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Abstract: This study fabricated piezoelectric fibers of polyvinylidene fluoride (PVDF) with
graphene using near-field electrospinning (NFES) technology. A uniform experimental design table
U*,(7*) was applied, considering weight percentage (1-13 wt%), distance between needle and disk
collector (2.1-3.9 mm), and applied voltage (14.5-17.5 kV). We optimized the parameters using
electrical property measurements and the Kriging response surface method. Adding 13 wt%
graphene significantly improved electrical conductivity, increasing from 17.7 uS/cm for pure PVDF
to 187.5 uS/cm. The fiber diameter decreased from 21.4 pm in PVDF/1% graphene to 9.1 um in
PVDEF/13% graphene. Adding 5 wt% graphene increased the 3-phase content by 6.9%, reaching
65.4% compared to pure PVDF fibers. Material characteristics were investigated using scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
analysis (XRD), contact angle measurements, and tensile testing. Optimal parameters included 3.47
wt% graphene, yielding 15.82 mV voltage at 5 Hz and 5 N force (2.04 times pure PVDF). Force
testing showed a sensitivity (S) of 7.67493 log(mV/N). Fibers were attached to electrodes for
piezoelectric sensor applications. Results affirmed enhanced electrical conductivity, piezoelectric
performance, and mechanical strength. The optimized piezoelectric sensor could be applied to
measure physiological signals, such as attaching it to the throat under different conditions to
measure the output voltage. The force-to-voltage conversion facilitated subsequent analysis.

Keywords: Composite piezoelectric fibers; Near-field Electrospinning; Polyvinylidene fluoride;
Graphene; Piezoelectric sensor

1. Introduction

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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With the prevalence of wearable devices, monitoring physiological indicators such as heart rate,
blood oxygen saturation, and sleep quality has expanded the smart healthcare market. Advances in
biometric technology have elevated sensors to crucial roles in detecting physiological parameters and
environmental changes. Through wearable devices, healthcare IoT technology has progressed
significantly [1]. Self-powered systems have emerged as the mainstream trend in electronic device
development. Traditional batteries, with limitations like limited battery life, low power efficiency,
and insufficient energy storage, have prompted researchers to shift toward environmental energy
harvesting. This reduces reliance on batteries, extends battery life, and effectively reduces
environmental pollution and energy consumption [2]. Among these, pressure sensors are a vital
category for detecting pressure magnitude. Common types include capacitive sensors [3,4],
piezoresistive sensors [5,6], and piezoelectric sensors [7,8].

Piezoelectric material-based energy harvesting devices played a crucial role in energy
conversion, where, through the piezoelectric effect, mechanical energy could be transformed into
electrical energy. These devices detected subtle body movements [9-12]. Polyvinylidene fluoride
(PVDF), a polymer piezoelectric material [13,14], possesses advantages such as flexibility,
lightweight, high purity, solvent resistance, and stability under high electric fields. Its molecular
structure, composed of repeating units (-CHz-CFz-), exhibited five crystalline phases (a, 3, v, o, and
¢), with the (3 phase demonstrating superior piezoelectric, ferroelectric, and thermoelectric properties
[15,16]. Enhancement could be achieved through mechanical stretching, high electric field
application, and the addition of nanoparticles [17]. Pazhamalai et al. [18] used PVDF in a composite
film to enhance energy storage in flexible supercapacitors and create self-powered systems, utilizing
its piezoelectric properties for energy harvesting. Li et al. [19] developed a novel piezoelectric
polymer material by modifying PVDF with polyvinyl alcohol, significantly improving blood
pressure monitoring devices’ electro-mechanical coupling characteristics and accuracy.
Graphene [20-22], a two-dimensional nanomaterial with carbon atoms bonded in sp? hybridized
orbitals, exhibited excellent mechanical properties, high electron transfer capability, and thermal
conductivity. It is widely used in biosensors and physical and chemical sensors [23]. Adding
graphene to PVDF could modify its properties, forming composite materials with outstanding
characteristics. Liu et al. [24] developed a graphene-based flexible sSEMG sensor for muscle strength
evaluation and hand rehabilitation, combining PDMS substrate for high sensitivity and
biocompatibility. Wang et al. [25] used graphene and silver nanoflakes in their pressure sensors to
improve flexibility and sensitivity, enabling effective radial pulse monitoring. Herndndez-Rivera et
al. [26] used graphene in a capacitive humidity sensor with an electrospun PVDEF/graphene
membrane, enhancing its hydrophobicity and improving its sensitivity and response time for various
humidity sensing applications.

Electrospinning [27-31], a technique using a high electric field to manufacture fibers, involves
extracting and stretching polymer substances from a liquid into micro or nanoscale fibers. When the
electrostatic force exceeded the liquid droplet’s surface tension, the droplet would extend into
threads and be collected through a collector. A near-field electrospinning process was proposed by
Sun et al. [32], where the needle-to-collector distance was reduced to a range of 500 pm to 3 mm. The
shortened distance minimized the applied voltage, improving the severe disturbance during the
traditional electrospinning jetting process. This led to successfully fabricating ordered piezoelectric
fibers with diameters ranging from 50-500 um. Isaac et al. [33] explored various techniques for
producing directional fibers, including using drum collectors to generate high-strength composite
fibers. The high-speed rotation of the collector allowed the fibers to stretch and deposit on the
collector. Tariq et al. [34] employed the Taguchi design method to set electrospinning parameters,
investigating factors such as PVDF concentration, applied voltage, flow rate, and drum speed.
Through multiple experiments and modeling, optimal spinning parameters were determined,
highlighting the significant impact of PVDF concentration. Wang et al. [35] enhanced the conductivity
of PVDF by incorporating multi-walled carbon nanotubes (MWCNT). They observed that higher
concentrations of MWCNT significantly increased the 3 phase, improving the mechanical properties
of the fibers. The addition of nanofillers to the polymer, with a minimal needle-to-collector distance,
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facilitated the optimization method, enhancing the piezoelectric properties of the fibers. Wu et al. [36]
fabricated aligned PVDF/CNT nanofibrous membranes through electrospinning, achieving a high
piezoelectric sensitivity of 2.26 mV/N under dynamic compression. Selleri et al. [37] developed a self-
sensing soft skin based on electrospun PVDF-TrFE nanofibers, achieving a sensitivity of up to4 mV/N.
These studies demonstrate the potential of using piezoelectric fibers for force measurement. Chou et
al. [38] proposed a circular-shaped piezoelectric sensor encapsulated with circular electrodes. They
combined individual sensors into a sensor array for application in dynamic response measurement.
In this study, graphene was added to PVDF to enhance its conductivity and piezoelectric
performance. The near-field electrospinning technique was employed with a disk collector to gather
fibers, creating flexible piezoelectric sensors. Table 1 provides a comparison between previous
studies and the current research. Through uniform experimental design and kriging modeling,
optimal electrospinning parameters for the output voltage of the piezoelectric sensor were
determined. Material analyses were conducted to investigate the impact of varying graphene
concentrations. Subsequently, the force-to-voltage relationship of the optimized piezoelectric sensor
was obtained. The sensor was applied to measure forces on the throat under different conditions.

Table 1. Difference between previous studies and the current study.

Reference Method Material Objective
Floct A Fabricati >
[26] ectrospinning PVDF/Graphene abrlca} ing capacitive
Plate collector humidity sensors.
L Using the Taguchi design
[34] Electrospinning PVDE/DMF method to enhance the -
Drum collector
phase of PVDEF.
We are improving the
(35] Electrospinning PVDE/MWCNT mechanllcal anfi electrlcaTI
Drum collector properties of piezoelectric
fibers.
. Improving the 3-phase and
Elect
[36] cctrospmning PVDE/CNT electrical properties of
Drum collector . Lo
piezoelectric fibers.
37] Electrospinning PVDE-T{FE Fabricating se.lf-sensmg
Drum collector soft skin.
Using the uniform design
This work Ele'ctrospmnmg PVDF/Graphene method to fabricate
Disk collector optimal sensors for throat
applications.

2. Materials and Method
2.1. Preparation of PVDF/Graphene Solution

Solution A and B were prepared first by combining 0.9 g of PVDF and 2.5 g of acetone in a
scintillation vial to create Solution A. The mixture was stirred at 150 rpm using a magnetic stirrer for
30 minutes. Subsequently, 0.2 g of anionic phosphate fluorosurfactant (Zonyl UR, Chemours,
America) and 2.5 g of dimethyl sulfoxide (DMSO) were added to another scintillation vial to form
Solution B, which was also stirred at 150 rpm using a magnetic stirrer for 30 minutes. The surfactant
used has a low aqueous surface tension. Graphene was incorporated into the pre-prepared Solution
B following a uniform experimental design and then placed in an ultrasonic bath for continuous
agitation for 20 minutes. Solution A was added to Solution B, stirring the mixture at 200 rpm for 30
minutes. After mixing, the solution was allowed to stand for 30 minutes to reduce the presence of
residual bubbles.

2.2. Near-Field Electrostatic Spinning Process

The schematic diagram of the near-field electrospinning setup is illustrated in Figure Al
(Appendix A). The electrospinning solution was initially loaded into a syringe and securely fixed
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onto the precision flow control pump (New Era Pump Systems, NE-1000) to regulate the injection
rate of the electrospinning solution. A conductive stainless-steel needle connected to the positive
high-voltage power supply (Matsusada Precision, AU-60N20-LC) formed the nozzle for near-field
electrospinning. A rotating disk collector was employed to gather many spun fibers, with the motor’s
direct current power supply (HONGSHENG, DPS-305CM) controlling the disk’s rotational speed. A
glass disk with copper foil underneath was grounded and positioned on an XY control platform for
lateral movement. The electrospinning solution formed droplets at the tip of the stainless-steel
needle. Under the influence of the electric field, charges gradually accumulate on the droplet’s
surface. When the electrostatic force exceeded the droplet’s surface tension, a Taylor cone formed at
the needle’s tip, resulting in the ejection of fibers. A high electric field collected The fibers in a specific
stretching direction. Experimental electrospinning parameters included the weight percentage of
graphene, the distance between the needle and the disk collector, and the applied voltage during
electrospinning. These three variables were adjusted using a uniform experimental design method.
The XY control platform maintained a fixed movement speed of 8.33 mm/s, and the precision flow
control pump maintained a flow rate of 0.15 mL/hr.

2.3. Sensor Package and Sheet Resistance Measurement

This experiment employed screen printing to fabricate silver electrode films. A 50 um-thick
silver electrode was utilized on a flexible polyethylene terephthalate (PET) substrate. The
encapsulation part used a flexible plastic material, polyethylene (PE) film. The PVDF/Graphene
piezoelectric fiber was placed on the screen-printed electrode. The copper tape was used to attach the
wires to the electrode’s junction, and the piezoelectric fiber was secured on the silver electrode film
with a PE film, completing the preparation of the piezoelectric sensor.

The four-point probe method (Kelvin technique) is commonly employed to measure the
resistance of thin films. This method eliminates the influence of contact resistance, providing
relatively accurate resistance values. The sheet resistance, an essential characteristic for evaluating
electrode conductivity, is utilized to assess the resistance value on the electrode surface. This helps
confirm the impact of non-uniform thickness or material distribution in different regions and
evaluate the uniformity of the silver ink-printed electrodes.

2.4. Electrical Measurements

To assess the performance of the piezoelectric sensor, this study utilized a signal filtering
processor provided by the Instrument Technology Research Center, Taiwan. The circuit structure and
flowchart of the signal-filtering processor are illustrated in Figure A2 (Appendix A). This processor
boasts high-precision detection capabilities and an active filtering function. This circuit was powered
by a lithium-ion battery (500 mAh) for signal processing and wireless transmission. Although
piezoelectric fibers could generate energy from body movements, they could not power the entire
circuit. After connecting the piezoelectric sensor to the signal filtering processor, the signal undergoes
notch filtering to eliminate the 60 Hz frequency signal, enhancing the clarity of the voltage signal.
Subsequently, the analog signal is converted to a 24-bit high-resolution digital signal using an analog-
to-digital converter (ADC). Further processing is carried out by the microcontroller unit (MCU). The
processed signal is transmitted to a laptop via a Bluetooth module, and signal-filtering software is
utilized for recording and analysis. The software employs fast Fourier transform (FFT) to transform
the time waveform of the signal into a spectrum, facilitating the identification of frequencies that
impact the piezoelectric sensor.

Next, the piezoelectric sensor was connected to the signal processing unit for impact testing to
understand its electrical performance. The sensor was tapped using a shaker to generate voltage
output. Initially, a signal with a frequency of 5 Hz was generated using a function generator (Agilent
33220A). The force of the tapping was adjusted by manipulating the knob of the power amplifier
(SignalForce 100W). A shaker (Dataphysics V20) was connected, and its tapping head was aligned
with the piezoelectric sensor. The setup is illustrated in Figure A3 (Appendix A). A force sensor
(Model 208C02 ICP® Force Sensor) was positioned below to measure the tapping force. The knob of
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the power amplifier was adjusted to achieve a tapping force of 5 N. Under these tapping conditions,
the piezoelectric performance of sensors produced with different parameters using a uniform
experimental design was measured.

2.5. Uniform Experimental Design and Kriging Response Surface Method

The Uniform experimental design is a tool for experimental design suitable for situations with
multiple factors and levels. Its characteristics include fewer experiments and a uniform distribution
of test points. The Kriging response surface method is a spatial data interpolation method used for
modeling and optimizing multivariate functions. It aims to determine the optimal combination of
multiple factors for a specific response. Constructing a suitable Kriging response surface model can
optimize and analyze the surface.

The symbols used in the uniform experimental design are denoted as Un(qs), where U represents
the uniform design, n indicates the number of experiments, q signifies the number of levels for each
factor, and s denotes the number of factors. The uniform design also uses the parameter D to represent
the distribution of actual sample points, reflecting the degree of uniformity in the experimental
design. A smaller D value indicates a more uniform distribution of sample points. This experiment
utilized the specifications of the U*7(74) uniform experimental design method. It consists of four
columns, and three influencing factors were placed in columns 2, 3, and 4 for experimentation. The
influencing factors include graphene weight percentage, distance between the needle and the disk
collector, and applied voltage in the electrospinning process. Each factor has specified upper and
lower limits.

A uniform experimental design table was created for conducting experiments. Tables 2 and 3
present the upper and lower limits of the influencing factors and the uniform experimental design
table. A range of 1-13 wt% graphene weight percentage was chosen. Although higher concentrations
result in higher conductivity, they also increase the viscosity of the graphene solutions, making the
electrospinning process more challenging. Consequently, higher electric fields need to be applied. A
uniform design table was used to address this issue. Adjustments were made in the distance between
the needle and the disk collector in the uniform table and the range of applied voltages during
electrospinning. The corresponding electric field is calculated as the applied voltage divided by the
distance between the needle and the collector. This adjustment ensures that higher concentrations of
graphene are matched with higher electric fields, enabling a more stable electrospinning process. This
prevents the formation of spherical aggregates on the needle due to high viscosity, which could
otherwise lead to the inability to form fibers as they drop down during electrospinning.

Table 2. The upper and lower limits of the influencing factors for the uniform experimental design
table include graphene weight percentage, distance between the needle and the disk collector, and

applied voltage.
Graphene weight Distance between the needle .
Fact Applied volt kV
actor percentage (Wt%) and the disk collector (mm) pplied voltage (kV)
Minimum 1 2.1 14.5
Maximum 13 3.9 17.5

Table 3. The influencing factors, including graphene weight percentage, the distance between the
needle and the disk collector, and applied voltage, along with their corresponding electric fields, were
incorporated into the U*7 (74) uniform experimental design table.

Graphene weight Distance between the needle .
percintage (w’i;%) and the disk collector (mm) Applied voltage (kV)
1st test 5 33 17.5/5.30
2nd test 11 2.4 17.0/7.08
3rd test 1 3.9 16.5/4.23
4th test 7 3.0 16.0/5.33
5th test 13 2.1 15.5/7.38
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6th test 3 3.6 15.0/4.17
7th test 9 2.7 14.5/5.37

2.6. Scanning Electron Microscope, SEM

Due to the fiber dimensions reaching the micron scale, observing subtle structural changes using
an optical microscope is challenging. SEM offers higher magnification, ranging from thousands to
hundreds of thousands of times, enabling clear visualization of surface features and delicate
structures. Therefore, SEM was utilized to examine the diameter and surface morphology of
PVDEF/Graphene composite fibers.

2.7. Electric Conductivity

Electrical conductivity is an assessment of a material’s ability to conduct electricity. It indicates
the mobility of electrons or ions in the material under an applied electric field and indicates the
material’s efficiency in transmitting electric current. The objective is to observe whether adding
graphene effectively enhances the electrical conductivity of the PVDF/Graphene electrospinning
solution.

2.8. Fourier-Transform Infrared Spectroscopy, FTIR

FTIR technique is employed to characterize and analyze the crystalline phases of PVDF material.
It is used to observe whether adding graphene increases the presence of PVDF {-phase
functionalities. FTIR analysis also helps determine the relative content and distribution of various
crystalline phases in the material by analyzing the positions and intensities of different absorption
peaks. It also assists in identifying the presence of other functional groups within the molecules.

2.9. X-ray Diffraction Analysis, XRD

XRD analysis was employed to identify the crystal structures of PVDF and graphene to
investigate the impact of adding different concentrations of graphene on the (3-phase crystallinity
strength. Before measurement, approximately 1 cm x 1 cm fibers were cut, their surfaces were
flattened, and they were adhered to glass slides. The materials’ crystalline structures were analyzed
by comparing the XRD peak angles corresponding to graphene and PVDF crystal structures.

2.10. Contact Angle Measurement

To compare the influence of different concentrations of graphene on the hydrophilicity of
composite fibers, the contact angle (0) was used as an indicator for evaluation. The electrospun fibers
were placed on a substrate, and a droplet of 2 pL distilled water was dispensed onto the fiber surface.

2.11. Tensile Testing

Tensile testing was employed to assess whether the addition of graphene affects the crystalline
structure of PVDF and its impact on mechanical strength. The test samples were cut to a width of 10
mm and a length of 40 mm. The specimens were securely clamped in the grips, and the effective
gauge length was 20 mm. Tensile tests were conducted at a rate of 5 mm/min, subjecting the samples
to continuous tensile loading until reaching their ultimate strength, resulting in fracture of the
samples.

3. Results and Discussion

3.1. Sheet Resistance Values of Electrode Design

This experiment utilized silver electrode films with a thickness of 50 pum to fabricate piezoelectric
sensors. Due to the small thickness, sheet resistance was employed as an indicator to assess the
conductivity of the electrode films. The sheet resistance values were obtained at ten randomly
selected points using a four-point probe to measure the uniformity of the silver electrode films
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produced by screen printing. The individual sheet resistance values are presented in Table 4. These
ten points” average sheet resistance value was 54.82 m()/square, with a standard deviation of 0.9978
mQ)/square. It can be observed that the sheet resistance values at different points of the silver
electrode film exhibit minimal variations, indicating excellent uniformity.

Table 4. The sheet resistance at ten randomly selected points on the silver electrode demonstrates its
good uniformity.

Measurement Point
Number

Sheet resistance

532 | 54.8 | 548 | 53.7 | 54.5 | 54.8 | 548 | 57.2 | 553 | 55.1
(mQ/sq)

3.2. Conductivity Measurement of the Solution

In this experiment, the electrical conductivity of the electrospinning solution with different
weight percentages of graphene was measured, as shown in Figure A4 (Appendix A). The results
indicate a significant increase in electrical conductivity as the concentration of graphene increases.
The electrical conductivity of pure PVDF is 17.7 uS/cm. When 13 wt% graphene is added, the
conductivity of the PVDF electrospinning solution reaches 187.5 uS/cm. This demonstrates a
progressive improvement in conductivity with increasing graphene concentration.

3.3. FTIR Analysis of the Crystal Structure of Piezoelectric Fibers

Figure 1 displays the FTIR spectra of fibers with different graphene concentrations in the
wavenumber range of 500 cm” to 1500 cm™. As shown in the figure, both PVDF fibers and
PVDEF/Graphene composite fibers exhibit absorption peaks at 1180 cm™, 1074 cm?, and 1396 cm,
indicating similar structural features attributed to CF. symmetric stretching, C-C asymmetric
stretching, and CH-2 rocking vibrations, respectively. The a-phase absorption peaks are observed at
762 cm™ (CF2 bending and rocking vibrations) and 975 cm (CHo: torsional vibration). The $-phase
absorption peaks appear at 840 cm (CH2 wagging and CF2 asymmetric stretching), 877 cm (C-C
asymmetric stretching), and 1275 cm! (CF2 symmetric stretching). The 3-phase content percentage of
the fiber samples is calculated using Equation (1) [39]:

Ap
F(B) =——L— (1)
) Au+ 4
Where A« and Ag represent the absorbance values of the peaks at 762 cm™ and 840 cm!, respectively.
The absorption coefficients are given as Ka = 6.1 x 10* cm? mol! and Kg = 7.7 x 10* cm? mol'. The (-
phase content percentages for pure PVDF and fibers with 1 wt%, 3 wt%, and 5 wt% graphene are
58.5%, 62.1%, 65.0%, and 65.4%, respectively. Adding 5 wt% graphene increases the 3-phase content
by 6.9% compared to pure PVDF fibers. These results indicate that the introduction of graphene
promotes the crystalline transformation of PVDF, inducing the formation of a higher percentage of

[-phase structures with piezoelectric properties.
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Figure 1. The FTIR analysis results of the piezoelectric fibers in the wavenumber range of 500 cm! to
1500 cm! exhibit absorption peaks for pure PVDF and 1 wt%, 3 wt%, and 5% wt% PVDF/Graphene
compositions.

3.4. XRD Analysis of the Crystal Structure of Piezoelectric Fibers

Figure 2 illustrates the X-ray diffraction patterns of the prepared fibers in this study. The
characteristic peak of the PVDF fibers is approximately 18.4°, corresponding to (020). This peak
transforms into a broadened peak, suggesting a partial transformation from the a-phase to the -
phase in the PVDF fibers. Additionally, the diffraction peak at 20 angles mainly occurs at 20.8°,
corresponding to the (110) crystal planes, becoming the prominent characteristic peak, indicating the
presence of the [3-phase in the material [40]. For fibers with the addition of 5 wt% graphene, two
characteristic peaks are observed around 26.5° and 54.6°, corresponding to the reflections of the
graphene crystal planes (002) and (004), respectively [41]. These two characteristic peaks are
commonly observed in the X-ray diffraction pattern of graphene. The PVDF solution with the
addition of graphene exhibits a significant increase in the peak intensity associated with the 3-phase
compared to the original PVDF solution without graphene. The addition of 3 wt% and 5 wt%
graphene shows the presence of a characteristic peak at 54.6° (004), while 1 wt% graphene does not
exhibit a characteristic peak at this position. This may be attributed to the lower concentration of 1
wt% graphene, resulting in insufficient crystal content, and the characteristic peak may be very weak
or challenging to detect. However, adding a low concentration of 1 wt% graphene enhances the [3-
phase. With the increase in graphene concentration, the characteristic peak at 26.5° (002) becomes
sharper, indicating an improvement in the crystallinity of the sample.
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Figure 2. The XRD spectrum of piezoelectric fibers showcases characteristic peaks for pure PVDF and
1 wt%, 3 wt%, and 5 wt% PVDF/Graphene compositions.

3.5. Measurement of Hydrophobicity of Piezoelectric Fibers

Hydrophobicity measurements primarily aim to assess the changes in surface properties of
materials after adding graphene to pure PVDEF. By measuring the water contact angle, the hydrophilic
or hydrophobic properties of the materials can be understood. This information directly impacts the
stability and performance of sensors and contributes to the design and optimization of sensors.
Graphene possesses a high surface area and excellent hydrophobicity, making it a common additive
in composite materials. The water contact angle of PVDF films prepared by electrospinning without
graphene is 76.5°. However, with 5 wt% graphene, the water contact angles increase to 105.8°,
showing an upward trend, as illustrated in Figure 3. The introduction of graphene promotes the
formation of more [-crystal phases, possibly due to graphene restricting the molecular chain
movement of PVDF, leading to the generation of more (-crystal phases during the electrospinning
process. The results indicate that the nanostructure of PVDF/graphene composite fibers increases
surface roughness, thereby enhancing the hydrophobicity of the films.

(b)

(@

Figure 3. The water contact angle results for fibers. (a) Pure PVDF, (b) 5 wt% graphene.

3.6. Mechanical Properties of Piezoelectric Fibers

The use of piezoelectric fibers depends on their ability to withstand specific force loads.
Therefore, this experiment investigates the impact of graphene addition on the mechanical properties
of PVDF fibers. The effect of graphene on the mechanical performance of PVDF is shown in Figure 8.
The figure shows that before adding graphene, PVDF exhibited a tensile maximum force of 0.565 N
and a displacement at fracture of 11.61 mm, indicating lower tensile strength and higher flexibility,
characteristic of a pliable material. As the graphene content increases, the tensile maximum force
increases, and the displacement at fracture decreases. At 5 wt% graphene, these values are 1.909 N
and 1.152 mm, respectively, demonstrating the characteristics of a brittle material. The high surface


https://doi.org/10.20944/preprints202408.0136.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202408.0136.v1

10

area of graphene enhances interfacial interactions, inducing intercalation between PVDF molecular
chains and graphene layers in the crystalline region of the composite fibers. This transformation
changes PVDF from a pliable material to a brittle one, increasing PVDF strength.

The use of piezoelectric fibers depends on their ability to withstand specific force loads.
Therefore, this experiment investigates the impact of graphene addition on the mechanical properties
of PVDF fibers. The effect of graphene on the mechanical performance of PVDF is shown in Figure 4.
The end of the curves indicates fiber rupture. From the figure, it can be observed that before the
addition of graphene, PVDF exhibits a tensile maximum force of 0.565 N (tensile strength of 1.04
MPa) and a displacement at fracture of 11.61 mm (fracture strain of 0.581), indicating lower tensile
strength and higher flexibility, characteristic of a pliable material. As the graphene content increases,
the tensile maximum force increases, and the displacement at fracture decreases. At 5 wt% graphene,
these values are 1.909 N (tensile strength of 3.52 MPa) and 1.152 mm (fracture strain of 0.058),
respectively, demonstrating the characteristics of a brittle material. The Young’s modulus of the
PVDF fibers increases significantly from 25.65 MPa in the pure form to 135.92 MPa with the addition
of 5 wt% graphene. The high surface area of graphene enhances interfacial interactions, inducing
intercalation between PVDF molecular chains and graphene layers in the crystalline region of the
composite fibers. This transformation changes PVDF from a pliable material to a brittle one,
increasing PVDF strength.
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Figure 4. Tensile test of pure PVDF and 1 wt%, 3 wt%, and 5 wt% PVDF/Graphene fibers. (a) Force-

displacement curve, (b) Stress-strain curve.

3.7. Piezoelectric Fiber Tapping Output Voltage

The electrical properties of piezoelectric fibers made with different concentrations of graphene
were analyzed. The fibers were subjected to vertical tapping using a fixed frequency of 5 Hz and a
force of 5 N applied by a tapping device. Figure 5 illustrates the output voltage for pure PVDF and
PVDF fibers with 3 wt% graphene added under these tapping conditions. The average maximum
output voltage for pure PVDF fibers was 7.74 mV. Among all concentrations of graphene, the
composite fibers with 3 wt% graphene exhibited the highest output voltage, with an average
maximum output voltage of 14.93 mV, approximately 1.93 times that of pure PVDF fibers. The results
indicate superior performance for fibers with added graphene compared to pure PVDF fibers.


https://doi.org/10.20944/preprints202408.0136.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024

d0i:10.20944/preprints202408.0136.v1

11
20 20 .
1 —PVDF — PVDEF/3 wit% Graphene
184 184
164 164
144 144
?‘;‘ 124 <12+
o4 _E, 104
A 2
= 8 & s
© =)
= b6 ’\ = b6
44 44
2 2
0+ 0
-2 T . . T -2 i . T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time (s) Time (s)
(a) (b)

Figure 5. The output voltage of (a) pure PVDF and (b) 3 wt% graphene piezoelectric fibers under 5
Hz tapping frequency and 5 N force.

Additionally, tapping tests were conducted on the uniform experimental design table to
measure the output voltage of 1-13 wt% graphene under these tapping conditions. Among them, the
composite fiber containing 3 wt% graphene exhibited the highest output voltage, with an average
peak output voltage of 14.93 mV. Table 6 presents the output voltage values of piezoelectric fibers
with different concentrations added. From the results, it can be observed that the output voltage of
high-concentration graphene fibers showed a decreasing trend. This is due to the tendency of high-
concentration graphene to aggregate, preventing complete and uniform mixing with PVDEF.
Moreover, the electrospinning process becomes more challenging due to the high viscosity of the
solution, leading to a decrease in the power generation capability of the fibers.

20
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Figure 6. The average output voltage values of piezoelectric fibers with graphene concentrations
range from 1 to 13 wt%.

3.8. Kriging Method Result

To understand the relationship between the controlled factors in the uniform experimental
design and the voltage output performance of electrospun fibers in this study, the Kriging response
surface method was employed, denoted by the code numbers shown in Table 5. Initially, a set of
experimental parameters was designed using the uniform experimental design method, with the
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normalized values of the three controlled factors (ranging from 0 to 1) as input for the model and the
output voltage from the experimental tapping test. The relationship between the experimental control
factors was obtained through this response surface model, as illustrated in Figure 7. Al represents
the weight percentage of graphene, A2 is the distance between the needle and the disk-collecting
device, and A3 is the applied voltage. Each plot shows the interaction between two controlled factors
and the voltage output of electrospun fibers. The highest point on each surface plot represents the
optimal parameters for the piezoelectric effect of the electrospun fibers.
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Figure 7. Kriging response surfaces for two factors from the uniform experimental design table. (a)
Graphene weight percentage (wt%) and the distance between the needle and the disk collecting
device (mm) (b) Graphene weight percentage (wt%) and applied voltage (kV), and (c) Distance
between the needle and the disk collecting device (mm) and applied voltage (kV).

Table 5. The optimized parameters were obtained through the Kriging response surface using the
parameters and output voltage values from the uniform experimental design.

Graphene weicht Distance between the needle
Factor erclznta o (wf" %) and the disk collecting Applied voltage (kV)
P & ’ device (mm)
Optimized 3.47 3.53 14.87
parameters

The experimental results of the uniform design method, combined with the Kriging response
surface model, yielded the optimal experimental control factor parameters for the best piezoelectric
performance of electrospun fibers, as shown in Table 5. Subsequently, using the obtained optimal
parameter combination, fibers were manufactured and encapsulated into a piezoelectric sensor for
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impact testing. Figure 8 displays the output voltage of the optimized piezoelectric sensor under 5 Hz
frequency and 5 N force conditions, with a voltage value of 15.82 mV, representing a 2.04 times
increase compared to pure PVDEF.
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Figure 8. The output voltage of the PVDF/3.47 wt% Graphene piezoelectric sensor under 5 Hz tapping
frequency and 5 N force.

Subsequently, frequency tests were conducted on the optimized parameters of the piezoelectric
sensor, tapping at frequencies ranging from 1 to 20 Hz under a 5 N force. The relationship between
each frequency and the voltage output of the piezoelectric sensor is illustrated in Figure 9. The
experimental results show that as the tapping frequency increases, there is a trend of elevated output
voltage. This suggests that the higher frequency of impacts applied to the piezoelectric material per
second may lead to more frequent deformation of the crystal structure, resulting in increased charge
separation. As the frequency continues to rise, the voltage output approaches a limit.
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Figure 9. The results of the PVDF/3.47 wt% graphene piezoelectric sensor for the output voltage across
the frequency range of 1-20 Hz. Higher frequencies correspond to higher output voltages. As the
frequency increases further, the voltage output approaches a limit.

Finally, force tests were conducted on the optimized parameters of the piezoelectric sensor,
subjecting it to impacts ranging from 0.1 N to 100 N at a frequency of 5 Hz. The relationship between
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each force level and the sensor’s output voltage is illustrated in Figure 10. The force-to-voltage
conversion is now represented using a logarithmic scale for the force. The relationship is described
by the equation y = 7.67493 log(x) + 10.83719, where y is the voltage in millivolts (mV) and x is the
force in newtons (N). The sensitivity (S) of the piezoelectric sensor is 7.67493 log(mV/N), with a
determination coefficient (R?) of 0.99375. The force-to-voltage relationship graph provides a means
to assess the magnitude of the force acting on the piezoelectric sensor.
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Figure 10. The force-to-voltage graphs of the PVDF/3.47 wt% Graphene piezoelectric sensor
demonstrate the relationship between force and voltage conversion.

3.9. Surface Morphology of Fibers

With the increased electrostatic field, the Taylor cone formed by the PVDF solution enlarges,
resulting in a higher jetting rate, increased stretching force, and reduced fiber diameter. Graphene
enhances conductivity, making the solution easier to eject, reducing the resistance during the
electrospinning process, expanding the ejection rate, and decreasing the fiber diameter. Near-field
electrospinning technology allows for the ordered arrangement of PVDF solution, and compared to
traditional electrospinning processes, the prepared piezoelectric fibers exhibit directional alignment.
Figure 11 respectively depicts the morphology of PVDF/3.47 wt% graphene fibers under optical
microscopy and SEM. In the uniform design table, the electric field magnitudes for PVDF/1%
Graphene and PVDF/13% Graphene piezoelectric fibers are 4.23x10¢ and 7.38x10¢ V/m. The
corresponding average fiber diameters are 21.4 and 9.1 um. The corresponding average fiber
diameters are 28.2 and 13.7 um. With the increase in graphene concentration, conductivity improves,
electric field strength increases, and the fiber diameter shows a decreasing trend. Observation of the
fiber surface structure after adding 3.47 wt% graphene reveals increased roughness, possibly due to
graphene aggregation, leading to the formation of tiny pores.
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Figure 11. Observe the surface morphology of PVDF/3.47 wt% Graphene piezoelectric fiber through
(a) Optical microscope analysis at 10x magnification and (b) SEM analysis at 2500x magnification.

3.10. Application of Physiological Signals in Throat Region

The piezoelectric sensor-optimized parameters were applied to measure physiological signals in
the human body. The sensor was attached to the throat using a transparent film dressing (1624PP-6,
3M Tegaderm, America) for force measurement and analysis and connected to a signal-filtering
processor positioned below the clavicle. This dressing offered stable adhesion and hypoallergenic
properties, securely adhering to moderately moist skin while being breathable and waterproof,
effectively blocking dust and enhancing comfort. Male and female participants underwent testing in
four different conditions: inhalation/exhalation (3 complete breathing cycles within 10 seconds, each
peak from the beginning of inhalation to the end of exhalation), speaking (1 word per second),
drinking water (50 mL), and eating food (a small piece of bread). The force exerted during different
throat movements was observed, allowing for subsequent analysis. Figure A5 (a) and (b) (Appendix
A) show the process using the piezoelectric sensor and signal filtering processor under the four
conditions and the physical measurements for male and female participants, yielding voltage signals
under different test conditions, respectively.

Based on the previously completed force conversion to voltage, Figure 12 presents the output
voltage and corresponding force for male and female participants under four conditions. For female
participants, the average output voltages during inhaling/exhaling, speaking, drinking water, and
eating are 5.47 mV, 7.14 mV, 8.21 mV, and 9.55 mV, respectively. The corresponding forces are 0.200
N, 0.330 N, 0.455 N, and 0.680 N. For male participants, the average output voltages under the same
conditions are 5.76 mV, 7.39 mV, 8.72 mV, and 10.12 mV, with corresponding forces of 0.218 N, 0.356
N, 0.530 N, and 0.806 N. Table 6 provides a comparison of all measured data, indicating that male
output forces are generally higher than female forces under all conditions. The four conditions,
ranked by descending output force, are eating food, drinking water, speaking, and inhaling/exhaling.
This is attributed to the more significant fluctuations in the throat while eating food while
inhaling/exhaling, which involves minimal volatility. These test results demonstrate the feasibility of
converting voltage signals to force signals using piezoelectric sensors, showcasing potential
applications in health monitoring systems. The precision of piezoelectric sensors extends their utility
beyond medical settings to possible applications in personal health management, including
monitoring swallowing and assessing vocal health. These non-invasive capabilities provide real-time
insights crucial for enhancing personal health.
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Figure 12. Measurements of the output voltage and force from piezoelectric sensors attached to the
throats of male and female participants under four different conditions.
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Table 6. The output voltage and force data of male and female participants, under four different
conditions, show minimal force during inhaling/exhaling and maximal force while eating food.

Inhaling/exhaling Speaking Drinking water Eating food
Gender | Voltage Voltage Voltage Voltage | Force
Force (N Force (N Force (N
(mV) M| @) N ) M @) | o
Female 547 0.200 7.14 0.330 8.21 0.455 9.55 0.680
Male 5.76 0.218 7.39 0.356 8.72 0.530 10.12 0.806

4. Conclusions

This study utilized near-field electrospinning to fabricate PVDF/Graphene composite
piezoelectric fibers. Optimal electrospinning parameters for achieving the highest output voltage
were obtained through a uniform design method. Under 5 Hz frequency and 5 N force tapping
conditions, the output voltage reached 15.82 mV, 2.04 times that of pure PVDF. The relationship
between force and output voltage was investigated under different tapping forces. The addition of
graphene enhanced the electrical conductivity. SEM observations of pure PVDF and graphene-added
fibers revealed that higher electric fields and conductivity reduced fiber diameter. FTIR and XRD
analyses further confirmed crystalline transformations and the formation of the 3-phase. The $-phase
content in fibers with 5 wt% graphene was 65.4%, representing a 6.9% increase compared to pure
PVDF fibers. Water contact angle measurements demonstrated enhanced hydrophobicity with
graphene addition. Mechanical testing revealed a transition from ductile to brittle behavior with the
addition of graphene, leading to increased tensile strength. Finally, the optimized piezoelectric sensor
was applied to measure throat forces. For female participants, the average output voltage and force
ranged from 5.47 mV (0.200 N) to 9.55 mV (0.680 N), while for male participants, the range was 5.76
mV (0.218 N) to 10.12 mV (0.806 N). Results indicated higher output forces in males, with the
maximum force observed during eating. This study developed a piezoelectric sensor, demonstrating
promising applications in physiological measurements.

Acknowledgments: The authors would like to thank the support of Kaohsiung Armed Forces General Hospital,
Taiwan (Grant No. KAFGH_A_112006).

Appendix A

Figure A1l shows the near-field electrospinning setup, including a precision flow control pump,
a high-voltage power supply, and a rotating disk collector. A glass disk with copper foil, grounded
and positioned on an XY control platform, collected the electrospun fibers. Figure A2 illustrates the
circuit structure and flowchart of the signal-filtering processor used in this study. The processor,
powered by a lithium-ion battery, was employed for high-precision detection and active filtering of
signals from the piezoelectric sensor. The processed signals were then transmitted to a laptop for
analysis. Figure A3 illustrates the setup used for tapping testing of the piezoelectric sensor. The
sensor was tapped using a shaker connected to a function generator and a power amplifier. A force
sensor was positioned below the tapping head to measure the force applied during the testing. Figure
A4 shows the measured electrical conductivity of the electrospinning solution with varying weight
percentages of graphene. The results indicated a significant increase in conductivity as the graphene
concentration increased. Figure A5 shows how the piezoelectric sensor, attached to the throat with a
transparent film dressing, recorded voltage signals during inhalation/exhalation cycles, speaking,
drinking water, and eating. These measurements allowed for the analysis of force exertion during
different throat movements in male and female participants.
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Figure A1l. Schematic diagram of near-field electrospinning equipment. (a) Overall equipment, (b)
Disk collector and XY platform.
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Figure A2. The circuit flowchart schematic of the signal filtering processor illustrates the signal
processing and transmission of the output voltage from the piezoelectric sensor.
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Figure A3. Schematic diagram of electrical measurement equipment for tapping tests to measure the
output voltage of piezoelectric fibers.
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Figure A4. The relationship between different concentrations of graphene solutions and electrical
conductivity demonstrates that higher graphene concentrations result in higher electrical
conductivity.

Inhaling and exhaling
Speaking
Drinking water
Eating food

Signal Filtering Processor

Figure A5. Application for the throat region (a) Throat strength signal measurement schematic, (b)
The testing process for male and female participants.

References

1.  Wang, Y,; Yu, Y,; Wei, X,; Narita, F. Self-powered wearable piezoelectric monitoring of human motion and
physiological signals for the post-pandemic era: A Review. Advanced Materials Technologies 2022, 7.

2. Safaei, M.; Sodano, H. A.; Anton, S. R. A review of energy harvesting using piezoelectric materials: State-
of-the-art a decade later (2008-2018). Innovative Materials and Structures 2019, 28, 113001.

3. Zhao, T.; Zhu, H.; Zhang, H. Rapid prototyping flexible capacitive pressure sensors based on porous
electrodes. Biosensors 2023, 13, 546.

4.  Kim, S.-W,; Oh, G.-Y,; Lee, K.-L; Yang, Y.-].; Ko, J.-B.; Kim, Y.-W.; Hong, Y.-S. A susceptible and flexible
capacitive pressure sensor based on alignment Airgap dielectric. Sensors 2022, 22, 7390.

5. Liu, Y, Jiang, X.; Yang, H.; Qin, H.; Wang, W. Structural engineering in piezoresistive Micropressure
Sensors: A focused review. Micromachines 2023, 14, 1507.

6. Xue, B,; Xie, H.; Zhao, J.; Zheng, J.; Xu, C. Flexible piezoresistive pressure sensor based on electrospun
rough polyurethane nanofibers film for Human Motion Monitoring. Nanomaterials 2022, 12, 723.

7. Aabid, A,; Parveez, B.; Raheman, M. A Ibrahim, Y. E.; Anjum, A.; Hrairi, M.; Parveen, N.; Mohammed
Zayan, ]. A review of piezoelectric material-based structural control and health monitoring techniques for
engineering structures: Challenges and opportunities. Actuators 2021, 10, 101.

8. Guo, C.-Y,; Wang, K.-J.; Hsieh, T.-L. Piezoelectric sensor for the monitoring of arterial pulse wave:
Detection of arrhythmia occurring in PAC/PVC patients. Sensors 2021, 21, 6915.

9. Xu, C; Song, Y,; Han, M.; Zhang, H. Portable and wearable self-powered systems based on emerging
energy harvesting technology. Microsystems &amp; Nanoengineering 2021, 7.

10. Covaci, C.; Gontean, A. Piezoelectric Energy Harvesting Solutions: A Review. Sensors 2020, 20, 3512.

11. Chandra Sekhar, B.; Dhanalakshmi, B.; Srinivasa Rao, B.; Ramesh, S.; Venkata Prasad, K.; Subba Rao, P. S.
V.; Parvatheeswara Rao, B. Piezoelectricity and its applications. Multifunctional Ferroelectric Materials 2021.

12. Ju,M;; Dou, Z; Li, J.-W,; Qiu, X,; Shen, B.; Zhang, D.; Yao, F.-Z.; Gong, W.; Wang, K. Piezoelectric materials
and sensors for structural health monitoring: Fundamental aspects, current status, and future perspectives.
Sensors 2023, 23, 543.

13. Wan, C.; Bowen, C. R. Multiscale-structuring of Polyvinylidene fluoride for energy harvesting: The impact
of molecular-, micro- and macro-structure. Journal of Materials Chemistry A 2017, 5, 3091-3128.

14. Lovinger, A. J. Conformational defects and associated molecular motions in crystalline poly(vinylidene
fluoride). Journal of Applied Physics 1981, 52, 5934-5938.

15. Gomes, J.; Serrado Nunes, J.; Sencadas, V.; Lanceros-Mendez, S. Influence of the (3-phase content and
degree of crystallinity on the piezo- and ferroelectric properties of poly(vinylidene fluoride). Innovative
Materials and Structures 2010, 19, 065010.

16. Ruan, L.; Yao, X,; Chang, Y.; Zhou, L.; Qin, G.; Zhang, X. Properties and applications of the (3 phase
poly(vinylidene fluoride). Polymers 2018, 10, 228.

17. Ahn, Y,; Lim, ]. Y;; Hong, S. M,; Lee, J.; Ha, J.; Choi, H. J.; Seo, Y. Enhanced piezoelectric properties of
Electrospun Poly(vinylidene fluoride)/multiwalled carbon nanotube composites due to high p-phase
formation in poly(vinylidene fluoride). The Journal of Physical Chemistry C 2013, 117, 11791-11799.


https://doi.org/10.20944/preprints202408.0136.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202408.0136.v1

20

18. Pazhamalai, P.; Mariappan, V.K.; Sahoo, S.; Kim, W.Y.; Mok, Y.S.; Kim, S.-J. Free-Standing PVDF/Reduced
Graphene Oxide Film for All-Solid-State Flexible Supercapacitors towards Self-Powered Systems.
Micromachines 2020, 11, 198.

19. Li, S.; Zhou, T,; Liu, M.; Zhao, Q.; Liu, Y. An Intelligent Non-Invasive Blood Pressure Monitoring System
Based on a Novel Polyvinylidene Fluoride Piezoelectric Thin Film. Micromachines 2024, 15, 659.

20. Sur, U. K. Graphene: A rising star on the horizon of materials science. International Journal of Electrochemistry
2012, 2012, 1-12.

21. Hamzah, A. A, Selvarajan, R. S.; Majlis, B. Y. Graphene for biomedical applications: A Review. Sains
Malaysiana 2017, 46, 1125-1139.

22. Mbayachi, V. B.; Ndayiragije, E.; Sammani, T.; Taj, S.; Mbuta, E. R.; khan, A. ullah Graphene synthesis,
characterization and its applications: A Review. Results in Chemistry 2021, 3, 100163.

23. Liu, J; Bao, S.;; Wang, X. Applications of Graphene-Based Materials in Sensors: A Review. Micromachines
2022, 13, 184.

24. Liu, C,;Li, J; Zhang, S.; Yang, H.; Guo, K. Study on Flexible sSEMG Acquisition System and Its Application
in Muscle Strength Evaluation and Hand Rehabilitation. Micromachines 2022, 13, 2047.

25. Wang, S.; Zhang, Z.; Chen, Z.; Mei, D.; Wang, Y. Development of Pressure Sensor Based Wearable Pulse
Detection Device for Radial Pulse Monitoring. Micromachines 2022, 13, 1699.

26. Hernandez-Rivera, D.; Rodriguez-Roldéan, G.; Mora-Martinez, R.; Suaste-Gémez, E. A capacitive humidity
sensor based on an electrospun PVDF/graphene membrane. Sensors 2017, 17, 1009.

27. Dehghan, S. F.; Golbabaei, F.; Maddah, B.; Latifi, M.; Pezeshk, H.; Hasanzadeh, M.; Akbar-Khanzadeh, F.
Optimization of electrospinning parameters for polyacrylonitrile-mgo nanofibers applied in air filtration.
Journal of the Air &amp; Waste Management Association 2016, 66, 912-921.

28. Kailasa, S.; Reddy, M. S.; Maurya, M. R; Rani, B. G,; Rao, K. V.; Sadasivuni, K. K. Electrospun nanofibers:
Materials, synthesis parameters, and their role in sensing applications. Macromolecular Materials and
Engineering 2021, 306.

29. He, Z; Rault, F.; Lewandowski, M.; Mohsenzadeh, E.; Salaiin, F. Electrospun PVDF nanofibers for
piezoelectric applications: A review of the influence of electrospinning parameters on the  phase and
crystallinity enhancement. Polymers 2021, 13, 174.

30. Haider, A.; Haider, S.; Kang, I.-K. A comprehensive review summarizing the effect of electrospinning
parameters and potential applications of nanofibers in biomedical and biotechnology. Arabian Journal of
Chemistry 2018, 11, 1165-1188.

31. Lee, M.-C,; Lin, G.-Y.; Hoe, Z.-Y.; Pan, C.-T. Development of Piezoelectric Silk Sensors Doped with
Graphene for Biosensing by Near-Field Electrospinning. Sensors 2022, 22, 9131.

32. Sun, D.; Chang, C;Li, S,; Lin, L. Near-field electrospinning. Nano Letters 2006, 6, 839-842.

33. Isaac, B,; Taylor, R. M.; Reifsnider, K. Mechanical and dielectric properties of aligned electrospun fibers.
Fibers 2021, 9, 4.

34. Tariqg, A.; Behravesh, A. H.; Utkarsh; Rizvi, G. Statistical modeling and optimization of electrospinning for
improved morphology and enhanced p-phase in polyvinylidene fluoride nanofibers. Polymers 2023, 15,
4344,

35. Wang, S-H.; Wan, Y.; Sun, B,; Liu, L.-Z,; Xu, W. Mechanical and electrical properties of electrospun
PVDE/MWCNT ultrafine fibers using rotating collector. Nanoscale Research Letters 2014, 9.

36. Wu, C.-M,; Chou, M.-H.; Zeng, W.-Y. Piezoelectric Response of Aligned Electrospun Polyvinylidene
Fluoride/Carbon Nanotube Nanofibrous Membranes. Nanomaterials 2018, 8, 420.

37.  Selleri, G.; Mongioi, F.; Maccaferri, E.; D’ Anniballe, R.; Mazzocchetti, L.; Carloni, R.; Fabiani, D.; Zucchelli,
A.; Brugo, T.M. Self-Sensing Soft Skin Based on Piezoelectric Nanofibers. Polymers 2023, 15, 280.

38. Chou, H. M. and Yang, H. C. Development of multi-directional piezoelectric sensor doped with graphene
by near-field electrospinning technology for calligraphy writing. International Journal of Modern Physics B
2024, 38 (12n13), 2440009.

39. Zhou, Y.;Liu, W,; Tan, B.; Zhu, C.; Ni, Y.; Fang, L.; Lu, C.; Xu, Z. Crystallinity and (3 Phase Fraction of PVDF
in Biaxially Stretched PVDF/PMMA Films. Polymers 2021, 13, 998.

40. Shaikh, M.O.; Huang, Y.-B.; Wang, C.-C.; Chuang, C.-H. Wearable Woven Triboelectric Nanogenerator
Utilizing Electrospun PVDF Nanofibers for Mechanical Energy Harvesting. Micromachines 2019, 10, 438.

41. Samoei, VK, Maharjan, S.; Sano, K. Jayatissa, A.H. Effect of Annealing on Graphene/PVDF
Nanocomposites. Omega 2023, 8, 13876-13883.

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202408.0136.v1

