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ARTICLE INFO ABSTRACT

Keywords: Triboelectric nanogenerators (TENGs) with an ability to harvest mechanical energy from natural and human
Hydrogel activities, have shown tremendous potential to realise self-powered electronic devices and sensors. However, in
Gold nanoparticles order for optimum utilization of biomechanical energy, TENGs need to have body or tissue mimicking properties
I?I(;lf;:;:rllleriitor without compromising performance. Herein, a new hydrogel based all-soft, self-healing and stretchable TENG is
Biocompatibility introduced which exhibits outstanding power generation capability surpassing existing competitors. This unique

TENG is realized by using gold nanoparticles doped semi-transparent hydrogel as an electrode and Ecoflex as the
triboelectric layer which integrates multifunctional properties including rapid self-healing in < 2 min, 900%
stretchability, high conductivity, transparency and excellent biocompatibility with human dermal fibroblasts.
The use of a gel electrode with both ionic and electronic conductivities underlines the importance of gold
nanoparticles in enhancing the performance of soft TENGs. A 5 cm? device exhibits a prodigious power density of
1680 mWm 2 with an energy conversion efficiency of ~ 26%, which is the highest achieved so far in contem-
porary hydrogel based TENGs. The moldable components allow easy fabrication of devices with tunable shapes
and sizes that conforms to the human body and can power multiple electrical devices directly from body
movements thus opening up possibilities for next generation self-powered wearable or implanted devices.

1. Introduction

Remarkable progress has been made in the development of wearable
electronic gadgets, flexible sensor modules and health monitoring de-
vices in recent times. Naturally, the search for alternative energy sources
and new technologies to power these devices has increased concurrently
with a conscious effort to transition toward self-powered devices [1-3].
Currently, wearable electronic devices rely heavily on conventional
power sources like batteries which are rigid, non-renewable and often
contain constituents that are hazardous for the environment. In this
regard, an emerging technology based on electro-mechanical coupling is
swiftly gaining prominence [3-6]. Since the advent of triboelectric
nanogenerators (TENGs) in 2012, it has made a significant impact as a
potential green device which can harvest electrical power from

ubiquitous and wasted mechanical energy arising from natural phe-
nomena (e.g., wind, waves), industrial processes (moving machine
parts), transportation (moving vehicles) and daily human activities
(running, exercising and body movements) [7-11]. Moreover, TENGs
show a strong potential for developing self-powered sensor packages for
monitoring diverse friction driven phenomena, and compared to the
closely related piezoelectric nanogenerators (PENGs), exhibits several
advantageous attributes such as low manufacturing cost and high power
density [12-14]. Consequently, recent efforts are now directed to make
TENGs even more suitable for practical applications by adding features
such as stretchability, self-healing ability and transparency, which are
especially important for implantable biomedical sensors,
human-machine interfaces, robotics and energy harvesting devices
[15-18]. However, it is extremely difficult to attain the
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above-mentioned features by using conventional electrodes such as
copper/aluminium foils, sputtered coated gold, metallic nanowires,
carbon nanotubes, graphene and indium tin oxide (ITO) due to the risk
of degradation and delamination from the triboelectric layer over time
[19]. Fabric and textile based TENGs with metal, carbon or conducting
polymer electrodes offers good flexibility but suffer from mechanical
robustness, limited stretchability, poor conductivity, high cost of pro-
duction and are not self-healable or transparent [20]. Therefore, to
address these issues, hydrogel-based electrodes have been introduced in
TENGs which show remarkable stretchability, self-healing ability and
transparency. Furthermore, hydrogels have shown additional benefits of
being biocompatible and biodegradable [15,16,21-23]. For example, Li
et al., synthesized a graphene oxide (GO) and laponite cross-linked
conducting hydrogel electrode for TENG which is highly stretchable
and self-healable with good power density under mechanical tapping
(260 mWem 2) [24]. On a similar note, Luo et al., fabricated a MXene
doped polyvinyl alcohol hydrogel based stretchable electrodes and re-
ported a power density of 0.33 Wem ™2 [25]. Han et al., used gelatin
cross-linked polyacrylic acid (PAA) to serve as a stretchable and
self-healable electrode for single electrode TENG and showed a power
density of 2.9 pWem™2 [16] and Pu et al., prepared a PAAm-LiCl
hydrogel as the electrification layer and electrode to fabricate a
stretchable TENG, where a power density of 35 mWm ™2 was achieved
[26]. However, significant challenges with pure hydrogels are its low
inherent ionic conductivity and dehydration, affecting the overall per-
formance of TENGs [16,24,26]. Furthermore, synthesis of mechanically
robust hydrogels especially which involves radical initiated crosslinking
often requires multiple precursors (monomers, crosslinkers and
photo-initiators) and high-power ultraviolet irradiation to promote
crosslinking which increases cost and limit scalability [16,19,21,23,26,
27]. Although organogels offers an attractive solution [28,29] in terms
of dehydration resistance and biocompatibility, it would be interesting
to investigate the effect of organic solvent — filler interaction on the gel
properties.

In contrast, polyvinyl alcohol (PVA)-based hydrogels offer much
simpler synthetic route, and they are ecofriendly, biocompatible and
biodegradable [30,31]. Especially, borate crosslinked PVA hydrogels
can be an ideal choice for a stretchable electrode for TENG due to their
fast gelation, low cost, and potential self-healing properties [25,26].
However, as mentioned earlier, hydrogels have poor conductivity as it is
dependent on the contribution from ions. For TENGs, the electrode
should have reasonably high electrical conductivity to promote efficient
charge collection. As electronic conductivity is much higher than ionic
conduction, use of electrically conducting ‘fillers’ have been a successful
strategy especially for hydrogel-based sensors which also enhances their
physical attributes such as robustness, stretchability and self-healing
[32]. Although a transparent TENG is difficult to achieve after doping
with common conducting fillers such as graphene, carbon nanotubes
and MXenes, a conducting ‘filler’ which does not drastically compromise
the transparency is a potential solution.

Among conducting fillers, gold nanostructures with excellent elec-
tronic conductivity, optical properties and biocompatibility have been
widely implemented in hydrogels but were mostly focused on biomed-
ical applications such as scaffolds for tissue engineering, bioimaging,
drug delivery, photothermal therapy, antigen detection, immunostain-
ing and antimicrobial formulations [33,34]. Interestingly, little work
has been done to make them applicable as stretchable electrodes for
TENGs. For example, Lim et. al., used gold nanosheet impregnated
polydimethylsiloxane (PDMS) as stretchable electrode for human mo-
tion detection [35]. and Park et. al., reported enhancement of TENG
performance with electrodeposited gold nanoflower structures as elec-
trodes; however, neither stretchability nor self-healing was investigated
[36]. Thus, it is apparent that although conducting hydrogels have been
researched extensively in developing stretchable electronics and sen-
sors, their application as electrodes for TENGs and understanding their
compatibility and interfacial interaction with different triboelectric
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surfaces is only recently gaining interest [17,19,37-42]. Specifically,
metallic nanoparticle doped hydrogels present ample scope and poten-
tial, having both electronic and ionic contributions for developing next
generation stretchable and self-healing TENGs with optimum mechan-
ical properties and power density. This is a major opportunity which has
not been exploited to date.

In the present work, we, for the first time, used gold nanoparticles
(AuNp) embedded in PVA hydrogel to fabricate a fully soft, stretchable,
self-healing and semi-transparent electrode for TENG. Addition of
AuNps significantly enhances the charge collecting property of the
hydrogel electrode by contributing towards electrical conductivity.
Thus, we have successfully addressed a crucial problem i.e., low power
output of hydrogel based TENGs by introducing synergistic contribution
from both ionic (gel) and electronic (AuNps) parts in the electrode. This
is made possible by the unique combination of two soft materials: Eco-
flex (serving as the triboelectric layer) and a conducting hydrogel. Our
TENG exhibits excellent output in terms of voltage, current and power
density without compromising the properties of the hydrogel. Further-
more, the hydrogel electrode is sealed completely within the Ecoflex.
This enables several benefits. First, the whole TENG surface is responsive
under single electrode mode configuration, meaning it can respond to
mechanical stimuli from both top and bottom surface of the device,
which enhances the effective surface area and power density. Second,
the device can withstand high mechanical force (45 N) from human
finger/palm tapping and shows excellent stretchability (233%) over
extended period of time. Third, the semi-transparent hydrogel electrode
is able to fully self-heal rapidly giving stable performance and the
compact sealing enables stable and close interfacial contact between soft
Ecoflex and hydrogel, enabling optimum charge collection during en-
ergy harvesting. Fourth, being encapsulated by the elastomer, dehy-
dration of the hydrogel is prevented thereby enhancing the lifetime of
the device. Lastly, incorporating gold nanoparticles enhances the con-
ductivity of the hydrogel electrode without substantially affecting
stretch, self-healing ability and transparency. The soft and pliable nature
of the hydrogel electrode can be exploited to design TENGs of any
desired shape. For example, we have fabricated TENGs in the shape of a
sphere and a narrow flexible rod by encapsulating the hydrogel inside
Ecoflex, which allows multidirectional contact-separation and poten-
tially opening-up more practical ways of sensing and energy harvesting
capabilities from the device.

We demonstrate multiple potential applications and capabilities of
our device based on different shape and form, specifically, harvesting
energy from human body movements like finger tapping, arm bending
and foot tapping which were used to self-power electrical devices like
LEDs, capacitors, digital calculator and a thermometer without using
any batteries or external power. Interestingly, using the spherical TENG,
we were able to harvest energy directly from the palm of the hand by
using it as an ‘anti-stress’ ball exercise which can instantaneously power
up 60 LEDs and charge capacitors just by softly pressing the ball. The gel
is non-cytotoxic to human fibroblast cells as demonstrated by the Live/
Dead test which again highlights the potential broad spectrum capa-
bility of the device in biomechanical energy harvesting either in ex vivo
or in vivo conditions.

2. Experimental section
2.1. Synthesis of gold nanoparticle doped PVA hydrogel

Gold nanoparticles (AuNp) were initially synthesized by in situ
reduction with tannic acid in the PVA matrix followed by crosslinking
with borate to form the doped hydrogels. Briefly, 8 wt% PVA (3 mL)
(Sigma Aldrich) solution was stirred at 1000 rpm at 95 °C for 5 mins.
Next, measured volume (0.08-2 mL) of 10 mM gold(III) chloride tri-
hydrate (HAuCl40.3 H20) (Sigma Aldrich) solution was added dropwise
while stirring. After brief mixing, 50-100 uL of 6 (mM) tannic acid
(Thermofisher Scientific) was added. The colour of the solution rapidly
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turned wine red indicating formation of AuNp [43]. The hydrogel was
formed by thoroughly mixing 4 wt% sodium borate (NasB407) (3 mL)
(Sigma Aldrich) with the above solution at room temperature. The
hydrogel was then stored for 1 h to complete reaction and then soaked in
distilled to wash away excess reactants [44,45]. Finally, the gel was
purged with Ny gas to remove water from the surface. Based on the
concentration of gold salt used, the PVA-borate hydrogels have been
designated as GO (without gold), G1 (0.1 mM), G2 (0.5 mM), G3 (1.5
mM), G4 (2 mM) and G5 (2.5 mM).

2.2. Fabrication of TENG

To fabricate the TENG, a certain volume of Ecoflex-0050 silicone
rubber (part A and part B) was thoroughly mixed, degassed and then
poured into a teflon mould. Next, the Ecoflex was partially cured at 100
°C for 5 mins. A conducting silver thread was then attached on top of
Ecoflex and thereafter the previously made hydrogel was cut into a
rectangular slab of 2.5 cm x 2 cm and placed on the Ecoflex layer. Next,
another layer of Ecoflex was poured on top of the hydrogel and left to
cure at room temperature for 24 h to form the TENG. Finally, the TENG
was peeled off from the mould as a flexible film of thickness 1.5 mm and
effective area of ~ 5 cm?. Flexible TENGs of different shapes (wrist band
and anti-stress ball) were fabricated using pre-made moulds as shown in
figure S1 (ESI}). Degassed Ecoflex was poured in part I of the mould
followed partial curing and addition of hydrogel embedded with silver
thread. Next part II of the mould was put on tightly and Ecoflex is again
added through the opening on top to fill the mould. The mould is left to
cure at room temperature after which it is dismantled to get the TENG.

2.3. Material characterization and electrical measurements

The AuNp doped PVA hydrogels were characterized using UV-visible
spectroscopy (Orion AquaMate 8100), transmission electron microscopy
(TEM, Jeol 2100), scanning electron microscopy (SEM EVO 10), Instron
tensile strength tester (Instron 5969) and fourier transform infrared
spectroscopy (FTIR, Nicolet iS50). For TEM, gel samples were first ultra-
sonicated before mounting on copper grid. For SEM, the gels were
freeze-dried before observing under microscope. In case of FTIR, the gels
were first dried, and a small portion was used with attenuated total
reflectance (ATR) attachment. The electrical resistance of the hydrogels
(cut into a dimension 1 cm x 1 cm x 0.5 cm) was measured by a digital
multimeter (RSDM 3055) by attaching two aluminium foils as electrodes
on opposite side of the hydrogels. Output voltage was measured using a
digital oscilloscope (MDO3024, Tektronix). The current and charge
were measured using an electrometer (6517B Keithley). The force
applied during tapping was calibrated using a force plate (FP3, Bio-
metrics Ltd). The device was directly placed on the force plate and the
tapping force was increased (up to 80 N) gradually while recording the
voltage and current output. For the stability assessment, the TENG was
impacted with 45 N force at 1 Hz frequency using a pneumatic linear
actuator fitted with polyethylene sulphone (PES) membrane (as the
counter triboelectric surface) and controlled by Arduino. For the above
measurements, a rectangular (dimension- 2.5 cm x 2 cm) TENG was
used. The resistance of the gel was measured after specific intervals by
cutting it out of the Ecoflex layer. For tensile strength measurement, G3
TENG of length 5 cm and cross-sectional area 0.5 cm? (made using the
mould described before) was mounted between two clamps and
stretched at a rate of 20 mm per minute. Young’s modulus was then
calculated from the stress vs strain curve. For performance analysis
under self-healing cycles, the hydrogel inside the Ecoflex was separated
into two halves (by pressing and pulling the hydrogel apart) and then
voltage and current were measured under load resistance of 108 Q
before and after each self-heal cycle. For temperature dependent per-
formance analysis, the TENG was incubated on a hot plate at various
temperatures (25-100 °C) for 15 min and then voltage and current were
measured under 10% Q. To determine effect of stretchability on TENG
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performance, the TENG (in size: 6 cm x 1 cm) was stretched (0-200%)
by fixing clamps on two ends and then tapped with a force of 45 N.
Voltage and current were measured as above. Finally, power density was
calculated and compared (with respect to normal condition) to deter-
mine TENG performance (%).

All the participants have given written consent for their involvement
during energy harvesting and sensing demonstrations using the device.
To demonstrate detection of body movement, a rectangular TENG strip
(size: 6 cm x 1 cm) was attached (via adhesive tape) directly at various
locations (finger joint, wrist, elbow, neck and knee-cap) on body of
healthy volunteers. The voltage was then measured in response to the
specific movements by digital oscilloscope.

2.4. Biocompatibility assessment

Cytotoxicity study was performed on human dermal fibroblast (HDF)
cell lines, where the cells are cultured in DMEM media supplemented
with FBS (10%) and antibiotic (PSN) (1%) at 37 °C in a humidified at-
mosphere with 5% CO». After 75-80% confluency, cells were harvested
with trypsin (0.025% v/v) and EDTA (0.52 mM in PBS) and were seeded
at desired density to allow them to re-equilibrate for a day before the
start of experimentation.

Approximately 0.2 g of G3 hydrogel was weighed and sterilised be-
forehand by washing with absolute ethanol and later UV exposure for
20 min. Next, cells were seeded at concentration of 10° cells/mL in a 6
well plate and were then incubated with the hydrogel for 72 h. After
incubation, the hydrogel piece was taken out and the cells were washed
with PBS twice and 50 pL from the LIVE/DEAD (L3224, Thermofisher
Scientific) assay stock solution (Calcein AM (2 pM) and Ethidium
homodimer (4 uM)) was added to the petridish. After 5 min, the cells
were again washed with PBS to get rid of the excess dye and thereafter
fluorescence images were taken using a fluorescence microscope (EVOS
M5000) to evaluate the viability of the cells.

3. Result and discussion

The hydrogels were synthesized by a simple one-pot technique by
first forming gold nanoparticles in the PVA solution followed by cross-
linking with borate ions as represented in Fig. 1a. In the first step, the
gold nanoparticles were formed by in situ reduction of gold salt by
tannic acid, a well-known eco-friendly antioxidant. The polyphenolic
functional groups in tannic acid serves as an efficient reducing and
stabilising agent which in the present case helps in uniform dispersion of
the nanoparticles in PVA [43]. This ‘green’ synthetic approach, thus,
avoids environmentally toxic reducing agents such as hydrazine or so-
dium borohydride [46]. Moreover, the reduction is very fast and typi-
cally takes less than 2 mins to completion. In the second step, borate was
mixed at room temperature to promote crosslinking and hydrogel for-
mation [47].

The formation of the gold nanoparticles is confirmed from the
UV-visible spectra of PVA suspensions (Fig. 2a). As can be observed
from Fig. 2a, the intensity of the surface plasmon resonance (SPR) peak
(for gold nanoparticles) at 530 nm increases from G1 to G3, indicating
formation of progressively higher concentration of nanoparticles.
However, a shift in the peak towards longer wavelength is observed for
G4 and G5 which appears at 540 nm. This is because of possible for-
mation of nanoparticle agglomerates due to high concentrations. An
approximate particle size was determined from the position of the SPR
peak. Here, peak at 525 nm indicates nanoparticle size of around 15 nm
for G1-G3 and much larger size (40 nm) for G4 and G5 [48]. It is to be
noted that for G4 and G5, a higher baseline absorbance is observed
around 800 nm- this is probably due to scattering from agglomerated
PVA gel particles in these samples during measurement. This is also
evident from the colour of the respective PVA-nanoparticle suspensions
(Fig. 2b), where G1-G3 have wine red coloration while it shifted to
violet-blue region of the visible spectrum for G4 and G5 [49]. The
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Fig. 1. Schematic showing a) synthesis of AuNp doped hydrogel, b) Design of TENGs of different shapes.
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Fig. 2. a) UV-visible spectra of the Au-Np-PVA precursor solution (G1-G5), b) photographic images of the gels (G0-G5), ¢) Transmission electron microscopy (TEM)
images of the gels (G1-G5) and Fourier transform infrared spectra of the dried gels (GO-G5).

particle size was further confirmed through transmission electron mi-
croscopy (TEM) which shows uniform distribution of spherical gold
nanoparticles in PVA with sizes range of 10-15 nm for G1-G3. However,
as expected, G4 and G5 shows higher particle number density particle
due to increased concentration. Both smaller (5nm) and larger
(20-25 nm) sized particles can be observed. The larger sized particles
are formed due to agglomeration, which is reflected in the shift of their
SPR peak (Fig. 2a).

The interaction between different functional groups, which con-
tributes toward crosslinked hydrogel was investigated by Fourier
transform infrared spectroscopy (FTIR). Fig. 2d shows the FTIR spectra

of the synthesized hydrogels. PVA gives peak around 840 cm ™! due to
the out-of-plane vibration of C-C groups and broad peak at
1000-1150 cm ™! is attributed to the stretching vibrations of C-O and
C-O-C groups. PVA-borate crosslinking is indicated by the appearance
of peaks around 1336 cm™!, 1460 cm™! (asymmetric stretching relaxa-
tion of B-O-C) and 640 em ! (B-O-B linkage) in all the hydrogels.
Presence of hydroxyl groups are detected by the broad peak around
3200-3600 cm ™! [44,45]. However, in case of doped hydrogels, peak
around 1250 cm ™! and 1640 cm ™! indicates the ester moiety and the
C—C stretching vibrations in the tannic acid structure. More impor-
tantly, in contrast to GO, an increase in the intensity of the broad peak
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around 3200-3600 cm ™! indicates strong hydrogen bonding interaction
between tannic acid and PVA through multiple hydroxyl groups
[50-52]. Thus, the doped PVA hydrogels are dual crosslinked with
borate and tannic acid molecules. No additional peaks were observed
due to AuNps as they are coated with tannic acid. Fig. 3a-c, shows the
scanning electron microscopy images of G1, G3 and G5 which reveals a
porous microstructure characteristic of freeze-dried gels. Elemental
mapping (Fig. 3d-f) of the same samples shows the distribution of AuNps
(green spots in the image) in the gel matrix. To minimize the interfer-
ence of other elements we only traced the distribution of carbon and
gold in the hydrogel. As expected, the concentration of AuNp progres-
sively increases from G1 (Fig. 3d) to G5 (Fig. 3f). Based on above, Fig. 3g
shows the proposed intermolecular interactions between the compo-
nents that lead to the formation of the crosslinked hydrogel. Specifically,
dynamic intra and intermolecular chemical crosslinks occurs between
PVA chains, diol moieties and borate ions while tannic acid is primarily
involved in non-covalent interactions through multiple hydrogen
bonding with PVA [44,50-52]. All these interactions resulted in a
crosslinked gel with self-healing and stretchable properties.

For the hydrogel to serve as an efficient electrode for TENG, it needs
to have high electrical conductivity. While pure PVA-borate hydrogel is
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conducting due to presence of sodium and borate ions, it is still much
less than typical electronic conductors [53]. Therefore, we hypothesised
that addition of metallic nanoparticles might substantially enhance it
due to the formation of conducting pathways and the hydrogel will
benefit from both ionic and electronic contributions. AuNps was selected
based on its easy synthesis, resistance to oxidation, optical properties,
nontoxic nature and high electrical conductivity [33,34]. The re-
sistances of individual hydrogels (GO-G5) were measured and as can be
seen from Fig. 4a, compared to GO (130 kQem 1), the resistance
significantly decreased with increased concentration of AuNps with the
lowest resistance observed for G3 (10 chm’l). Interestingly, G4 and G5
exhibit higher electrical resistances (45 kQem™! and 70 kQem™!
respectively) despite containing high density of AuNps. As reported by
Chan et. al. [54], this is probably because high concentration of AuNps
causes local agglomerates (as evident from TEM image in Fig. 2c and
elemental mapping in Fig. 3f) which leads to the formation of large
tunnelling gaps between individual nanoparticles and reduces the
number of effective conducting pathways for AuNps inside the hydrogel.
This is schematically explained in figure S2 (ESI}), where, as we proceed
from low to high concentration of nanoparticles, the tunnelling gap in-
creases due to cluster formation which restricts formation of conductive

S~ PVAchain

--------- PVA-tannic acid H- bond

@ Tannic acid coated AuNp ) Borate ion

PVA-borate cross-link

Electron cloud on AuNp

Fig. 3. SEM image of doped hydrogels showing microstructure of a) G1, b) G3 and C) G5. Corresponding elemental mapping of the samples showing distribution of
AuNp (in green) in d) G1, e) G3 and f) G5 and g) schematic representation of the intermolecular crosslinking in the AuNp doped hydrogel.
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stretchability (233%) of G3 TENG and e) self-healing of G3 inside the TENG after repeated tapping with a force of 45 N.

pathways. Thus, G3 hydrogel with optimum distribution of AuNPs
significantly improves the electrical conductivity as compared to pure
PVA-borate hydrogel. This conducting nature is shown by using G3 as a
conducting interconnect which then lights up a LED (inset Fig. 4a and
video S1, ESI}).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.108127.

Dynamic intermolecular crosslinking and hydrogen bonding in-
teractions between PVA, borate ions and tannic acid endows the
hydrogel with excellent self-healing properties [31,53,55]. To demon-
strate, we cut G3 hydrogel (length 4 cm and thickness 1.5 cm) in half
and the two parts of the gel were joined together at room temperature
within a very short span of time (< 2 mins) which can be stretched
without breakage (Fig. 4b and video S2, ESI}). The process was repeated
50 times and 100% self -healing was achieved after every cycle. Addi-
tionally, G3 TENG is semi-transparent, where the words ‘UCL TENG’
written on a clean polyethylene terephthalate (PET) sheet is clearly
visible when placed under the hydrogel TENG (thickness of the gel is
0.1 cm) and this may be suitable for applications such as an energy
harvesting layer on glass windows, doors, roofs etc. (Fig. 4c). It is
however to be noted that the transmittance value when measured by
UV-visible spectroscopy shows a broad range of 60-80% (figure S3,
ESI}). The lower transmittance at 530 nm is attributed to the SPR ab-
sorption peak of AuNps and not due to opacity [47]. G3 also exhibit high
stretchability of ~ 900% as shown in the video S3 (ESI}) which in turn
makes the TENG based on it, stretchable up to ~ 233% (Fig. 4d, inset
showing original length of the TENG). This is made possible by seamless
and efficient packaging of two soft and stretchable materials, i.e., Eco-
flex and the hydrogel where the Ecoflex fully encapsulates the hydrogel
thereby adding robustness to the device. An interesting feature of the
TENG is that sometimes after prolonged tapping (after 8,000 cycles)
with a force of 45N, the hydrogel electrode (shown for G3) shows
breakage and this is possibly due to the high imparting force applied,
however, the gel is able to fully self-heal inside the Ecoflex packaging

(Fig. 4e) after 10 mins and recovers its functional/stable operation. This
is represented in figure S4 (ESI{) where the TENG performance is
regained close to 100% after 20 ‘cut and self-healing’ cycles. It is to be
noted that when the gel is separated (cut) inside the Ecoflex, it can still
behave as an electrode as the silver cable is attached to the other half of
the gel; however, the effective electrode area is now reduced (almost
halved) resulting in lower performance (around 65%). As demonstrated
by Luo et. al. [25], sealing with Ecoflex effectively prevents loss of water
from the hydrogel preserving the self-healing nature and performance of
the TENG. Thus, all the desired mechanical and electrical properties of a
practical TENG are met when G3 is used as the stretchable electrode.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.108127.

Output performance of the TENG was investigated in detail with
respect to human finger touch and body movements. The TENGs were
repeatedly tapped with finger while connected to different load re-
sistances (Rp) (103-109 Q). Fig. 5a, shows the effective maximum power
density obtained (power density = (I, x V1)/A, where, I}, is the current,
Vi is the voltage drop under load 10® Q and A is the area) for each
hydrogel TENG, with a tapping force of 45 N and frequency of 1 Hz. It is
interesting to note that with increase in gold nanoparticle concentration
(from G1 to G5), the effective power density gradually increases and
reaches a maximum for G3 and then decreases. This is possibly because
G3 has the least electrical resistance which serves as an optimum current
collector as also evident from the voltage and current generated for each
gel composition where G3 with the lowest resistance produces the
highest output (figure S5, ESI{). While for G5 and G6, less conductive
pathways (formed due to particle agglomeration) leads to poor perfor-
mance. However, compared to GO (0.6 Wm’z), all the TENGs show
higher power density at 10% Q (see Fig. 5a). G3 TENG, with a power
density of 1.68 Wm™2 significantly outperforms previously reported
hydrogel based TENGs, with or without different fillers (see Table S1,
ESI{). Fig. 5b shows the variation of current (I), voltage (VL) and
effective power density for G3 across different load resistances. As
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Fig. 5. a) Variation of power density in the hydrogel TENGs, b) variation of output voltage, current and power density with load resistances for G3 TENG, c) V, d)
I, and e) Qg for G3 TENG and f) working mechanism of the TENG under singe electrode mode configuration. The tapping was done with a force of 45N at a

frequency of 1 Hz.

expected, instantaneous voltage increased and gradually reached a peak,
while the corresponding current measured across load decreased.
Fig. 5¢, d and e, shows the corresponding open circuit voltage (Voc),
short circuit current (Ig) and the amount of charge transferred under
short circuit condition (Qs.) from G3 under similar tapping condition.
The TENG performance (V. of 384 V, I of 4 pA, Qs of 45 nC (charge
density of 90 uCm~2) and a peak power density of 1.68 Wm™2) clearly
demonstrates the superior capability compared to GO (V. of 180 V, I of
2.5 uA, Qs of 25 nC and power density of 0.6 Wm™2). Furthermore,
comprehensive literature survey shows that the performance of G3 is the
best in class compared to previous hydrogel based stretchable electrodes
(see Table S1, ESI{). The stability of the TENG is also demonstrated for
10,000 cycles, where a stable V,. of 80 V is obtained under a tapping
force of 45 N and frequency of 1 Hz (figure S6 and video S4, ESI}). The
voltage obtained in cyclic tests is lower because the polyethylene sul-
phone (PES) membrane used as the counter surface is triboelectrically
less positive than human skin [7-9]. The resistance of G3 (measured
after definite intervals) shows negligible variation even after prolonged
operation indicating stability of the gel electrode (figure S7a, ESI}).
Furthermore, the resistance remained stable even after 20 ‘cut and
self-healing’ cycles indicating stability of the gel structure (figure S7b,
ESI{). As for the mechanical properties, the stretchable TENG exhibits a
Young’s modulus of 0.246 MPa after 10,000 cycles calculated from the
slope of the stress vs strain curve (Figure S8a and b, ESI}) which high-
lights the robustness of the device obtained through effective sealing of
the hydrogel inside the Ecoflex. Cyclic tensile test was also done to
evaluate the effectiveness of self-healing hydrogel inside Ecoflex.
Figure S8c (ESIT) shows the force vs displacement (100% strain) curve
for G3 TENG. As evident, the device regains mechanical properties quite
efficiently after 10 self-healing cycles. To further evaluate the stability of
the hydrogel TENG, performance analysis was carried out by varying
temperature and stretching state of the device. As evident from figure S9
(ESIY), the output efficiency of the TENG gradually decreases to 70%
when the temperature was varied from 25 °C to 100 °C. This is because

with increase in temperature the resistance of the electrode increases
due to increased collision between electrons and ions in the hydrogel
resulting in poor charge collection and performance. However, for most
bio-mechanical energy harvesting (especially with implanted devices)
applications, the temperature will not exceed 45 °C and hence it is ex-
pected that the device should be stable in the 25-45 °C range. When the
device was stretched at various lengths (0-200%), the output perfor-
mance initially drops and then seems to stabilise at 80% for 200%
stretch condition (figure S10, ESIT). This might be due to the interplay
between two opposing factors: at stretched condition, increased sepa-
ration between AuNps in the hydrogel leads to lower conductivity of the
electrode layer and this results in decrease in TENG performance.
However, as stretching continues, the area of contact between skin and
Ecoflex layer also increases generating higher triboelectric charges at
the interface. Hence the observed stabilisation effect is a reflection of
simultaneous opposing change in resistance and contact charge gener-
ation in the stretched device. The working mechanism of the TENG
(using G3 as the electrode) under human hand tapping is schematically
represented in Fig. 5f. In single electrode mode, initiated by the physical
contact of the skin during tapping on Ecoflex surface, opposite charges
are generated on the Ecoflex layer and human skin due to tribo-
electrification. The Ecoflex surface is negatively charged, meanwhile the
skin acquires positive charge (I). At this stage there is no electrical po-
tential difference as the charges are balanced. Once the skin starts to
separate from the Ecoflex layer, unscreened negative charge on the
Ecoflex induces positive ions (H™ and Na™) in the hydrogel layer to move
at the Ecoflex-hydrogel interface. Simultaneously, an electrical double
layer is formed at the hydrogel-silver wire interface with the same
amount of negative ions (mainly Cl" from the gold salt (HAuCl40.3 Hy0)
in the hydrogel and positive charges on the metallic wire. As a result,
electrons would flow from the electrode to the ground through an
external circuit, producing an electrical signal (II). When the skin is
separated further from the Ecoflex layer, the induced positive charges in
the gel would fully neutralize the negative charges on Ecoflex layer and
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no signal is generated (III). Finally, when the skin approaches the Eco-
flex layer again, the process is reversed i.e., electrons now start flowing
from the ground to the electrode forming an opposite electrical signal
(IV). This process gets repeated generating an alternating current or
voltage signal [26]. Presence of metallic gold nanoparticles is implicated
to play two important roles, first it serves as a source of free electrons in
the gel and second it provides conducting pathways. These two factors
significantly enhance (=~ 180%) the power density of G3 TENG
compared to pure PVA gel based TENG which rely only on ionic
conduction.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.108127.

Since G3 hydrogel TENG exhibit highest power density, we used
them to demonstrate several aspects of energy harvesting from human
body movements accentuating the versatility of the soft and flexible
device (Fig. 6). For instance, when the TENG is applied on the arm, the
bending motion can directly power up 15 LEDs instantly (Fig. 6a and
video S5, ESI}), while gentle finger tapping on the TENG generates
enough power to light up 120 LEDs (Fig. 6b and video S6, ESI{). Simi-
larly, the TENG is robust enough to withstand the pressure from a foot i.
e., when placed on the heel of a flip-flop, it powers up 65 LEDs upon
repeated tapping with the heel of the foot (Fig. 6¢ and video S7, ESIY).
Furthermore, to make it easier to harness mechanical motion from
human activities, two unique designs namely, a spherical shaped soft
‘anti-stress’ ball and a rod-like TENG (which can be used as a wristband)
is fabricated, both of which can light up to 60 LEDs directly upon gentle
repeated touch (Fig. 6d and e) and (video S8 and S9, ESIY). Figure S11
(ESI{) summarizes the V. and I obtained during arm bending (figure
S11laand d), foot tapping (figure S11b and e) and pressing of ‘anti-stress’
ball (figure S11c and f). In order to power electronic devices with the
TENG, a rectifier circuit used so that the alternating current could be
converted to direct current through (figure S12, ESI}). Using this circuit,
the TENG could charge different capacitors (1 pF, 4.7 puF and 10 pF)

T
2
i

Nano Energy 107 (2023) 108127

within 120 s when tapped with a frequency of 2 Hz (Fig. 6f). As a
practical application, when a 10 pF capacitor is charged to 5.3 V by the
TENG (size: 5 cm x 4 cm) upon continuous tapping for 170 s (figure
$13, ESIY), the harvested energy could power the LCD screen of a digital
calculator (Fig. 6g and video S10, ESI) and thermometer (Fig. 6h and
video S11, ESIY) for few seconds. Obviously, the energy generation rate
was not fast enough to compensate for the energy consumption by the
electronic devices. However, larger device designs should make that
possible.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.108127.

Taking advantage of the soft and stretchable nature of the TENG, we
are able to detect movement of joints in human body. The friction be-
tween the skin and the TENG patch generates reproducible voltage
signal patterns during specific body movements (Fig. 7 and video S12,
ESIY). Processing such patterns can be useful to monitor and diagnose
diseases associated with musculoskeletal system. Considering the
biomechanical sensing and energy harvesting applications from human
body it is also important to assess the working range of the device under
different applied forces. Figure S14a (ESI}) shows the variation of output
voltage with applied pressure on the sensor. The applied pressures were
varied in kilo pascal range in order to assess sensitivity under gentle
joint movements. As evident from the slope of the graph (figure S14a,
ESI), G1 has a sensitivity of 0.36 V/kPa while G3 and G5 have higher
sensitivities (0.53 and 0.56 V/kPa respectively), and this is again
probably due to the presence of increased gold nanoparticles in G3 and
G5. We measured sensitivities only for G1, G3 and G5 as they have the
highest disparity in AuNp concentrations following on from elemental
mapping images (see Fig. 3d-f). Figure S14b (ESI{) shows the variation
of power density with tapping force in the range of 5-80 N for G3 TENG
(G3 was selected as it showed highest performance (see Fig. 5a). The
power density initially increases with applied force and then stabilises
around 80 N, which indicates the electrical output limit of the device.

Voltage (V)

0 20 40 60

Time (Sec)

80

V4

Fig. 6. Demonstrations of the energy harvesting capability using G3 TENG- powering blue LEDs from a) arm bending (inset showing TENG attached to the bicep), b)
finger tapping (inset showing tapping), c) foot tapping (inset showing TENG attached on the heel segment of the flip-flop, d) pressing ‘anti-stress ball’ (inset showing
spherical TENG), e) tapping the ‘wrist-band’ TENG, and f) charging capacitors, g) powering digital calculator and h) thermometer by finger tapping.
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Fig. 7. Demonstration of body movement detection capability of G3 TENG. The graph and the image represent V,. obtained and the corresponding location of TENG
on body; a) and b) from finger joint movement, ¢) and d) wrist bending, e) and f) elbow joint movement, g) and h) neck movement (sideways) and i) and j) knee

bending movement.

However, there was no leakage or rupture of the device even at high
forces and this is due to the robust yet elastic nature of the TENG.
Although, more detailed studies are needed, the TENG shows promise as
a soft device for sensing haptic and tactile feedbacks during activities
such as surgical procedures and patient (with neuromuscular diseases)-
device interactions.

Apart from the energy harvesting capability, we also exploited the

TENG as a self-powered door movement sensor based on the human
touch or any surface. A TENG strip (size: 10 cm x 1 cm) was attached on
the inner side of a door handle (Fig. 8a). As can be seen from the movie
(video S13, ESI}), a signal is generated in the whenever the door is
opened by touching the handle and this works even with a gloved hand.
Thus, the flexible device can be used as self-powered tactile sensor patch
on movable objects for surveillance and potential object recognition.

Fig. 8. a) Self-powered door sensor using G3 TENG applied on the door handle (inset showing the flexible TENG strip attached to the inner side of the handle and b)
fluorescence microscope image showing biocompatibility of the TENG tested on human dermal fibroblast.
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Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.108127.

It is well known that commercial elastomers and hydrogels are
routinely used as tissue regeneration scaffolds [30,34,55]. In addition,
AuNps are common in various biomedical and drug delivery research
owing to their excellent bioactive and antimicrobial properties. Based on
the composition of our TENG and future application prospects, it is
essential to evaluate biocompatibility. Therefore, we investigated cyto-
toxicity of the G3 hydrogel on human cell line. To demonstrate
biocompatibility, human dermal fibroblasts (HDF) was incubated with a
small piece of the gel for 72 h. The concentration of AuNp was
150 pg/mL in a total volume of 3 mL. The cell viability is determined
from the proportion of green (live cells) and red (dead cells) which has
been dual stained with calcein AM and ethidium homodimer respec-
tively [56]. Fig. 8b shows the fluorescence microscopic images of control
(left image-without gel) and treated (right image) HDFs after 72 h in-
cubation. As evident from the right image), predominantly green cells
with elongated morphology, characteristic of healthy growing fibro-
blasts are observed in the treated cells indicating that the hydrogel is not
cytotoxic in nature. Although the concentration is AuNp is quite high,
the observed non-cytotoxicity is probably due to the entrapment and
slow release of nanoparticles in the gel matrix which significantly limits
its exposure to the cells. Thus, through these practical demonstrations,
the TENG shows a strong potential to be implemented as a self-powered
energy source for smart devices related to renewable energy, wearable
electronics and implantable sensors.

4. Conclusion

We have designed a soft TENG using a biocompatible triboelectric
elastomer and gold nanoparticle doped conducting hydrogel serving as
the electrode. The hydrogel electrode is formed by following a green
synthetic route which involve in situ synthesis and inclusion of gold
nanoparticles inside borate cross-linked PVA hydrogel matrix. This one
pot synthesis is scalable and due to the multiple crosslinking interactions
between PVA, borate, tannic acid and AuNps, the hydrogel and the
resultant TENG offers multifaceted features such as high stretchability
(~ 233%), rapid-self healing, semi-transparency, durability, robustness,
and design flexibility. Incorporation of highly conducting AuNps in the
hydrogel electrode enables outstanding performance (power density of
1.68 Wm ™2 and energy conversion efficiency of 26%) by forming con-
ducting pathways in the PVA matrix, which has not been achieved in
contemporary hydrogel based TENGs. We demonstrated highly efficient
biomechanical energy harvesting from various human body movements,
exercises and self-powered sensing capability using the TENG, indi-
cating its potential for use in emerging self-powered electronic skins (E-
skins), wearable electronics, soft robotics, and implantable sensors and
health monitoring devices.
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