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Abstract
This work presents an investigation into the energy harvesting performance of a combination of
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) materials prepared using a
one-step electrospinning technique. Before electrospinning, different percentages of the
1 micron PTFE powder were added to a PVDF precursor. The surface morphology of the
electrospun PTFE/PVDF fibre was investigated using a scanning electron microscope and
tunnelling electron microscope. The structure was investigated using Fourier-transform infrared
spectroscopy and x-ray diffraction analysis (XRD). A highly porous structure was observed
with a mix of the α- and β-phase PVDF. The amount of β-phase was found to reduce when
increasing the percentage of PTFE. The maximum amount of PTFE that could be added and still
be successfully electrospun was 20%. This percentage showed the highest energy harvesting
performance of the different PTFE/PVDF combinations. Electrospun fibres with different
percentages of PTFE were deployed in a triboelectric energy harvester operating in the contact
separation mode and the open circuit voltage and short circuit current were obtained at
frequencies of 4–9 Hz. The 20% PTFE fibre showed 4 (51–202 V) and 7 times (1.3–9.04 µA) the
voltage and current output respectively when compared with the 100% PVDF fibre. The Voc and
Isc were measured for different load resistances from 1 kΩ to 6 GΩ and achieved a maximum
power density of 348.5 mW m−2 with a 10 MΩ resistance. The energy stored in capacitors 0.1,
0.47, 1, and 10 µF from a book shaped PTFE/PVDF energy harvester were 1.0, 16.7, 41.2 and
136.8 µJ, respectively. The electrospun fibre is compatible with wearable and e-textile
applications as it is breathable and flexible. The electrospun PTFE/PVDF was assembled into
shoe insoles to demonstrate energy harvesting performance in a practical application.
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1. Introduction

From 2023 to 2030, the market for wearable smart technology
is predicted to grow by 14.6% [1]. A rapidly developing plat-
form for wearable technology is electronic textiles (e-textiles
or smart fabrics). E-textile manufacturing technologies enable
wearables to be integrated within garments providing a com-
fortable and familiar platform. The use of conventional rigid
batteries is incompatible with such platforms, and these also
need to be regularly charged and replaced and are environ-
mentally harmful [2, 3]. Therefore alternative textile com-
patible energy harvesting and self-powered sensing techno-
logies powered by ambient energy sources are of consider-
able interest [4]. The ability to transform human motion-based
mechanical energy into electrical energy has been demon-
strated utilising piezoelectric materials [5–7] electromagnetic
devices [8], electrostatic mechanisms (via the electret/ferro-
electret [9, 10] and triboelectric effects [11–13]), and electro-
active polymers [14–16] transduction mechanisms.

The triboelectric effect, whereby electrical energy is gen-
erated from the triboelectrification of materials during cyc-
lical physical contact [17], has been exploited in many
example energy harvesting devices [18]. The first a tribo-
electric nanogenerator (TENG) demonstrated the potential of
electrostatic charge transfer in energy harvesting technologies
[19]. Textiles are attractive materials for realising TENGs
due to their affinity to gain or lose ions during contact and
many examples have been demonstrated [20–22]. Novel tex-
tile TENGs have also been used in self-powered biomonitor-
ing applications, for example, in wearable cardiovascular and
respiratory monitoring [23].

The approaches to enhance the contact-electrification
within TENGs and therefore increase the electrical output typ-
ically involve three basicmethods: modifying surfacemorpho-
logy, modifying surface chemistry, and utilising ferroelectric
materials [24]. There are various mechanisms by which the
use or addition of ferroelectric materials can improve tribo-
electrification. Early theories based upon the change in work
function of the ferroelectric polymer which enhances electron
transfer [25] have been superseded by research that demon-
strates it is due to the piezoelectric effect whereby charge
is generated within the material during contact that increase
electrostatic induction [26]. Polyvinylidene fluoride (PVDF)
is one such ferroelectric polymer commonly used in TENGs
[27–30]. Electrospun PVDF fibres have demonstrated effect-
ive energy conversion when used as the negative triboelectric
material [31–33] and the electrical output of PVDF fibres has
been further increased by the addition of other fibrous mater-
ials within the generator. For example, the combination of
PVDF and polyamide 6 fibres produces a 25% increase in peak
voltage compared with PVDF fibres alone [34]. Electrospun

fibres are inherently compatible with textiles being virtually
identical in nature to the fibres used in yarns or non-woven
fabrics. Electrospun fibre mats possess the desirable character-
istics associated with textiles of breathability, flexibility and
feel. Electrospun functional fibres have been used to create
smart textiles with advanced functionality. For example, elec-
trospun PVDF nanofibre membranes have been evaluated in
face masks and shown to significantly improve the filtration
efficiency [35].

Polytetrafluoroethylene (PTFE) has amongst the strongest
electron affinity amongst the triboelectric materials placing it
at the negative end of the triboelectric series [34, 36]. It is
also an excellent electret material being a dielectric mater-
ial able to quasi-permanently trap surface charge typically
generated by ion irradiation [37]. Thus, many TENGs have
been demonstrated with PTFE as a negative material [13,
38, 39]. Typically, the PTFE is obtained from commercial
sources and the energy harvesting performance is influenced
by the manufacturing process. Electrospinning techniques can
be used to improve the triboelectric properties by modifying
the surface morphology and increasing the surface area of the
material. Additionally, during the electrospinning process, a
high voltage is applied to the polymer solution which results
in a high volume of charged particles being introduced into
the solution, which are subsequently trapped within the elec-
trospun fibre after solidification. However, fabricating PTFE
using electrospinning is challenging due to its extremely stable
chemical and thermal properties making it extremely diffi-
cult to obtain a solution suitable for electrospinning without
chemical modification [40]. Zhao et al investigated energy har-
vesting from electrospun PTFE fibres by utilising polyethene
oxide (PEO) water solution as a carrier [41]. Here the pre-
cursor polymer solution was employed to create a PTFE/PEO
structure using emulsion electrospinning. A sintering step at
over 350 ◦C is required to remove the carrier leaving PTFE
nanofibres.

This paper presents an evaluation of the energy harvest-
ing performance of an electrospun PTFE/PVDF composite
TENG. This combination exploits the extremely strong neg-
ative affinity of the PTFE with the piezoelectric charge gen-
eration properties of the PVDF ferroelectric polymer. The
work builds upon a preliminary study [42] that investigated
composite materials up to 4% PTFE. Here the systematic
evaluation of the percentage of PTFE in the PVDF fibre is
presented and the PTFE 20%/PVDF 80% composite fibre
achieved a 4 times increase in open circuit voltage (51–202 V)
and a 7 times increase in short circuit current (1.3–9.04 µA)
when compared with the 100% PVDF fibre. The paper also
presents the application of the electrospun PTFE/PVDF fibre
mat combined with a nylon fabric in a shoe insole where the
composite material again produces a significant increase in
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the power output when compared with a pure PVDF fibre
mat.

2. Experimental section

2.1. Electrospun fibre preparation

The fabrication of the electrospun PTFE/PVDF fibres is
illustrated in figure 1. PVDF (Sigma Aldrich, Dorset, UK,
Mw = 534 000) and PTFE (Sigma Aldrich, 1 mm mean
diameter particles) powders were blended together in the fol-
lowing ratios: PTFE1% + PVDF 19%, PTFE2% + PVDF
18%, PTFE3% + PVDF 17%, PTFE4% + PVDF 16%,
PTFE5% + PVDF 15%, PTFE6% + PVDF 14%, and
PTFE7% + PVDF 13%. Each PTFE/PVDF powder
blend was then combined with a solvent solution of N-
Dimethylformamide (DMF, Sigma Aldrich, Dorset, UK,
99.8%) and acetone (Fisher Scientific, Waltham, MA, USA,
99.6%) mixed in a 7:3 ratio. The solvent solution was stirred at
60 ◦C using a magnetic hotplate stirrer for a total of six hours
before adding the powder blend at a ratio of 20% powder
80% solvent by weight. To prevent the PTFE particles from
agglomerating, the solution was sonicated for six hours prior
to mixing with the PVDF and DMF: acetone solvent [43].

The PTFE/PVDF solution was put in a 3 ml syringe with
a blunt tip (21 G) needle and attached to the syringe pump
of the electrospinning apparatus (EC-DIC, IME Technologies,
Netherlands). For each concentration, the distance between the
tip and the substrate, the applied voltage, the flow rate, and
the rotational speed of the drum remained constant at 22 cm,
25 kV, 2 ml hr−1, and 150 rpm, respectively. The PTFE/PVDF
fibre was collected as a nonwoven fibre mat and assembled
into a triboelectric energy harvester without any additional
processing.

2.2. Fibre characterisation

After electrospinning, the solvent was fully evaporated, and it
can be assumed that the percentages of PTFE in the solid fibre
are as stated in table 2. The morphology and structure of the
electrospun PTFE/PVDF fibres were investigated through the
scanning electron microscope (SEM) (Phenom ProX, Thermo
Fisher Scientific) and tunnelling electron microscope (TEM)
(HT7700, Hitachi). The chemical composition and structure of
the material were analysed using a Fourier transform infrared
(FTIR) spectrometer (Nicolet iS5, Thermo Fisher Scientific),
and x-ray diffraction analysis (XRD) (D8 Advance, Bruker)
was used to analyse the crystalline phase of the PTFE/PVDF
electrospun fibre.

2.3. Electromechanical characterisation

The PTFE/PVDF electrospun fibre mat was cut down to
4 cm × 5 cm and then bonded to Cu tape, which works
as an electrode. The copper electrodes are fabricated from a
single-sided adhesive copper tape, and the fibres are simply

attached to the adhesive layer. The other side of the tribo-
electric test set up used nylon fabric as the triboelectric donor
material. This was similarly bonded to a Cu electrode, and the
materials were tested with a separation distance of 1.5 cm. A
controlled pressure of approximately 0.5 N cm−2 (measured
using force sensor FSR402) applied at different frequencies
(3–9 Hz) using the cyclical compression test system (‘tapping
rig’) shown in figure 2(a). This tested the materials in the ver-
tical contact separation mode (figure 2(b)) resulting in voltage
and current pulses as shown in figure 2(c).

As illustrated in figure 8(a), the 4 cm × 5 cm PDVF/PTFE
electrospun fibre mat was also assembled alongside the nylon
fabric into a folded-over book-shaped triboelectric harvester
using a PVC substrate. The book shaped assembly was used
to demonstrate the illumination of an LED array and test the
ability to charge a capacitor.

The open circuit voltage (Voc) output of the energy har-
vester was measured using an oscilloscope (MSO7012B,
Agilent Technologies) with the 10 MΩ probe resistance.
During open circuit voltage measurement, the oscilloscope
was connected to the 1 GΩ as a voltage divider circuit due
to the large internal impedance of the TENG. The DC power
analyser (N6705B, Agilent Technologies) was used to meas-
ure the short circuit current (Isc).

3. Results and discussion

3.1. Morphological analysis

Figure 3 show the surface morphologies observed in the SEM
of the PTFE/PVDF electrospun fibre at the various PTFE and
PVDF ratios. The surface of the 100%PVDFfibre (figure 3(a))
is smooth without any visible bead-like structures. This is
the base fibre material used as a benchmark in the study of
the effects of the additive PTFE powder. The addition of
the PTFE powder to the base PVDF material can be seen
to cause increasing fibre surface roughness with increasing
amounts of PTFE microparticles. The PTFE/PVDF solution
enabled successful electrospinning of the porous fibre mat
up to a concentration of 16% PVDF with 4% of the PTFE
particles (figure 3(e)). Beyond this, when more than 5% of
PTFE was added to the solution, the electrospinning pro-
cess could not consistently produce PTFE/PVDF fibres produ-
cing a combination of fibrous and film like deposits shown in
figures 3(f)–(h). This was due to the decreased conductivity of
the PTFE/PVDF solution which affects the behaviour of the
electrospinning process. The PTFE4/PVDF16 solution yield
the 20/80 PTFE/PVDF fibre which were investigated in the
TEM, the sample code of the PTFE/PVDF fibre can be found
in the table 2. The TEM images in figures 4(a) and (b) indic-
ate the location of PTFE particles in the PVDF fibre demon-
strating these have been successfully blended in the starting
solution and distributed across the PVDF matrix. The PTFE
particle size embedded in PVDF strain was found to be less
than 1 µm due to the sonication process before electrospin-
ning preparation.
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Figure 1. The flow chart describes the PTFE/PVDF electrospun fibre preparation.

Figure 2. (a) Schematic of PTFE/PVDF triboelectric assembly and photograph of the tapping test rig; (b) working principle in the contact
separation mode; (c) example plot of the short circuit current.

3.2. Structural analysis

The FTIR measured chemical composition of PTFE/PVDF
electrospun fibres are shown in figure 5(a) alongside the
results for the PDVF and PTFE powders. All samples of
the PTFE/PVDF electrospun fibres exhibit the characteristic
peaks at 840 and 877, representing the β- and C–H wagging
in the α-phase of PVDF, respectively. When compared with
the results obtained from PVDF powder, which shows peaks
at 614, 764, 796, 877, 976, and 1170, it is evident the crys-
talline piezoelectric β-phase has been effectively induced by

the electrospinning process [44, 45]. It is well known that the
electrospinning process encourages the β-phase of PVDF due
to the strong electric field induced in the polymer solution dur-
ing whipping of the fibres [44, 46]. Also, the incorporation of
PTFE into the electrospun PVDF can be observed at the peak
1170, representing the perturbation of the C=F bond of PTFE
and PVDF, as both consist of carbon and fluorine atoms. The
characteristics of the PTFE powder spectrum is represented in
the peaks 1201 and 1150, which correspond to the asymmet-
rical and symmetrical CF2-stretching [47], whereas peaks 642
and 630 represent the C–F deformation [48, 49].
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Figure 3. The SEM images (operated at 10 kV) of the single PTFE/PVDF fibre with fibre size distribution curve prepared by different
PTFE/PVDF ratios (a) PTFE0/PVDF100, (b) PTFE5/PVDF95, (c) PTFE10/PVDF90, (d) PTFE15/PVDF85, (e) PTFE20/PVDF80, (f)
PTFE25/PVDF75, (g) PTFE30/PVDF70 and (h) PTFE35/PVDF65.

The XRD pattern of the PTFE/PVDF electrospun fibre at
different percentages of PTFE are shown in figure 5(b). The
pure PVDF electrospun fibre exhibits only one strong peak at
20.6◦ (110/200), representing the β-phase of the PVDF. After
introducing PTFE in the PVDF electrospun fibre, the α-phase
at a peak of 18.4◦ (020) occurred andwas related to the amount
of PTFE in the PVDF fibre. The intensity of the α-phase at
a peak of 18.4◦ (020) becomes stronger as the percentage of
PTFE increases. Table 1 shows the crystallinity index (CI)
obtained from the XRD results which is calculated by

%Crystallinity=
Sc
St

(1)

where Sc represents the area under the curve at the peak crys-
talline alpha and beta phases and St represent the total area
under the plot [50].

This interesting behaviour can be explained by the electric
field during the electrospinning process. The β-phase PVDF
can be induced by a strong electric field in the electrospin-
ning process. When the PTFE particles are added to the PVDF
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Figure 4. TEM images were measured at acceleration voltage 100 kV, filament voltage 25 kV for a single PTFE20/PVDF80 fibre which
was coated on the mesh copper grids at magnification (a) 7000x (b) 25000x.

Figure 5. (a) FTIR-ATR spectra of PTFE-PVDF electrospun fibre. The measurements were carried out at room temperature over the range
of 600–1400 cm−1 (b) XRD spectra of the single PTFE-PVDF electrospun fibre. The analyses were conducted on samples using Cu–Kα1

radiation 1.5406 Å, 40 kV and 25 mA, Step size 0.5.

Table 1. Crystallinity index obtained from XRD.

Crystallinity index (%)

α-Phase β-Phase

PTFE0/PVDF100 0 47.50
PTFE5/PVDF95 12.73 29.64
PTFE10/PVDF90 16.09 29.42
PTFE15/PVDF85 18.16 24.63
PTFE20/PVDF80 23.62 20.03

solution, the dielectric properties of the PTFE/PVDF solution
increase, resulting in a reduced electric field to induce β-phase.
The α-phase requires less energy than the β-phase to form
and thus, the β-phase decreases while the α-phase increases
as shown in table 1.

In summary, both the FTIR and XRD spectra results indic-
ate that the PTFE/PVDF electrospun fibres have a mix of α-

and β-phase PVDF. The amount of the β-Phase decreases,
and the α-phase increases with an increase in percentage of
PTFE. In addition, the electromechanical performance of the
PTFE/PVDF presented in section 3.3 is not related to the
piezoelectric phase of the PVDF. It confirms that the β-phase
of PVDF (exhibiting piezoelectric properties) is not the key
to high energy harvesting performance in the hybrid piezo-
triboelectric-based design. The relationship between the num-
ber of fluorine atoms which increases the negative charge and
the surface morphology of the PTFE/PVDF fibre was respons-
ible for the triboelectric effect. When more fluorine atoms at
higher PTFE percentages are added, the texture of the fibre
becomes non-porous due to unsuitable electrospinning con-
ditions. This results in a change in surface morphology that
leads to a decrease in the electromechanical performance. This
relationship is supported by surface potential measurements
taken using the static fieldmeter SIMCO-FX003. These meas-
urements showed wide variations depending upon location on

6
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Figure 6. (a) open circuit voltage was tested across a 1 GΩ load resistor and (b) short circuit current of the PTFE/PVDF electrospun fibre
prepared at different concentrations.

the fibre mat and the corresponding thickness at that point, but
the average potential of PVDF and PTFE20/PVDF80 were 1.1
and 1.8 kV, respectively.

3.3. Electromechanical study

The energy harvesting performance was initially tested with
the tapping rig in order to explore the optimum PTFE con-
centration. The test was performed at 6 Hz using the contact
separation triboelectric mode (figures 2(a) and (b)). The Voc

and Isc of each sample prepared from different concentrations
were read after tapping for approximately 3 min to ensure that
the tapping rate and the signal output were consistent. When
the surfacesmake contact, there is an electron transfer from the
positively charged nylon to the negatively charged electrospun
PTFE/PVDF. This leads to the nylon surface gaining a positive
charge and the electrospun PTFE/PVDF surface developing a
negative charge. When the surfaces are separated, an induced
potential difference between the electrodes arises, leading to
the development of opposite transferred charges on the elec-
trodes through electrostatic induction. Consequently, an elec-
tric charge will transfer from the bottom electrode to the top
electrode via an external load in order to balance the poten-
tial difference until it reaches a state of equilibrium. As the
surfaces approach each other, the potential difference caused
by tribo-charging will gradually decrease until it reaches zero.
The charges that were transferred are now moving in the
opposite direction, from the top to the bottom electrode.

The open circuit voltage (Voc) and short circuit current
(Isc) output measured at a 6 Hz tapping rate are shown in
figures 6(a) and (b) respectively. The Voc and Isc obtained
from pure PVDF are slightly less than those obtained from
other samples that include PTFE particles. The output from
PTFE5/PVDF95, PTFE10/PVDF90 and PTFE15/PVDF85
were similar which relates to the similar fibre size which res-
ults in the PTFE particles being similarly distributed within
the fibres. For the PTFE20/PVDF80 sample, as shown in
figure 3(e), the fibre size is smaller and, combined with the
higher percentage of PTFE particles, there is a greater concen-
tration of PTFE at the surface of the fibres. This increases the

triboelectric effect due to the superior triboelectric properties
of the PTFE. When the PTFE particles exceed 20% (samples
PTFE25/PVDF75, PTFE30/PVDF70, and PTFE35/PVDF65)
the electrospinning process could not correctly form the
fibres, resulting in poor mixing of PTFE particles and PVDF
binder and thus the output is reduced in comparison with the
PTFE20/PVDF80 (as seen in figures 6(a) and (b)). It was
found that the peak-to-peak Voc shows a similar output for
pure PVDF and up to PTFE15/PVDF85. The peak-to-peak
Voc shows a sharp increase to 390 V for the PTFE20/PVDF80
fibres. The results for the peak-to-peak Isc follow a similar
pattern with a maximum peak Isc of 8 µA occurring with
the PTFE20/PVDF80. The PTFE20/PVDF80 fibre mat made
from the 4% PTFE and 16% PVDF solution gives the highest
electrical output and was used in the subsequent analysis to
investigate the effectiveness of the contact separationmode tri-
boelectric energy harvesting using the electrospun fibres.

The open circuit voltage (Voc) output and short circuit cur-
rent (Isc) of the PTFE20/PVDF80 fibre mat were tested at dif-
ferent load resistance (1 kΩ–6 GΩ), as shown in figure 7(a).

The calculated peak power (P=
Vp

2

R ) and the power dens-

ity (P=
Vp

2

RA ) from the test are plotted in figure 7(b). The
highest power and power density were obtained at an optimal
load resistance of 10 MΩ and were found to be 7 mW and
348.5 mW m−2, respectively.

The contact-separation mode TENG works with a connec-
ted resistor R for this cyclical testing using the tapping rig. The
top electrode moves up and down with the separation distance,
x(t), from the fixed bottom triboelectric material. According
to Ohm’s law

V(t) = RI(t) = R
dQ(t)
dt

(2)

V is the voltage output, Q is the amount of transferred
charge between the two electrodes, I is the current output,
and R is the load resistance; the Voc and Isc depend on the
frequency of cyclical moving on both sides of triboelectric
materials as a sinusoidal function that can be described by

7
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Figure 7. (a) peak open circuit voltage (Voc) and peak to peak short circuit current (Isc) versus load resistance; (b) calculated power and
power density of the PTFE4/PVDF16 versus load resistances; (c) Voc and (d) Isc of PTFE4/PVDF16 at different tapping frequencies; (e)
peak values of Voc and Isc as a function of tapping frequency.

x(t) = Asin(ωt+ θ), where t, A, ω and θ are the time, amp-
litude, angular velocity and initial phase angle of the cyclical
motion, respectively [51, 52].

The Voc and Isc obtained when testing at tapping frequen-
cies of 4–9 Hz are shown in figures 7(c) and (d), peak Voc and
Isc versus tapping frequency is plotted in figure 7(e). As expec-
ted, the increased tapping frequency resulted in an increase of
the Voc and Isc. When increasing the tapping frequency, the
top layer contacts and separates the bottom layer quicker, res-
ulting in the charge transfer reaching the equilibrium quicker
through the external load. When the charge transfer reaches

equilibrium, the output should reach the saturated point and
then plateau, as found in the literature [53, 54]. However, the
tapping rig used in this work has limitations in testing; thus,
the results could not show the saturating point. Table 2 sum-
marizes the results obtained for all samples.

To demonstrate the practical utilisation of the PTFE/PVDF
fibre, the book-shaped PVC substrate was assembled with the
PTFE20/PVDF80 and the nylon fabric and connected to a full
bridge rectifier to convert the AC output to DC to enable the
energy to be stored on a capacitor as shown in figure 8(a).
This experiment provides an accurate practical assessment of
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Table 2. Summary of the electromechanical characteristics of the sample.

Code Solution mixing condition
Percentage of polymer
in fibre

Tapping frequency
(Hz)

Voc (peak to peak)
(V)

Isc(peak to peak)
(µA)

PVDF PTFE0/PVDF20 PVDF 100% 6 130 1.23
PTFE5/PVDF95 PTFE1%/PVDF19% PTFE 5%, PVDF95% 6 136 1.63
PTFE10/PVDF90 PTFE2%/PVDF18% PTFE10%, PVDF90% 6 167 2.45
PTFE15/PVDF85 PTFE3%/PVDF17% PTFE15%, PVDF85% 6 154 3.11
PTFE20/PVDF80 PTFE4%/PVDF16% PTFE20%, PVDF80% 6 555 9.04
PTFE25/PVDF75 PTFE5%/PVDF15% PTFE25%, PVDF75% 6 171 2.10
PTFE20/PVDF80 PTFE4%/PVDF16% PTFE20%, PVDF80% 4 277 3.95

5 429 7.68
6 555 9.04
7 766 12.24
8 1422 17.36
9 1889 19.72

Figure 8. (a) Schematic of the book-shaped triboelectric energy harvester used to charge the capacitors ; (b) the voltage across 0.1, 0.47, 1,
and 10 µF capacitors, when charged by the book shaped energy harvester at 6 Hz over a 90 s period; (c) schematic of the hand tapping test
during the testing of the 100 LED lights experiment; (d) the 100 LED lights illuminated via hand tapping of the book shaped PTFE/PVDF
energy harvester.

the energy that can be harvested and delivered to the energy
storage device and includes the losses that occur in the con-
ditioning circuit. The capacitor charging test was performed
using the tapping rig with a frequency of 6 Hz with capacitors
of 0.1, 0.47, 1, and 10 µF. The calculated energy from char-
ging obtained from U= 1

2 CV
2 was found at the capacitor 0.1,

0.47, 1, and 10 µF is 1.0, 16.7, 41.2 and 136.8 µJ, respect-
ively. The book-shaped TENGwas further tested by illuminat-
ing an LED array using manual tapping method, as illustrated
in figure 8(c). It was found that hand tapping could illuminate
100 LEDs, as shown in figure 8(d). The blue and green LEDs
used in this work require at least 3.4 V in order to light one
LED bulb. In this case, it can be assumed that the hand tapping
TENGs prepared using PTFE/PVDF fibre with a frequency of
approximately 6 Hz can generate more than 340 V in order to

illuminate 100 LED light bulbs. The illuminated LED bulbs
can be seen in the supporting data S1.

To demonstrate the potential energy harvesting output in
a practical energy harvesting application, the electropun fibre
mat was assembled into a modified shoe insole to harvest
energy during walking and running. The insole was modified
to include four cut-out sections each 2 cm× 2 cm placed next
to each other resulting in an active area of 16 cm2 located at
the heal of the foot. A rib of insole was left between these
sections to ensure the insole remained comfortable to use and
to make the active sections imperceptible to the user (see the
schematic of insole in figure 9(a)). The harvester operates in
the contact separation mode with the electrospun fibre mat
making contact with the nylon during the initial contact and
loading phases associated with the foot being placed on the

9
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Figure 9. The triboelectric insole for a demonstration of human gait energy harvesting (a) the photo and schematic of the shoe insole used
in this study (b) the photo when charging the capacitor when running on the treadmill (c) the voltage across the 1 µF capacitor, when
charged by running on the PTFE20/PVDF80 insole over a 60 s period (d) the comparison of the voltage across the 1 µF capacitor, when
running and walking on PTFE20/PVDF80 and PVDF insole over a 60 s period.

ground during the gait cycle and separating as the heal lifts
off during the terminal stance and pressing phases. The har-
vester was realised from 100% electrospun PVDF fibres which
was placed on the left foot insole, and from PTFE20/PVDF80
electrospun fibre which was used in the right insole (as shown
in figure 9(a)) enabling a comparison of the PVDF and elec-
trospun PTFE/PVDF fibres. The insole was placed inside an
otherwise normal pair of running shoes and connected to the
full bridge rectifier circuit consisting of 1N4007 diodes to
charge the capacitors. Figure 9(c) shows the voltage across
the 0.1, 0.47, 1.0 and 10 µF capacitors that was measured
during running on treadmill, as can be seen in the supporting
data S2. The calculated energy obtained from running using
the formula U= 1

2 CV
2 at capacitors 0.1, 0.47, 1, and 10 µF

was found to be 0.7, 15.8, 100.8 and 105.8 µJ, respectively.
Figure 9(d) shows the comparison of the voltage across the
1 µF capacitor between the insole made from the pure PVDF
and PTFE20/PVDF80when charging by walking and running.
The calculated energy obtained from the PVDF insole from
running and walking was 25.9 and 27.4 µJ, respectively.While
the calculated energy obtained from the PTFE20/PVDF80
insole from running and walking was 69.6 and 100.8 µJ,
respectively. The energy obtained from the insole made from
PTFE20/PVDF80 was shown to be approximately 3 times
greater when walking and 4 times greater when running than
the PVDF insole.

4. Conclusion

It was possible to effectively prepare a flexible PTFE fibre
utilising a one-step electrospinning process with a PVDF

solution as a precursor. An examination was conducted on
the energy harvesting performance of a triboelectric assembly
operating in a vertical contact separation mode with electro-
spun fibres with different percentages of PTFE as the negative
materials and nylon as the triboelectric positive material. The
electrospun fibres created a nonwoven textile mat with prom-
ising negative surface potential with the optimum percentage
being 20% PTFE loading in the PVDF matrix. This percent-
age of PTFE in the electrospun fibre enhanced the voltage and
current output by 4 and 7 times, respectively but it, was found
that the maximum power density was 348.5 mW m−2 at a
10 MΩ resistance. Additionally, the application of the elec-
trospun fibres was further demonstrated in book-shaped and
shoe insole based triboelectric harvesters operating in the con-
tact separation mode. The book shaped harvester assembled
with the PVDF energy harvester can successfully charge an
energy storage capacitor using a full bridge rectifier circuit
pointing the way towards energy harvesting powered systems.
Electrospinning is a straightforward process for fabricating
fibres that can be directly used in a non-woven fibre mat
that is entirely compatible with textiles being soft, breath-
able, and conformable. Fibres could also be used to fabric-
ate triboelectric PTFE/PVDF threads that could be combined
within a woven or knitted textile. The improvements in elec-
trical output from the fibres with PTFE certainly merit fur-
ther investigation in practical energy harvesting applications.
The influence of the PTFE particles on the surface roughness
of the fibres has not been quantified in this study. This sur-
face roughness can affect the output of the TENG and there-
fore this will be studied in future work using an atomic force
microscope.
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[26] Šutka A, Malnieks K, Linarts A, Timusk M, Jurk, ans V,
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