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ABSTRACT: Flexible and stretchable triboelectric nanogenerators
(TENGs) are the next-generation systems for wearable and
portable electronics. In this study, we have demonstrated an all
nanofiber-based TENG for energy harvesting and biomechanical
sensing applications. The TENG was prepared using the
Forcespinning (FS) method to produce poly(vinylidene fluoride)
(PVDF) and thermoplastic polyurethane (TPU) nanofiber (NF)
membranes. The TPU nanofiber membranes were interfaced with a
homogeneously sputtered gold nanofilm. The experimental
characterization of the PVDF-TPU/Au NF-TENG revealed that
surface interfaced with dispersed gold in a TPU fiber membrane
produced a maximum open-circuit voltage of 254 V and a short-
circuit current of 86 A output at a 240 bpm load frequency, which
was, respectively, 112 and 87% greater than bare PVDF-TPU NF-based TENG. All systems were composed of an active contact
surface area of 3.2 X 2.5 cm”. Furthermore, the TENG was able to light up 75 LEDs (1.5 V of each) by the hand-tapping motion.
The resistive load and capacitor test results exemplified a TENG offering a simple and high-performance self-chargeable device.
Furthermore, we have tested the TENG’s response for biomechanical movements at different frequencies, suggesting the TENG’s
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potential to be also used as a cost-effective self-powered flexible body motion sensor.
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1. INTRODUCTION

Over the last few years, with the expansion of the flexible and
stretchable wearable electronic devices, portable power storage
for powering small electronics has received an increasing deal
of attention by researchers.”” Conventional power sources, like
batteries, often face a limited life span, heavy weight, and lack
of ecofriendliness.”* To resolve these issues, various modes of
nanogenerators have been introduced that can convert solar,
thermal, mechanical, and even, chemical energy into
continuous and maintenance-free electricity.” These nano-
generators typically utilize phenomena such as piezoelectricity,
pyroelectricity, photoelectricity, and the electromagnetic effect
to harvest energy.”’ Developed systems have shown promising
potential though still lack a high-power output. Another highly
energy-efficient mechanism is the triboelectric effect that can
harness electricity from mechanical energy.®

The phenomenon of triboelectricity has been known for
over 2600 years and it is very common in our day-to-day life.
Triboelectricity can be easily explained as the transfer of
charges due to the friction between two substances. Yet, the
actual mechanism of triboelectricity is still a topic for debate.”
The knowledge of triboelectricity was not applied much for
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practical applications until 2012, when Wang et al. first
reported on the triboelectric phenomenon used to scavenge
ambient mechanical energy and since then a triboelectric
nanogenerator (TENG) has been gaining great interest among
the researchers due to its potential for light weight, easy
fabrication, durability, robustness, and cost effectiveness.™’
Wang et al. also provided a wide list of triboelectric materials
and suggested their effective pairing; this came along with
some important theoretical suggestions, which has helped in
understanding different modes of triboelectric operation.''
Currently, TENGs are being highly exploited as energy
harvesters and self-powered sensors.'” There are different
working modes of TENG like a single-electrode mode, free-
standing mode, sliding mode, and contact—separation mode.
Among the abovementioned modes, the contact—separation
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mode is the preferred one, given its ease of fabrication and a
higher triboelectric yield.” The contact—separation mode
TENG works based on the principle of the electrification of
two layers followed by the triboelectric effect after they get
separated from their initial contact mode.'* Charges are
generated while the top and bottom layers are continuously
separated and contacted. This causes a potential difference
between two layers and results in current flowing back and
forth in the external circuit to balance the surface potential
through electrodes, which are already connected to the
triboelectric layers. The selection of the triboelectric material
is critical to develop charge generation and one of the key
considerations to fabricate the TENG.”'® Polymers have been
widely used for making the layered TENG cell, given their
flexibility and lack of environmental corrosion.'” Polymers with
functional groups capable of giving off electrons during
mechanical bending and stretching are used as a positive
layer, while those with functional groups prone to accepting
electrons are used as a negatively charged layer.

The performance of the nanogenerator depends on the
frictional contact area, surface chemical properties, charge
density, and dielectric properties of the TENG materials. Some
of the commonly used materials are poly(vinylidene fluoride)
(PVDE),"” poly(tetrafluoroethylene) (PTFE),'® poly-
(dimethylsiloxane) (PDMS),"” polyimide (PI),® poly-
(vinylidene fluoride-trifluoroethylene) (PVDE-TrFE),* poly-
(vinylidene fluoride-co-hexafluoropropene) (PVDE-HEP),”'
poly(vinyl chloride) (PVC),”” poly propylene (PP),*’ and
polyacrylonitrile (PAN).”* These polymeric systems are used
in a variety of forms such as thin films, nanofibers,
nanocomposites, and aerogels,lg’25 and all as the negative
layer owing to high charge affinity, flexibility, high dipole
moment, and durability, all of which are important parameters
not only for harnessing mechanical energy but also for
functioning as UV detectors,”® antibacterial and air filtration
systems,”””* and biomechanical motion- and pressure-sensing
devices.”” To harness mechanical energy and capitalize the
TENGs in wearable electronics and human motion detection
applications, the selection of the positive layer is of utmost
importance. Most of the reports have relied on the use of
aluminum (Al),* copper (Cu)," silver (Ag),31 polymeric
materials (e.g., nylon, ° thermoplastic polyurethane (TPU),*
cellulose,’” poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV),* and poly(vinyl alcohol) (PVA)>’) as the preferred
materials.

Compared to a polymer film-based triboelectric layer, which
favors brittleness resulting in the absence of mechanical
robustness, fiber-based TENGs offer more distinctive and
inherent advantages like stretchability and most importantly a
larger effective contact surface area.”” In addition, due to great
flexibility and breathability, nanofiber-based TENGs can also
be used as active sensors to detect the mechanical response of
human motion.”* The main advantage of TENG sensors is that
they can perform without an external power supply.”
Typically, sensors are employed to detect a target signal but
this multifunctional TENG can serve both as an energy-
harvesting device as well as a self-powered sensor.’**” The
prime consideration of wearable electronics is to offer stable
but repeated signals with the same time interval; nanofiber-
based TENG offers string potential.>® Considering the
excellent electrical and structural properties of nanofiber-
based TENGsS, these can be easily attached to human skin, and
moreover, can easily distinguish different bending angles of

human body parts according to their posture.”” Nanofiber-
based TENG layers have been developed using the electro-
spinning technique; nanofiber membranes with nano- to
microscale fiber diameters, high surface area, high porosity,
and small pore size have been tested.'”*" Electrospinning, the
most common process to synthesize nanofibers, uses electro-
static forces to make fine fibers. However, this procedure has
some intrinsic drawbacks, which are mostly related to a low
fiber output. As a consequence, in this study, we have used for
the first time the Forcespinning (FS) technique, a cost-effective
technique with an unparalleled fiber yield. FS uses centrifugal
force to prepare nanofibers,"”*' and its production rate, at the
lab scale, is about 1 g/min compared to 0.1 g/h. Commonly
experienced in electrospinning, the FS output is 600 times.***

In this study, we prepared a TENG system composed fully
of nanofiber layers, where the prepared PVDF nanofiber
membranes were being used as the tribonegative layers. PVDF
is an interesting polymer, which possesses the polymorphic
nature, @, 3, v, 6, and € phases; among these, the a phase is
nonpolar while the f phase has a strong polar response.'® The
B phase is induced more effectively over other phases when the
continuous and homogeneous PVDF NFs were stretched out
from polymer solution by centrifugal force,” and this yields
electroactive characteristics, especially high polarizability and
dielectric properties that promote a significant electrical output
of the TENGs.** Compared to other positive polymers, TPU
has been studied very little in the application of nanogenerator
fields. TPU has a good charge density difference compared to
PVDF;* hence, in our experiments, we utilized TPU NFs as
the electropositive layer due to its high contact surface
structure, mechanical stretchability, and electron actuation
capability.>**

Nevertheless, though there has been a noticeable output
achieved in the TENG field, the power output is not up to the
mark to use it in real-time wearable electronics. So, there is still
room to improve their performance. Currently, researchers are
trying surface modification to boost up the performance by
incorporating various functional groups with different materials
such as metal oxides,””*® nanoparticles,' carbonaceous ma-
terial (e.g., graphene oxide (GO) ,** multiwall carbon nanotube
(MWCNT),” silver nanowires (Ag—NW),27 and MXene
materials'®) within the TENG materials. Even though surface
modification of these triboelectric layers has shown to improve
dielectric constants and high charge density difference between
the two layers, the methods of introducing these additional
materials often present difficulties, given a complicated
synthesis or challenges to prevent agglomeration or precip-
itation during the making of a polymer solution to produce
fibers.” To overcome these drawbacks, deposition of metal by
sputtering can be a plausible solution. Sputtering of a novel
metal on a polymer matrix to produce a metal—polymer
composite and analyzing functional polymer—metal interfaces
has indeed significant importance to fabricating or%anic
electronics, organic photovoltaics (OPVs), and sensors.”®™*
Schwartzkopf et al. demonstrated that the Au sputtered on
polystyrene (PS) thin films exhibited remarkable changes in
structural and optoelectronic properties for different Au
regimes as a function of layer thicknesses (nucleation, isolated
island growth, growth of larger aggregates via partial
coalescence, and continuous layer growth).*” The optical
reflectivity of the pristine gray-blue PS film showed color
tunability at the interface from a dark blue color due to isolated
nanoclusters to a bright red color due to larger Au aggregates
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Figure 1. Schematic diagram of fabrication of the nanofiber by the ES technique®® and gold (Au) sputter coating on the fiber surface.

in the UV/vis regime. Additionally, it was elucidated that near-
surface enrichment of Au in a PS matrix can be achieved by
sputter deposition, which impacts Au adhesion due to the
formation of an embedding Au layer.”® Moreover, the high-rate
deposition of gold resulted in a smoother Au film surface,
owing to the smaller particles growing in shorter time intervals
resulting from earlier onset of thin film percolation and high
density of initial particles due to the nucleation probability
increase caused by an enhanced influence of random
nucleation.>’ In addition, Roth et al. illustrated that the
presence of the imprinted ridges that introduced macroscopi-
cally curved structures on the polymer fiber can result in
morphological deviation from the mean gold layer morphol-
ogy.””

Here, in our work, we used a simple and straightforward
technique, depositing gold (Au) on the surface of the TPU
nanofiber membrane using a plasma-assisted sputter coating
technique. Owing to the amplified optimal surface roughness
and electrochemical properties, gold has been used in TENG
and sensory applications.””** Modified Au nanorod and
flower-shaped micro-/nanostructures have demonstrated a
heightened effective contact surface and TENG output
performance.’>*® Furthermore, using an Au coating added
environmental protection.”® The experimental investigation
illustrated that the embedded Au layer on the TPU surface
resulted in a high triboelectric open-circuit voltage and short-
circuit current output compared to the base PVDE/TPU
nanogenerator cell. In addition, the nanofiber-based tribo-
electric nanogenerator (NF-TENG) showed a strong potential
of charging small electronics within a short period of time and
a very sensitive and effective biomechanical motion sensor.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly [4,4’-methylenebis (phenyl isocyanate)-alt-1,
4-butanediol/di(propylene glycol)/poly caprolactone], which is a
methylene-diisocyanate (MDI) thermoplastic polyester/polyether
polyurethane (TPU) was obtained from Sigma-Aldrich. KYNAR
741 poly(vinylidene fluoride) (PVDF) powder was purchased from
Arkema Inc. HPLC-grade acetone (C;H4O), N,N-dimethylformamide
(DMF, >99.7%), and dimethylacetamide (DMA, C,H,NO) were all
obtained from Fisher Scientific. All of the materials were used without
any further treatment.

2.2. Preparation of PVDF and TPU/Au Nanofiber Mem-
branes. To make a PVDF polymer solution, 1.1 g of PVDF powder
was dissolved in a mixture of 2.35 g of DMA and 1.96 g of acetone in
a 20 mL glass vial. The polymer solution was vortexed for 2 min and
then mechanically stirred using a magnetic stirrer at 60 °C in a silica
oil bath for 24 h at 800 rpm to ensure complete dissolution. In a
similar fashion, to obtain a homogeneous solution of TPU, a 16 wt %
solution was prepared with DMF as a solvent; the mixture was
magnetically at 1000 rpm for 48 h in a silica oil bath at 105 °C. Then,
the mixture was kept in scintillation vials and cooled at room
temperature before using to make the fibers. Later, 2 mL of prepared
solutions was independently injected into the spinneret equipped with
a half inch 30 gauge regular needle to spin the fibers using a Cyclone
system (Fiberio Technology Corp.). The deposited fibers on the
prolonged collectors were collected as nonwoven membranes and
subsequently stored in HDPE bags containing a silica desiccant
pouch. To fabricate a TPU/Au nanofiber membrane, gold (Au) was
sputtered using a Denton Vacuum Desk II (working gas as air) at a SO
mTorr pressure and a 45 mA current for 120 s to deposit a thin layer
(about 25 + S nm) on one surface of a fiber mat. A gold (99%)
sputter target was used in the experiment, which was obtained from
Denton Vacuum, and had a dimension of a 60.325 mm diameter and
a 0.0508 mm thickness. The deposition rate of the target was about
0.23 nm/s at a SO mTorr pressure and a 45 mA current.

2.3. Fabrication of the TENG. To fabricate the NF-TENG, 4.5 X
2.5 cm’ fiber mats each having an average thickness of 1.0 + 0.2 mm
was cut and attached to commercially available 0.06 mm thick copper
(Cu) tape, which acted as electrodes for both positive and negative
layers. The two layers were separated by two PU spacers (average
thickness: 2.5 + 0.1 mm) of 2.50 X 0.65 cm? on both ends, resulting
in a 3.2 X 2.5 cm? active contact area of the NF-TENG. A 5.0 X 5.0
cm? layer of 3D-printed PLA having 1.5 + 0.05 mm thickness was
attached on the outer side of both electrodes to impart structural
support. All tests were conducted under ambient conditions.

2.4. Characterization. The morphology of the PVDF and TPU
nanofibers was characterized with a field-emission scanning electron
microscope (FESEM) at an acceleration voltage of 1.0 kV (Sigma VP,
Carl Zeiss, Jena, Germany). The Fourier transform infrared spectra of
the fiber membrane were obtained using a 133 VERTEX 70v FTIR
Spectrometer (Bruker) in the attenuated total reflection (ATR)
mode. The transmittance data of the nanofiber samples were recorded
from 450 to 4000 cm™' wavenumber. AFM measurements were
performed on a Bioscope Catalyst AFM (Bruker) mounted on an
inverted optical microscope (Ti, Nikon), which can assist in selecting
the interesting area on the sample. Fibers were glued to a small piece
(1 em X 1 cm) of double-sided tape and then imaged immediately.
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Figure 2. (a, b) FESEM images, (¢, d) fiber diameter distribution histograms, and (e, f) FTIR spectrum of PVDF and TPU nanofibers.

The AFM tapping mode was used for imaging the surface morphology
and roughness measurements. Silicon tips with a resonance frequency
of around 300 kHz, 10 nm radius, and a spring constant of 40 N/m
were selected, and measurements were carried out under ambient
conditions at room temperature. Both NanoScope and WSxM
software were used to analyze AFM images and to evaluate the film
surface roughness of a 200 X 200 nm? area from each sample.

2.5. Measurement of the Output. The open-circuit output
voltage of the NF-TENG was measured by a Tektronix TDS1001B
digital oscilloscope, while the short-circuit current was measured by
an oscilloscope connected with a Stanford Research Systems SRS70
current preamplifier. The biomechanical motion responses were

measured using a VersaSTAT 3 potentiostat.

60404

3. RESULTS AND DISCUSSION

The schematics of the FS technique used to prepare the
triboelectric nanofibrous membranes are illustrated in Figure 1.
The morphology of the spun PVDF and TPU nanofiber can be
observed in the scanning electron microscopy micrographs
shown in Figure 2ab The images show long, continuous,
homogeneous, and uniform fiber surface structure. The surface
morphology of PVDF NFs were found smoother, while the
TPU fibers were more twisted in nature, as shown in Figures
S1 and S2. From the fiber diameter histogram (Figure 2¢,d), it
can be accounted that the average fiber diameter of the PVDF
nanofiber was ~110 nm, while TPU nanofibers were

https://doi.org/10.1021/acsami.1c17964
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comparatively thicker with an average fiber diameter of ~262
nm.

The nanofiber membranes were further investigated by
Fourier transform infrared spectroscopy (FTIR) spectra shown
in Figure 2e,f. The characteristic bands of the # phase PVDF in
Figure 2e were identified in the 877, 1172, and 1401 cm™
peaks. The stretching around 877 and 1072 cm™' peaks was
attributed to the C—C bond skeletal vibration of # PVDF®’
whereas peak at 510 cm™ resulted from the —CF, bending.*®
The peaks observed at 1172 and 1401 cm™' were due to the
stretching vibration of C—F and C—H groups, respectively,
while the band at 839 cm™ was assigned to a mixed mode of
—CH,— rocking and —CF,— asymmetric stretching vibra-
tion.”” The B phase of the PVDF system promoted the
triboelectric effect in the nanogenerator. The spectrum in
Figure 2f revealed that the TPU membrane absorption band at
3325 cm™' was due to the N—H stretching vibration in the
urethane group, whereas that at 1415, 2862, and 2938 cm™
corresponded to the —CH,— asymmetric stretching vibra-
tion.”” The other characteristic sharp peaks at 1726 and 1701
cm™" were associated with stretching vibration of the carbonyl
group (C=0) in the amide, while stretching at 1597 cm™" was
caused by the N—H group flexural absorption.”" The bands
around 1067 and 1217 cm™" were identified by C—O bond
stretching,”

Fibers were imaged using the AFM tapping mode, which
produces three types of images, height, deflection, and phase.
Here, we present the deflection and phase images because they
provide more information about the surface morphology
compared to the height image. Figure 3a shows an AFM
deflection image of the PVDF fiber, showing a smooth
morphology made of several nanofibers clearly visible on the
phase image (arrow, Figure 3b). The inset in Figure 3a shows a
3D image of the fiber where the nanofibers are visible. The
average value of the roughness of the top surface of the fiber is
18 + 2 nm (n = 10 measurements).

Figure 3¢ shows an AFM deflection image of the TPU fiber,
showing a smooth morphology as well without any visible
nanofiber as in the PVDF fiber. This is confirmed in the phase
image (Figure 3d), where the top surface of the fiber looks very
homogeneous. In addition, the 3D image (inset Figure 3c)
does not show any specific features on the top surface of the
fiber. However, the average roughness of the fiber almost
doubled compared to the PVDF one, 31 + 3 nm (n = 10
measurements). Figure 3e shows an AFM deflection image of
the TPU/Au fiber, showing a homogeneous but quite different
surface structure compared to the two other fibers. The
presence of the nanoparticles on the surface of the fiber is
clearly visible and they are homogeneously distributed. These
data are confirmed with the phase image (Figure 3f), where a
white structure is the most dominant. In AFM phase images,
the white areas represent the harder structure that can be
associated with the gold nanoparticles in our case. This is also
visible in the 3D image of the fiber (inset Figure 3e).
Accordingly, the average surface roughness of the fiber was also
increased to 48 + 3 nm, which added extra frictional contact
during the contact and separation mechanism between the two
tribo layers. Because of the geometrical convolution between
the AFM tip and the shape of the fiber, only the top surface of
the fiber reflects the true fiber structure.”> Thus, the Au
nanoparticles homogeneously coat the fiber. In addition, the
AFM cross-sectional measurements performed on the top

Figure 3. AFM morphology of (a, b) PVDF nanofiber, (¢, d) TPU
nanofiber, and (e, f) gold-sputtered TPU (TPU/Au) nanofiber.

surface of the fiber revealed the gold layer to be around 25 + §
nm (n = 10 measurements).

The working principle of NF-TENG is shown in Figure S3.
To produce the triboelectric effect, the TENG requires
periodic vertical contact and separation, and this mechanism
is imperative to the vertical contact—separation-based TENG.
Owing to this continuous contact and separation, a static
charge is formed on the surface of the triboelectric layers, and
to maximize this charge generation, spacers are employed
between the tribo layers, which makes the mechanism more
convenient.'”®* Otherwise, there is a chance of the tribo-
electric fiber layers to stick together during contact and
separation, which might result in a lower power output. For
simplicity, the spacer and PLA layers are not shown in the
mechanism. Usually, a vertical contact—separation-based
TENG requires two electrification layers, and initially, these
two layers are in the contact mode (Figure S3a) with no
current flow."”'> However, as the two layers are periodically
pressed (come into contact and then separated) (Figure S3b),
the difference in electronegativity between both layers results
in charge ejection from the TPU/Au layer to the PVDF
nanofiber layer.”> The ejected electrons then resulted in net
negative charges in the PVDF layer.”> This separation induces
a potential difference across the two layers, resulting in the
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current to flow through the external circuit connected to the
Cu tape electrodes. When the fiber layers got fully separated
(Figure S3c), the induced potential difference got balanced
and the open-circuit voltage decreased and became zero.*
When the layers were pressed again and brought closer to each
other (Figure S3d), the electricity flow became reversed as the
accumulated free charges flowed back.”

To inspect the electrical performance of PVDEF-TPU/Au
NF-TENG (PTA-TENG), we subjected the PTA-TENG to
finger tapping at 60 bpm (1 Hz), 120 bpm (2 Hz), 180 bpm (3
Hz), and 240 bpm (4 Hz) load frequencies while keeping the
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range of motion to 10 cm when measured from the fingers to
the top of the PTA-TENG. The vertical tapping movement of
the TENG generated a triboelectric effect, which resulted in
alternating current (AC) open-circuit voltage (V) and short-
circuit current (Isc), as shown in Figure 4. The results indicate
that both Ve and Igc increased with increasing load
frequency.”® The maximum Vi recorded for PTA-TENG
was 130, 165, 230, and 254 V (Figure 4a) for 60, 120, 180, and
240 bpm load frequency, respectively, while the highest I5c
obtained were 42, 52.5, 72, and 86 uA (Figure 4b) for 60, 120,
180, and 240 bpm. The outputs were then compared with the

https://doi.org/10.1021/acsami.1c17964
ACS Appl. Mater. Interfaces 2021, 13, 60401—60412


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c17964/suppl_file/am1c17964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c17964/suppl_file/am1c17964_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17964?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17964?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17964?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c17964?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c17964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

40
(a) 140 4 — 10 Psi (b) 10 Psi
1——15Psi ——15Psi
120 1—20Psi 304{——20psi
1——25Psi ——25Psi
100 ]——30pPsi _ ——30Psi
S 80 : 3 20 4
g 60 -
g ] § 10
S ™ 3" |
11 {H ‘ u
] | 0 Jiysmanmys
|
0 oyttt - el U
[T
-20 4
] -10
-40 4
(] 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (s) Time (s)
(C) (d)160 L 1500 cycles
L - ‘ - i
> 1 E 140 -
= g
- iy 3 120 4
w ; —
] B 2 < 4004
= |TENG |l 8 g
o
o %) S 80
5} [a} o
< > 60 o
40 4
20 -
0
T ¥ T T T T T
e Ao 300 400
Aime (s)
— ////
__— /
© = /
160 4 —— 240 BPM
140
120
2 100 -
@ E
S 80
= 4
&)
> 604
40
20
0
L) T Ll Ll
200 202 204 206 208 210
Time (s)

Figure S. Electrical performance of PTA-TENG. (a) Open-circuit voltage and (b) short-circuit current output for different pressures at a 65 bpm
load frequency. (c) Full-bridge rectifier circuit. (d) Stability and durability test of the rectified PTA-TENG under periodic contact—separation
processes for 1500 cycles and (e) enlarged view of the response during load cycles at a 240 bpm load frequency.

bare PVDF-TPU nanofiber-based TENG, as shown in Figure
4c,d. The highest AC open-circuit voltage and short-circuit
current recorded were 120 V and 46 uA at a 240 bpm load
frequency, which signified that the effect of Au on the surface
of TPU nanofiber improved the output performance by ~112
and ~86%, respectively, for open-circuit voltage and short-
circuit current. From Figure 4e, it can be interpreted that the
highest average peak-to-peak voltage and current achieved for
gold-sputtered TPU-based TENG were 329 & 7 V and 110.25
+ 3.75 pA, which were significantly higher than normal TPU-
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PVDF nanofiber-based TENG, which yielded only 155.5 + 3.5
V and 60 + 3 pA at a 240 bpm load frequency.

Moreover, to further investigate the PTA-TENG perform-
ance with constant pressure, we used a vertical force machine
(Figure S4), where we varied the load from 10 to 30 psi at a 65
bpm frequency (Figure S); the output signal showed similar
results like those observed in finger tapping but this time the
resulting peaks showed higher uniformity. As the applied
pressure increased, the force of impact increased on the
triboelectric surface and the output AC V¢ values observed
were 24, 40, 66, 92, and 128 V for 10, 15, 20, 25, and 35 psi
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(Figure Sa), respectively. In addition, the output current
signals were also increased linearly and yielded 6.7, 11.4, 20.35,
27.75, and 35.6 pA short-circuit current for 10, 15, 20, 25, and
30 psi, respectively (Figure Sb). However, the output V¢ and
Isc achieved during the pressure test were quite smaller
compared to the finger-tapping test as the effective contact area
was only 5.07 cm” with the circular piston having a diameter of
2.54 cm (Figure S4), while during finger tapping, the active
triboelectric surface area was 8 cm® (3.2 X 2.5 cm?). Figure Sc
shows the schematic of the full-wave bridge rectifier circuit.
Consequently, the durability performance of the PTA-TENG
was also examined under periodic contact—separation
operation for 1500 cycles at a 240 bpm load frequency, and
the results strongly illustrate the long stability of our proposed
TENG where the maximum rectified voltage was recorded at
152 V (Figure Se).

In contrast to electrical performance, the charging ability of
the PTA-TENG was also investigated with different capacitors
to demonstrate future prospects of storing and charging small
electronic devices. Figure 6a shows the schematic view of the
capacitor circuit with a full-wave bridge rectifier attached to the
TENG used in the experiment. The capacitor with 1.0, 3.3, 4.7,
6.8, and 10.0 uF capacitance was employed for charging for 30
s at a 240 bpm load frequency with finger tapping (Figure 6b).
The curves show that as the capacitance increased, the rate of
charging capacity gradually decreased. The maximum output
voltages observed for the abovementioned capacitors were
7.64, 6.03, 4.97, 3.26, and 1.95 V, respectively. Furthermore,
after examining different capacitors, the PTA-TENG was
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further experimented with a 3.3 uF capacitor but this time with
varying load frequencies.

From Figure 6c, it can be highlighted that for a constant 30s
tapping mode, the output voltage got higher as the load
frequency varied from 60 to 240 bpm. The highest voltage was
recorded to be 6.03 V at 240 bpm where a 60 bpm load
frequency derived only 1.89 V, which illustrated that higher
voltage can be achieved with high load frequency.”” Figure 6d
shows the external resistance load connected in series with the
full-wave bridge-rectified nanogenerator. From Figure 6e, it can
be elucidated that the instantaneous average voltage output
showed a gradual increase, while the average current output
indicated an opposite trend with varying resistive loads from
50 kQ to 10 MQ at a frequency of 4 Hz (240 bpm) following
Ohm’s law.*®

According to the maximum power transfer theorem, the
maximum power output is achieved when the internal
impedance of the TENG is in sync with the external load.”’
A sharp increase in the voltage output was observed from 0.47
to 0.9 MQ. As a result, the power (P = V?/R) initially increased
(Figure 6f) and reached a maximum of ~2.45 mW at a 0.9 MQ
load resistance and then gradually started to decrease.
Moreover, to demonstrate the feasibility of our nanogenerator,
we illuminated 75 LED with high brightness. The TENG was
attached with a series of commercial LEDs (1.5 V each)
through a full-wave bridge rectifier with a 0.1 uF capacitor and
the nanogenerator was hand tapped to light up the LEDs
(Figure SS). This high-power output and the LED test of the
PTA-TENG demonstrated promising potential to power
flexible and wearable electronics.”*”°
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magnified signal of finger opening and closing, (f) fist opening and closing, and (g) wrist rotation. The thigh muscle (quadricep) contraction signal

for (h) leg up—down movement and (i) slow jogging and running.

After investigating the energy-storage capability of PTA-
TENG, the nanogenerator was explored for various bio-
mechanical motion-sensing applications, as shown in Figure 7.
During the SIb weight lift (Figure 7a) and incline push up
(Figure 7b), the bicep muscle contraction was recorded as an
AC open-circuit voltage signal (~0.25 to 0.35 V peak), which
signified superior bending sense capability of the proposed
sensor. The sensor was further examined to detect the
respiration rate at normal breathing and rapid breathing
during running (Figure 7c). The results show a sinusoidal
signal for the inhalation and exhalation motion by attaching
the TENG at the chest. As the sensor was prepared by a
nanofiber, air could easily penetrate the fiber membrane.
Similar to bicep contraction, the PTA-TENG sensor was also
investigated for different hand gestures: one by one finger
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opening and then closing altogether (Figure 7d) and fist
opening and closing (Figure 7f) at a 1 Hz frequency. The
distinct peak in the figure (Figure 7e) clearly showed how
many fingers were opened or closed at a given time. The
output voltage signals were generated by the pressure drop
across two friction TENG layers. The fist opening and closing
responses were repetitive (~1.8 V peak) and distinctive, and
moreover, the output looked like a twisted pulsed signal. The
forearm muscle contraction test was also performed for wrist
rotation (clockwise direction), as shown in Figure 7g, at a 60
bpm load frequency and a similar pattern of the signal was
depicted at a regular time interval.

The TENG sensor was then attached to the front part of the
leg, just above the knee, and near the quadricep muscles to
capture the motion of the muscle contraction and expansion.
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The results from the bending of the leg to 90 degrees from the
standing position, as shown in Figure 7h, were quite similar to
bicep contraction, but the peaks were intense (~2.4 V). The
quadricep contraction was also captured during slow jogging
and running, as shown in Figure 7i. In both cases, the signals
were the same but only varied in respect to V¢ peak intensity,
as in the case of running, the V5 peaks were ~2.0 V, double
than slow jogging. The reaction from different body motion
gestures clearly indicated real-life self-power sensor capability.
Consequently, our proposed PTA-TENG was able to evaluate
physiological information meticulously while charging small
electronics simultaneously.

4. CONCLUSIONS

In summary, we have fabricated for the first time a triboelectric
nanogenerator with PVDF and TPU nanofibers prepared by
the FS technique. The spun nanofiber layer improved
electrification properties due to the f phase domination in
the PVDF nanofiber, which resulted from the unidirectional
mechanical stretching during fiber formation. However, to
upgrade the performance of the triboelectric response, we
sputtered gold coating over the TPU nanofiber surface. This
simple surface modification with an additional frictional surface
resulted in a noticeable electrical output of a 254 V open-
circuit voltage and a 86 pA short-circuit current, which were
2.12 and 1.87 times greater than bare TPU/PVDF nanofiber-
based TENG. Constant pressure tests were also conducted to
illustrate the capability of a uniform signal output in
comparison to the finger-tapping mode. The capacitor
charging test of the modified TENG offered a quick charging
capability of a maximum of 7.64 V within 30 s using a 1.0 uF
capacitor, which indicates the great promise of our TENG for
charging small electronics. Furthermore, attaching external
resistance load and varying it from 50 kQ to 10 ML, we
obtained significant 2.45 mW power from a small TENG with
an active contact area of only 8.0 cm? which eventually
implied prospects of our prepared TENG for a small but high-
density power source. The real-life applicability of the TENG
was explored by illuminating 75 commercial LEDs by only 12 s
of hand tapping. The nanogenerator was further analyzed for
sensory application by connecting to different body parts,
namely, forearm, quadricep muscle, and chest, and it
demonstrated an attractive capability for distinct human
biomechanical motion-sensing application.
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