulose
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fibers was added, then increased with cellulose fiber concentration, up to 35.8% at 4 wt%. However,
the S phase content did not change after adding cellulose fibers. Similar trend was observed by
Fashandi et al., who demonstrated that low CNC loading (1 wt%) resulted in larger fiber diameter
(718 nm, compared to 439 nm for pure PVDF fibers) due to higher viscosity, lower degree of
crystallinity (27.35%, compared to 31.24% for pure PVDF fibers) due to disappearance of o phase,
and lower output voltage (2.1 V compared to 3.5 V for pure PVDF fibers) [131]. Higher
concentration of CNC (5 wt%) reduced the fiber diameter (559 nm) on account of higher electrical
conductivity, improved the degree of crystallinity (36.24%) and S phase formation, and produced
better piezoelectric response (6.3 V). Different from these studies, Lizundia et al. reported that
CNC at low concentration was effective, but at high concentration could restrict molecular chains
from forming preferential crystalline structures due to aggregation [132]. Fu et al. also found that
addition of 2 wt% CNC with average diameter of 15 nm (Figure 8a) improved the degree of
crystallinity from 48.43% to 68.09% and S phase content from 85.08% to 89.96% compared with
pure PVDF fibers, but increasing CNC concentration higher than 2 wt% showed negative effect on
p phase formation and piezoelectric properties [133]. The morphology of the electrospun PVDF
fibers at different loadings of CNC in Figure 8b-d showed uniform and bead-free fibers. The
generator fabricated from the PVDF composite fibers with 2 wt% CNC produced the highest output
voltage of ~60 V upon cyclic bending (Figure 8e).

Chitin, a linear polysaccharide with intrinsic molecular polarization due to its a and S
polymorphs, is another type of piezoelectric natural polymer [134]. Chitin on its own can be
electrospun into aligned fibers with average diameter of ~150 nm and output voltage of 0.1 V per
1 kPa applied force [135]. Incorporating chitin nanofibers in PVDF solution to cast films can
substantially improve the piezoelectric properties due to hydrogen bonding between chitin and
PVDF, yielding S phase content of 81%, d33 value of 35.56 pC/N, and output voltage of 49 V [136].
Adding chitin nanowhiskers with average length of ~225 nm and width of ~15 nm as filler to
electrospin PVDF composite fibers has been demonstrated to show improvement in oil-water
separation and dye removal, but not in piezoelectric applications [137,138]. Future work can be
conducted on analyzing if chitin nanowhisker is an effective filler for enhancing the piezoelectric

properties of the electrospun PVDF fibers.
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Figure 8. Morphology of (a) CNC rods, (b) electrospun PVDF fibers, (c) PVDF fibers with 2 wt%
CNC, (d) PVDF fibers with 4 wt% CNC, (e) output voltages of generators produced from
electrospun PVDF with different CNC loadings. Reproduced from Material Letters, Fu et al., 187,
Improved piezoelectric properties of electrospun poly(vinylidene fluoride) fibers blended with

cellulose nanocrystals, 86-88, 2017, with permission from Elsevier.

6.6. Hydrophilic fillers

Some hydrophilic fillers possess large amount of hydroxyl groups on the surface, which
can orient the dipoles of PVDF to form ordered electroactive crystalline structures. Hydrophilic
nanosilica is one such example. Haddadi et al. provided a systematic analysis on the effect of
hydrophilic nanosilica (up to 2 wt%) on electrospun PVDF fibers [139]. The average fiber diameter
increased with the concentration of hydrophilic nanosilica. At the optimal concentration of 0.5 wt%,
the electrospun composite fibers showed the highest 5 phase content of 83.99% (51.62% at 0 wt%),
degree of crystallinity of 28.3% (32.7% at 0 wt%), and output voltage of 1.771 V at an applied
force of 13.9 N (corresponding data for 0 wt% was 1.122 V at 12.75 N). To further identify the
significance of hydrophilicity in improving piezoelectric properties of PVDF, Haddadi et al.
compared the hydrophilic and hydrophobic nanosilica [19]. The hydrophobic nanosilica exhibited
more agglomeration on the surface of electrospun PVDF fibers. Under the same applied force, both
electrospun PVDF composite fibers containing hydrophobic and hydrophilic nanosilica produced

higher output voltage than pure PVDF fibers, with more pronounced improvement provided by the
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hydrophilic nanosilica. While these works have demonstrated hydrophilic property of nanosilica is
effective in improving piezoelectric properties of electrospun PVDF fibers, the enhancement by

hydrophobic nanosilica should be further investigated to understand the full capacity of this filler.

6.7. Clay

Mixing nanoclay in PVDF has been investigated in thermal treatment (e.g. annealing, melt-
quenching, etc.) of solution casted composite films since charge (ion)-dipole attraction of
exfoliated nanoclay layers with negative charges and positive dipoles of PVDF promote
heterogeneous nucleation of £ and y phases [140]. Regardless of the temperature, the type and
concentration of nanoclay both affect the crystalline structure of PVDEF. Lopes et al. compared 3
types of nanoclay, montmorillonite, laponite and kaolinite, and obtained PVDF composite with
decreasing electroactive phase content in that order [141]. The authors ascribed the trend to the
nature of nanoclay, where the molecular interlayers in montmorillonite and laponite could expand
more significantly than kaolinite. They further reported that increasing nanoclay concentration
from 0.10 wt% to 0.25 wt% changed ds3 value from 0 to -7 pC/N. Their observations indicated
effectiveness of nanoclay in improving piezoelectric properties of PVDF.

Addition of nanoclay in PVDF to fabricate electrospun composite fibers has also been
attempted. Yoon and Kelarakis blended 1 wt% Lucentite organically modified nanoclay with
PVDF solution to yield electrospun composite fibers that had increased f phase and disappeared a
phase compared to pure PVDF fibers [142]. Lucentite nanoclay also promoted more uniform fiber
morphology due to increased viscosity and electrical conductivity of the mixture. The same
phenomenon of converting beaded morphology to uniform fibers was observed by Xin et al. by
including 5 wt% Nanomer® 1.44P nanoclay in PVDF fibers [143]. With increased S phase content,
a maximum voltage of 2.76 V was achieved for the PVDF/nanoclay composite fibers in a cantilever
damping test, compared to 1.65 V achieved for the pure PVDF fibers. To further explain how
concentration of nanoclay affected the fiber morphology and piezoelectric properties, Khalifa et al.
provided a comprehensive analysis on the inclusion of halloysite nanotube (HNT), a kaolinite
nanoclay with tubular structure [144]. Raising the HNT concentration from 0 wt% to 20 wt%
promoted production of uniform fibers with smaller diameter. The f phase content increased
linearly from 34.6% to 81.1% as the HNT loading was increased from 0 wt% to 10 wt%, but higher
loading reduced the f phase content. Enhancement in f phase content was attributed to negative

charge-CH2 dipole interaction between HNT and PVDF. However, addition of HNT showed a
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negative influence on the degree of crystallinity, which was believed to be caused by rod-like HNT
restricting the mobility of polymer chains. The maximum output voltage of 955 mV was obtained
at 10 wt% HNT under a compressive load of 100 g, compared to ~300 mV obtained for pure PVDF
fibers. The output voltage of generators produced from the electrospun PVDF/nanoclay composite
fibers was at a relatively low level (<5 V) until Tiwari et al. reported superior piezoelectric
performance of electrospun PVDF/Cloisite® 30B nanoclay fibers [145]. They investigated the
effect of 0-20 wt% Cloisite® 30B nanoclay, an organically modified montmorillonite nanoclay, and
reported morphology change from beads to uniform fibers after 15 wt% Cloisite® 30B nanoclay
was added. The highest output voltages obtained for this composite fiber was 70 V via finger
tapping and 5.1 V under impulse, and its  phase content was 79%. Higher filler concentration of
20 wt% led to formation of beads, decreased S phase content, and lower voltage output. The
magnitude of the load or strain used to measure the piezoelectric responses was not reported in this
work. In conclusion, nanoclay acts as a nucleating agent to promote f phase formation and is
effective in improving the piezoelectric responses of the electrospun PVDF composite fibers for a

range of filler concentration (~10-15 wt%).

7. Effect of Defects

7.1. Morphological and structural defects

Morphological defects that may exist electrospun PVDF fibers caused by unoptimized
electrospinning parameters can pose negative effect on their piezoelectric performance. The
dominant morphological defect is the failure to form uniform cylindrical fibers. Examples include
bead structures, nonuniform fiber diameters, grooved fibers, cracks, porous cross-sections, as well
as porous and/or rough surfaces [53,67]. Coarse fiber surfaces and porous structures can result from
phase separation induced by nonuniform evaporation of solvent from exterior or interior [67].
Beads are generally formed when the parameters for electrospinning or preparing the polymer
solution are not optimized, leading to unbalanced surface tension, jet charges, and electrostatic
forces required to produce smooth cylindrical fibers. Large variations in fiber diameter and porous
internal structure affect uniformity in the formation of PVDF chains formation and weaken the
piezoelectric properties [53]. For smart textile applications, reduced S phase formation caused by
morphological defects is detrimental to the piezoelectric performance of electrospun PVDF fibers.

However, morphological defects such as porous structures are considered beneficial in absorption-
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related applications due to the increased specific area of fibers and hence more absorption sites
[67].

Structural defects of electrospun PVDF fibers include undesired chain conformation or low
crystallinity. Although S phase is the preferred chain arrangement, o phase is energetically more
stable [146]. Since a phase is non-polar, a high o phase composition can be avoided by optimizing
electrospinning and solution parameters, addition of fillers, or post-treatments that supply
additional poling, stretching, or heating for § phase formation [85,147]. It should be pointed out
that an increase in the total degree of crystallinity may not directly correlate with enhanced
piezoelectric performance, as the formation of more o phase can also lead to higher crystallinity.
Thus, even at a high degree of total crystallinity, structural defects such as the lack of § phase can

still result in poor piezoelectric properties [133].

7.2. Device defects

When electrospun PVDF fibers are fabricated into energy or sensing devices, the
piezoelectric output can be influenced by a number of other factors [9,10]. Electrospun fibers are
well known for their high surface area to volume ratio, which provides strong contact with the
electrode layers. However, when the electrodes are exposed to an environment with high humidity,
the device can experience short circuiting and become incapable of transferring energy harvested
by the device [9]. Humidity and rapid temperature change can also affect the charge transfer across
the interfaces between fibers and electrodes. To alleviate the impacts on piezoelectric performance
from the surroundings, an insulation layer is generally applied to ensure steady energy output [10].
This additional component, however, adversely affects the wearability of the device in smart textile
applications and raises the manufacturing cost. An alternative approach was proposed by Gao et
al., involving an overall core-shell design where the electrospun PVDF fibers wrap around flexible
electrodes [80]. For a device with multilayer structures, delamination can arise from weak
interfacial contact between different fiber layers [80]. Finally, a direct circuit printing on PVDF is
difficult because the melting temperature of PVDF is only around 171-175°C and the electrospun
fiber mat does not possess a completely flat surface [10]. On account of these challenges, energy
devices produced from electrospun PVDF fibers have a relatively low power output, which remains

an obstacle for their commercial applications.
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8. ML Analysis

For electrospun polymeric fibers, ML has been employed to analyze the effect of
electrospinning parameters on fiber diameter, mechanical properties, electrochemical properties,
etc. [148] However, to the authors’ knowledge, such analyses have not been conducted to predict
the voltage response of electrospun PVDF fibers under applied deformation or force, with or

without fillers.

8.1. ML setup

To conduct ML analysis on the piezoelectric response of electrospun PVDF composite
fibers, 315 data were collected from various papers which reported the open-circuit output voltages.
The output voltages were grouped into 4 classes in Table 2 based on the typical operational voltage
of electronics, disregarding the current output. While acknowledging that current rating is required
to power these electronic applications, current output is not taken into account when evaluating

voltage classifications due to the lack of current measurement in considerable number of works.

Table 2. Classification of output voltage ranges based on electronic applications [149,150]

Class Value (V) Potential Applications
| <1.8 Not suitable for electronics
2 1.8-5 Can be used for LED
3 5-12 Can be used for small-scale electronics, such as headset, MP3, etc.
4 >12 Can be used for large-scale electronics, such as laptop, portable DVD player, etc.

The collected data contained output voltage produced from two types of excitation sources,
deformation and applied force. Thus, the data were divided into two categories, force-induced
voltage and strain-induced voltage. The force-induced voltage refers to the output voltage
generated by compression or impact force, thus one input variable is the applied force. The strain-
induced voltage refers to the voltage generated by bending or tensile deformation, with strain
calculated using methods listed in Section 3 as one input variable. The effects of 39 experimental
variables, including electrospinning parameters, solution properties, filler properties and fiber
properties, on the output voltage were assessed. To reduce the variable dimension, the correlations
between the experimental variables and the voltage classes were evaluated using Spearman’s p, a

non-parametric statistical method [151]. The results of feature selection are shown in Figure 9. The
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significant parameters with 99% confidence interval (p-value<0.01), besides the excitation sources,
were identified. For the force-induced voltage, the significant parameters were MWCNT, BaTiO3,
HNT, filler concentration, and electric field. MWCNT, BaTiO3; and HNT represented the fillers
with high electrical conductivity, high piezoelectric coefficient, and ability to promote f phase
content of PVDF, respectively. For the strain-induced voltage, the significant parameters were
PVDF concentration, MWCNT, BaTiOs, HNT, filler concentration, flow rate, and electric field.
These parameters, combined with either strain or force, were selected as the inputs for training the
ML models to predict the output voltage range of the electrospun PVDF composite fibers.
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Figure 9. Process to select ML model for voltage output from input variables.

Classification Learner in MATLAB R2021b was used with training and testing procedures
illustrated in Figure 10. The strain-induced voltage and force-induced voltage data were both
separated into training dataset with validation (80%) and test dataset (20%). 10-fold cross
validation was conducted on the training data for validation before testing. Specifically, the training
data were partitioned into 10 random subsets with 9 subsets used for training and 1 subset used for
validation. The process was repeated 10 times by alternating the validation subset. The validation
process was used to evaluate the accuracy of the model as the hyperparameters, the ML parameters

which controlled the training process, were tuned. The test process assessed the accuracy of the
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model after the model was finalized to indicate if the predictions were valid. The classification
models used are listed in Figure 10 with their advantages and disadvantages.
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Figure 10. ML models adopted in Classification Learner of MATLAB with advantages and

disadvantages.

8.2. ML Results

The classification models were compared based on validation accuracy, prediction speed,
training time, and test accuracy. The models with the highest validation accuracy or highest test
accuracy to predict the force-induced and strain-induced voltages are summarized in Table 3. The
hyperparameters used in these models were optimized with MATLAB Classification Learner and
are listed in Table 4. For force-induced voltage, Boosted Trees, which was AdaBoost algorithm
combined with Decision Tree leaners, showed the highest validation accuracy of 80.6%. The test
accuracy exhibited a slight decrement to 76.2%. Weighted KNN classifier had a lower validation

accuracy of 75.3% but a substantially higher test accuracy of 90.5%. It also showed an almost 3-
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fold increase in prediction speed and 6-fold reduction in training time, when compared with
Boosted Trees. For strain-induced voltage, the highest validation accuracy of 88.7% was obtained
from Logistic Regression Kernel classifier, with its test accuracy further increasing to 91.7%. The
highest test accuracy of 95.8% was achieved with Fine Gaussian SVM classifier with a slightly

reduced prediction speed but more than 2-fold decrease in training time.

Table 3. Classification models with the highest validation accuracy or test accuracy for force-

induced voltage and strain-induced voltage.

Force-induced Strain-induced
) Logistic Fine Gaussian
Method Boosted Trees Weighted KNN )

Regression Kernel SVM

Validation accuracy 80.6 75.3 88.7 84.5
Prediction speed

1200 3400 2400 2100
(observations/sec)

Training time (sec) 6.2 1.0 2.0 0.8
Test accuracy (%) 76.2 90.5 91.7 95.8

Table 4. Hyperparameters used for the Classification models.

Force-induced Strain-induced
Method Boosted Trees Weighted KNN Loglstlc Fine Gaussian SVM
Regression Kernel
Ensemble method: Number of neighbors: Kernel function:
AdaBoost 10 Multiclass Gaussian
Maximum number of Distance metric: method: One-vs- Kernel scale: 0.71
Hyperparameters splits: 20 Euclidean One Box constraint level: 1
Number of learners: Distance weight: Iteration limit: Multiclass method:
30 Squared inverse 1000 One-vs-One
Learning rate: 0.1 Standardize data: true Standardize data: true

Figure 11 shows, for force-induced voltage, the scatter plots of how the output voltage class
changes with the significant parameters, as predicted by the models. For each filler, “0” indicates
that the filler is not added to the electrospun PVDF fibers while “1” indicates the filler is added.
Darker color corresponds to overlapping data and hence more frequent occurrence. In both Boosted
Trees and Weighted KNN classifiers, higher voltage class occurred at higher input force and after
the addition of MWCNT. The majority of class 1 voltage occurred at low electric field and before
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the addition of BaTiOs. These trends agreed with the summarized results in Sections 5 and 6. At
high electric field, finer fibers were generated which promoted PVDF to crystallize into
electroactive phases. Addition of BaTiOs enhanced the overall piezoelectric properties of the
electrospun composite fibers. Inclusion of MWCNT improved the electron charge transfer leading
to increase in the piezoelectric response. For filler concentration, the majority of class 4 and class
1 voltages were located at low weight ratio, but most data were randomly scattered. This suggests
the need to optimize the filler concentration, and the loading limit is likely different for different
fillers depending on how they interact with PVDF. HNT was not as effective as BaTiO3 or
MWCNT in terms of improving the piezoelectric properties of the electrospun PVDF fibers.

For the strain-induced voltages predicted by Logistic Regression Kernel and Fine Gaussian
SVM classifiers, the scatter plots are presented in Figure 12 for the significant parameters. High
voltage class was achieved at low electric field, high applied strain, low flow rate, and after addition
of BaTiO3 and MWCNT. For the dataset adopted to conduct ML analysis on strain-induced voltage,
high electric field might have caused jet instability and posed negative effect on forming
electroactive crystallites. In terms of flow rate, while maintaining uniform jet formation, reducing
flow rate could increase the charge density over the jet surface, yield thinner fibers, and increase S
phase content. High voltage class was observed at intermediate PVDF concentrations and filler
weight ratios, suggesting that optimal concentrations of PVDF and fillers exist and overloading
can pose negative influence on the piezoelectric response of the fabricated fibers. Similar to force-
induced voltages, addition of BaTiO3 or MWCNT was beneficial in improving the piezoelectric
properties, while no clear relationship was detected between the voltage class and the addition of
HNT. In both Figure 11 and Figure 12, the voltage class increased with the applied force or strain.
Therefore, voltage sensitivity, which is the ratio between output voltage and the applied force or
strain, should be reported to more accurately evaluate the piezoelectric response of the electrospun

PVDF and PVDF composite fibers.
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Figure 11. Scatter plots of force-induced voltage class vs electric field, input force, filler weight
ratio (filler concentration), BaTiO3, HNT, and MWCNT, respectively; predicted by (a) Boosted
Trees classifier and (b) Weighted KNN classifier.
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Figure 12. Scatter plots of strain-induced voltage class vs electric field, strain, filler weight ratio,

PVDF concentration in solution, flow rate, BaTiO3, HNT, and MWCNT, respectively; predicted by

(a) Logistic Regression Kernel classifier and (b) Fine Gaussian SVM classifier.

The performance evaluation of the chosen models is shown in Figure 13 using confusion

matrices. True positive rate (TPR) and false negative rate (FNR) are respectively the fractions of

correctly and incorrectly assigned observations per true class. For instance, in the validation results
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of Boosted Trees classifier for estimating force-induced voltage (Figure 13a), 92.8% of the output
voltages were correctly assigned to class 1 while 3.1%, 3.1%, and 1.0% of the voltages were
incorrectly assigned to classes 2, 3, and 4. That resulted in TPR of 92.8% and FNR of 7.2%. After
testing (Figure 13b), TPR of class 1 slightly reduced to 92%, causing the test accuracy to be slightly
smaller than the validation accuracy. In the validation results of Weighted KNN classifier (Figure
13c), the lowest TPR of 50% occurred for class 2, indicating prediction of force-induced output
voltages in class 2 was not as accurate as the prediction of voltages in other classes. In the testing
results (Figure 13d), TPR for class 2 reduced but TPR for classes 1, 3, and 4 reached 100%, which
confirmed high agreement between the model prediction and the actual output voltage class.

The strain-induced voltage was assigned into 3 classes because the reported output voltages
did not reach the range of class 4 as specified in Table 2. In the validation results of Logistic
Regression Kernel classifier (Figure 13e), the highest TPR of 98.5% was achieved for class 1 and
the highest FNR of 60% occurred for class 2. For the test results (Figure 13f), TPR of class 1 and
3 increased up to 100% and the highest FNR (class 2) reduced to 50%. Fine Gaussian SVM
classifier showed lower TPR for classes 1 and 3 in additional to higher FNR for class 2 than
Logistic Regression Kernel classifier, in the validation results (Figure 13g). However, the test
accuracy of Fine Gaussian SVM classifier (Figure 13h) was the highest among the four classifiers,
with 100% TPR achieved for classes 1 and 3, and 25% FNR for class 2. In general, the classification
models for strain-induced voltage estimation were able to achieve 100% accuracy in assigning

voltages to classes 1 and 3 with slightly lower accuracy for class 2 output voltage.
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Figure 13. Confusion matrices for (a) validation results and (b) test results of Boosted Trees
classifier; (c) validation results and (d) test results of Weighted KNN classifier; (e) validation
results and (f) test results of Logistic Regression Kernel classifier; (g) validation results and (h) test

results of Fine Gaussian SVM classifier.

8.3. Comparative analysis and future perspectives

From recent publications, electrospun PVDF fibers with high piezoelectric output are
summarized in Tables 5 and 6 for force-induced voltage and strain-induced voltage, respectively.
As seen in Table 5, consistent with the predictions from ML, class 4 voltage mostly occurred at
high electric field and high input force with majority of the filler weight ratio less than 0.2. ML
identified BaTiO3 and MWCNT as beneficial additives that improve piezoelectric output, which
were implemented in the two studies ranked #2 and #5.

The parameters that resulted in class 3 voltage (ranked #1) showed good agreement with
ML prediction (Table 6): relatively low electric field, high strain, intermediate filler and PVDF
concentrations, low flow rate, and after the addition of BaTiO3. It should be emphasized, however,
that the voltage output is dependent on the applied stimuli (force or strain). By defining force-
induced voltage sensitivity and strain-induced voltage sensitivity as the output voltage divided by
applied force and applied strain, respectively (see Tables 5 and 6), it is evident that the voltage class
is not directly correlated to voltage sensitivity. For instance, the study ranked #2 in Table 6 has a
lower voltage class than the work ranked #1, but a higher strain-induced voltage sensitivity. This
further highlights the necessity to standardize the piezoelectric output results and specify the

applied force or strain when reporting the piezoelectric output.

Table 5. Ranking of force-induced voltage output reported in recent publications.

Voltage ~_ oree-induced Blectric 5t Filler weight
Rank (V)g voltage sensitivity ~ Class field forcIe) N) ratio £ Filler type Ref
(VIN) (kV/m)
1 30.00 0.60 4 150 50 0.015 Platinum [34]
) BaTiO3;
2 21.31 0.04 4 320 580 0.18; 0.01 MWCNT [152]
3 24.60 1.77 4 93 13.9 0.005 Nanosilica [139]
4 12.50 0.42 4 150 30 0.1 NaNbO3 [152]
5 12.00 7.53 4 120 1.594 0.2;0.18 BaTiO3; ZnO  [153]

48



Table 6. Ranking of strain-induced voltage output reported in recent publications.

Strain-induced

Electric . . Flow

Rank Voltage Vol.te.1g§: Class field Strain .Flller . PVDF . rate Filler type Ref

V) sensitivity (kV/m) (mm/mm) weight ratio concentration (ml/hr)

(V/(mm/mm))
0.150; BaTiO3;
1 11.00 2463.70 3 100 0.0045 0.0015 0.2 0.5 Graphene [35]
2 2.30 6133.33 2 160 0.0004 0.016 0.14 2 GO [33]
0.38 345.45 1 100 0.0011 0.005 0.25 09  Nickle Chloride 5,
Hexahydrate

4 0.08 152.00 1 28000 0.0005 0.000 0.18 N/A N/A [52]
5 0.03 0.26 1 N/A 0.1000 0.002 0.18 N/A CNT [40]

The application of electrospun PVDF fibers towards next-generation flexible self-powered
generators and sensors is being extensively investigated. Recent studies have attempted address the
drawbacks of low energy output of PVDF compared with piezoelectric ceramics by optimizing
electrospinning procedure, solution parameters, and addition of fillers [68,99]. Other approaches
include the modification of functional groups, consideration of regioisomerism, etc. Tackling such
an intricate problem demands the processing of a large amount of data and the development of
models that can accurately predict the piezoelectric performance of PVDF. ML is well-suited for
this purpose. While the classification models used in the present work provide good prediction for
the voltage class, a few other directions are suggested here. 1) Consider maximizing piezoelectric
performance as an optimization target and integrate traditional optimization methods (e.g. Taguchi
method, response surface methodology) with ML methods such as genetic algorithm, artificial
neural network, support vector regression, etc. [154] 2) Establish the piezoelectric governing
equations with independent variables and use deep energy methods derived from deep neural
network to solve the equations [155]. 3) Implement reinforcement learning in adaptive
manufacturing procedure to execute optimal control for maximal piezoelectric performance [156].
Exploiting the potential of ML to help achieve high piezoelectric performance of PVDF is

becoming an effective and even a crucial path for the advancement of this class of smart materials.

Conclusion
Electrospun PVDF fibers with high aspect ratio have great potential in energy harvesting
fields including e-textiles, piezoelectric biomedicine, nano-sensors and generators. A review is

conducted on recent works that investigate the production of PVDF and PVDF-composite fibers
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by solution electrospinning. The effects of processing parameters and solution properties on
crystallization structure formation and piezoelectric properties of the PVDF fibers are discussed.
To produced PVDF-composite fibers, various fillers have been introduced, which can be
categorized into piezoelectric ceramics, salts, conductive fillers, noble metal, natural fillers,
hydrophilic fillers, and clay. These fillers enhance the piezoelectric properties of electrospun PVDF
fibers through a range of mechanisms, such as high piezoelectric coefficient of the filler,
enhancement of electron transfer by increasing conductivity, and promotion of f phase formation
by dipole-dipole interaction, ion (charge)-dipole interactions, fluorine-n interactions, or radical
reactions. Following the definition of 4 classes for output voltage produced by electrospun PVDF
composite fibers, machine learning models are employed to estimate the voltage output from these
composite fibers under force-induced or strain-induced deformation. Four models are identified
that provide high accuracy in predicting output voltage class. These models can be used to select
fillers or optimize electrospinning parameters in order to produce electrospun PVDF and PVDF

composite fibers with high piezoelectric performance.
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