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Abstract

Recently developed triboelectric nanogenerators (TENGS) act as a promising power source for
self-powered electronic devices. However, majority of the TENGs are fabricated using metallic
electrodes that could not achieve high stretchability and transparency, simultaneously. In this
work, slime-based ionic conductors are used as transparent current-collecting layers of TENG,
thus significantly enhancing their energy generation, stretchability, transparency, and instilling
self-healing characteristics. This work is the first demonstration of ionic conductor as the
current collector in a mechanical energy harvester. The resulting ionic skin TENG (IS-TENG)

has a transparency of 92% transmittance, and its energy harvesting performance is 12 times
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higher than that of the silver-based electronic current collectors. In addition, they are capable
of enduring a uniaxial strain up to 700%, giving the highest performance compared to all the
transparent and stretchable mechanical energy harvester. Additionally, this is the first
demonstration of an autonomously self-healing TENG which can recover its performance even
after 300 times of complete bifurcation. Our IS-TENG represents the first prototype of highly
deformable and transparent power source that is able to autonomously self-heal quickly and
repeatedly at room temperature, and thus can be used as power supplies for digital watches,

touch sensors, artificial intelligence and bio-integrated electronics.

1. Introduction

The emergence of next-generation electronics or bioelectronics has propelled immense
enthusiasm for the development of various deformable, transparent, and self-healable electronic
devices, including transistors,i*?l strain sensors,®4 energy storage devices,>7 and light-
emitting diodes (LEDs).[21 In particular, deformable devices that can be conformally integrated
on arbitrary, irregular, and movable surfaces without deterioration of their performance are
currently in high demand.*%* Additionally, the ability of a device to restore its functionality
after mechanical damage is crucial for the realization of highly durable electronics,*? while
transparency helps in the visual transmission of information, which can be potentially utilized
in user-interactive displays, biomedical imaging, therapeutic optogenetics and touch
screens.[**14 However, powering the described next-generation electronic devices requires
sustainable power source characterized by integrated stretchability, transparency, and self-

healability properties.

Recently, triboelectric nanogenerators (TENGS) reported by Wang et al. have been utilized as

power source for self-powered electronics due to their high voltage output, ability to function
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at very low and irregular mechanical impulses, high efficiency, easy availability, environmental
friendliness, and low processing costs.[*> 1 However, most of the currently used TENGs
contain metallic electrodes and therefore lack sufficient transparency, stretchability, and self-
healing characteristics.l**?% Serious efforts have been made to develop highly deformable
TENGs by improving their design and fabrication procedure.?>21 For example, serpentine-
patterned electrodes and interlocking Kirigami structures were used; however, the maximum
tensile strains of the resulting TENGs were limited to 22% and 100%, respectively, due to the
traditional planar structural design and material strain limitation.[?>%®! Embedding metallic
conductors into a stretchable matrix (such as Ag nanowires? and carbon black?* in silicone
rubber) resulted in the remarkable ability of the fabricated TENGs to sustain their performance
at extreme deformations (corresponding to uniaxial strains of up to 300%). However, the use
of opaque current collectors limits both the device transparency and stretchability. Despite
attempts to fabricate self-healing TENGs from thermally induced shape-memory polymers, the
produced devices required thermal activation for the self-healing process and lacked sufficient
stretchability and transparency.?® Therefore, the key challenge is to fabricate TENGs with
various incorporated functionalities (including stretchability, transparency, and self-
healability), which can be easily integrated with multiple functions for non-conventional

applications.

In this work, extremely stretchable, highly transparent, and self-healing ionic skin triboelectric
nanogenerators (IS-TENGSs) for powering electronic devices and touch sensor applications have
been fabricated using slime-based ionic conductors as the current collector. To the best of our
knowledge, this is the first demonstration of ionic conductors as the current collector in
mechanical energy harvesters. The use of ionic conductor significantly enhances the energy
harvesting performance due to the formation of an electrical double layer (EDL). Owing to the

non-Newtonian behavior of the current collector, an extreme stretchability as high as 700% was
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achieved without degrading the device performance, which enables the IS-TENG as a power
source for highly deformable electronics. The performance of the device under multiple
stretching cycles was evaluated. The dynamic hydrogen bonds of the ionic conductor resulted
in an autonomous self-healing IS-TENG. The energy harvesting performance of the fabricated
IS-TENGs was evaluated after inflicting multiple mechanical damages. The practical
applicability of the IS-TENG was demonstrated by charging a commercial dielectric capacitor
as well as by powering a digital watch and LEDs. Furthermore, a highly stretchable, self-
healing, and transparent touch screen for computing operation has been demonstrated in this

study.

2. Results and Discussion

Figure 1a shows the schematic of the fabricated IS-TENG, which consists of a silicone rubber
layer with a thickness of 100 + 10 pm, utilized as the triboelectrically negative material, a slime
layer (a cross-linked poly(vinyl alcohol) (PVA) gel) with a thickness of 1 mm, as the ionic
current collector, and VHB tape with a thickness of 1 mm as a substrate. Figure 1b shows the
digital photograph of the highly transparent IS-TENG, its detailed fabrication method is
described in the Experimental sections and Supporting Information, Figure S1. Silicone rubber
is generally considered a good triboelectrically negative material due to its high
electronegativity and the potential ability to generate large triboelectric charges upon contact
with human skinf?42¢l (it should be noted that human skin and silicone rubber correspond to the
positive and negative ends of the triboelectric series, respectively). Silicone rubber has been
used in various TENGs as a functional dielectric,[?4281 stretchable substrate,[6271 and
encapsulation material,[?>%8] owing to its excellent stretchability, superior tear strength, and low
Young’s modulus. Figure S2, Supporting Information shows the digital photograph of the
highly transparent slime layer (100% transmittance for visible light, Figure 1c), which was

formed due to the weak hydrogen bonding interactions between the tetrafunctional borate ions
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with the —OH group of PVA, as illustrated in Figure S3, Supporting Information). The presence

of the hydrogen bonding is verified from the Fourier transform infrared spectroscopy (FTIR)
(Figure S4). The subsequent cross-linking led to the formation of a three-dimensional (3D)
polymer network.?®! The produced slime exhibited high ionic conductivity (2.9 x 10° Scm™)
due to the presence of positive (Na*) and negative ions (B(OH)."), which was measured using
electrochemical impedance spectroscopy (EIS) (Figure 1f). The 3D PVA network provided the
necessary path for ion transport (it was selected as the polymer matrix due to its non-toxicity,
biocompatibility, high transparency, and high ionic conductivity®®®). The produced weak bonds
led to the formation of a viscoelastic non-Newtonian fluid;®Y as a result, the slime layer could
be stretched by progressive pulling and assumed the shape of a mold or container. The self-
healing properties of the slime layer originated from the weak hydrogen bonding
interactions.’?®! The commercial VHB adhesive tape (used as the substrate) was transparent,
stretchable, and self-healing. Thus, the resulting IS-TENG exhibits superior transparency,
stretchability, and self-healing characteristics. Figure 1e shows the digital photographs of the
fabricated IS-TENG that was subjected to various mechanical deformations, such as uniaxial
stretching up to 700% strain as well as folding and rolling. The resulting IS-TENG exhibited
92% transmittance for visible light, measured in the wavelength range of 300 — 900 nm (Figure
1c). All the utilized materials were inexpensive and easily processable, which ensured high

scalability and industrial adaptability of the fabricated devices.

2.1. Mechanism of energy generation

Figure 1d schematically illustrates the mechanism of the IS-TENG operation. In particular, the
energy generation occurs due to the coupling between the triboelectric and electrostatic
induction effects.['52432 According to the triboelectric series, human skin can be considered an
excellent triboelectrically positive material (due to its relatively low electronegativity), and

silicone rubber represents an excellent triboelectrically negative material (due to its relatively
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high electronegativity).*¥ Initially, the surfaces of silicone rubber and human skin were not in
contact and therefore generated no surface charges; as a result, the positive (Na*) and negative
(B(OH)4") ions of the ionic conductor remains randomly distributed across the PVA matrix.
When the human skin comes in contact with the silicone rubber layer, charge transfer from the
human skin to the rubber (due to the difference in their electronegativities), making the silicone
rubber negatively charged, and the human hand positively charged.[?l When the finger is
moved away from the surface, the two oppositely charged surfaces (human skin and silicone
rubber) become separated in space, thus creating a potential difference. The unscreened
negative charge on the surface of silicone rubber induces the accumulation of positive ions
(Na") at the silicone rubber/slime interface and negative ions (B(OH)s") at the slime/copper
interface, which in turn leads to electrical double layer formation.[*®l This leads to a transient
charge flow from the copper electrode to the ground, generating a voltage output. An
electrostatic equilibrium is achieved when the two oppositely charged surfaces reach the
maximum separation distance. When the mechanical force is applied again, the distance
between the skin and the silicone rubber layer as well as their potential difference decreases,
resulting in a charge flow in the opposite direction (from the ground to the slime/copper
interface), which generates a voltage in the reverse direction.[*634 Thus, repeating the procedure

described above produces multiple voltage outputs.

2.2. Energy harvesting performance of IS-TENGs

The energy harvesting performance of the fabricated IS-TENG (represented by the open-circuit
voltage (Voc), short-circuit current density (Isc), and charge transfer density (o)) was evaluated
by applying a compressive mechanical force of approximately 10 N via finger tapping at a
frequency of 4 Hz, similar to the testing procedure utilized for other skin-based TENGs.[2426:35-

%1 The IS-TENG generated the approximate Vo of 50 V (Figure 2a), Isc of 6.5 pA-cm (Figure
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2b), and o of 17 nC-cm (Figure 2c). The application of a mechanical force produces a positive
voltage peak, while its release generates a negative peak. During practical application, the IS-
TENG can be subjected to mechanical force of various magnitude, the corresponding responses
of the device under various mechanical forces were evaluated. Figure S5 Supporting
Information, shows the voltage output, current density, and charge transfer when subjected to
different magnitude of applied force. When the magnitude of the applied force increases, the
effective contact area between the silicone rubber and the human skin increases, thus enhancing
the energy harvesting performance of the fabricated IS-TENG. The impedance of the load
affects the performance of the energy harvesting device. Hence, the energy harvesting
performance of the IS-TENG was evaluated across various load resistance. Figure 2d shows
the variations of the voltage output and current density of the fabricated IS-TENG with different
load resistance. Due to Ohm’s law, the output voltage increases and the output current decreases
with an increase in the load resistance. Figure 2e shows the variation of the power density
(defined by the formula P = V-1, where P is the power density, V is the output voltage across
the external load, and I is the output current density across the external load) with different load
resistance. According to the maximum power transfer theorem, a maximum power density of
40 pW-cm2 was obtained across an external load resistance of 1 MQ. The stability of the
produced IS-TENG was evaluated by measuring the voltage output for 1000 continuous cycles
with an interval of 15-days (Figure 2f). The device showed stable performance even after 15
days, indicating the durability of the device. The detailed stability analysis of the IS-TENG is
provided in the supporting information (Figure S20 and S21).

For comparison purposes, the energy harvesting performance of the control sample (a TENG
utilizing a silver electrode as the current collector) was evaluated as well (Figure S6, Supporting
Information, shows the schematic of the control sample). It consisted of the silicone rubber

layer with a thickness of 100 + 10 um and area of 2 x 2 cm? and the silver paste layer with an
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area of 1 x 1 cm?, and sheet resistance of 4 Qcm™. The control sample generated approximate
Voe 0f 11V, Isc of 2 pA-cm~2, and o of 3 nC-cm~2 upon finger tapping at an approximate force
of 10 N at a frequency of 4 Hz (Figure S7, Supporting Information). The power density
generated across the load resistance of 1 MQ was 3.3 uW-cm2 (Figure S7d). Thus, the 1S-
TENG with an ionic current collector exhibited a 12-fold enhancement in the power density as
compared to that generated by the control sample. The observed enhancement in the energy
harvesting performance for the IS-TENG with an ionic conductor can be attributed to the EDL
formation. The magnitude of V. of the IS-TENG depends on the triboelectric charge density
on the silicone rubber surface, which in turn depends on the device capacitance.?**! Thus, a
higher capacitance leads to a higher output voltage. During voltage generation, the positive and
negative ions of the slime form an EDL at the slime/silicone rubber and slime/copper interfaces,
respectively. The EDL charge separation distance is infinitesimally small (in few nanometers),
which significantly increases the capacitance of the device with an ionic conductor (Figure S8;
shows the capacitance of the slime and the silicone rubber as a function of frequency). As a
result, the output performance of the fabricated IS-TENG (which is directly related to the device
capacitance) increases, indicating that the use of the slime-based ionic conductor as a current
collector can significantly improve its energy harvesting performance. The voltage generated
from the IS-TENG with only PVA (without inclusion of ions) is lower compared to the device
with slime layer, due to the lower capacitance (Figure S9). The variation of power density of
the IS-TENG as a function of the capacitance of the ionic conductor further validates the
hypothesis (Figure S10). lonic conductors have been used in electronic devices such as
actuators,[*14?1 electroluminescent (EL) devices,[*** and touch sensors.[*144€1 However, to
the best of our knowledge this is the first demonstration of the use of an ionic conductor as the
current collector in an energy harvesting device. Comparison of the energy harvesting
performance of the IS-TENG with other mechanical energy harvesters are provided in Table

S1 and S2, supporting information.
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To realize deformable self-powered electronics, the fabricated TENG must be able to maintain
its functionality under extreme deformation. Hence, the performance of the fabricated IS-
TENG was evaluated in this study under extreme deformation conditions such as uniaxial
stretching as well as folding and rolling (Figure 1e). Its energy harvesting performance was
measured at different uniaxial strains between 0 and 700% (calculated using the formula (Le —
Li)/ Li x 100%), where Le was the elongated length, and L; was the initial device length). Figure
3a and b shows the variation of voltage output and current density (generated by finger tapping
on the IS-TENG at an approximate force of 10 N and frequency of 4 Hz) at various uniaxial
strains. The statistical data is obtained form 3 devices, for 4 cycles of voltage output. Figure 3c
shows the voltage response of the IS-TENG at 700 % strain. The obtained results indicate that
the voltage and current output increases with an increase in the axial strain. The increase in the
output performance can be attributed to the decrease in the thickness of the dielectric layer upon
stretching, due to Poisson’s effect. This enhances the device capacitance, thus increasing the
surface charge density. As a result, the voltage output increases with an increase in the surface
charge density. The increase in the uniaxial strain increases the ionic resistance of the slime
layer (Figure S11, Supporting Information). Therefore, the improved energy harvesting
performance of the IS-TENG can be attributed to the dominating effect of the reduction in the
thickness of the dielectric layer. When the IS-TENG was restored to the original unstrained
condition, it generated a voltage output of approximately 50 V at similar conditions (which was
close to the voltage measured before stretching, see Figure S12), indicating that the produced
device could effectively return to its original state after extreme deformation. The observed
phenomenon can be explained by the presence of the slime-based ionic conductor, which
possesses the ability to easily recover after severe mechanical deformations and restore its
initial ionic conductivity. Hence, the fabricated IS-TENG can be potentially used as a power

supply for deformable electronics. The IS-TENG showed stable performance for 500 cycles of
9



WILEY-VCH

dynamic stretching (Figure 3d). The voltage output was measured after every 50 cycles of
dynamic stretching. The statistical data is obtained from 5 cycles of voltage output.
Furthermore, upon folding (as seen from Figure le), the device generates a voltage of
approximately 50 V upon finger tapping at a force of 10 N and frequency of 4 Hz. Additionally,
upon rolling (as seen in Figure 1e), the device generates a voltage of approximately 50 V under

similar experimental conditions.

During real-time operation, the TENG can undergo mechanical damage due to deformation,
wear and tear, and accident inflicts. Hence, the realization of a robust and sustainable self-
healing energy harvester includes the ability to restore its performance after extreme mechanical
damage. Thus, the performance of the fabricated IS-TENG was measured after subjecting the
device to extreme mechanical damage, such as complete bifurcation and quadifurcation of the
device. After the fabricated IS-TENG was completely bifurcated, it managed to completely heal
itself without applying any external stimuli (Figure 4a). Energy harvesting performance of the
bifurcated devices (corresponding to the voltage output of around 50 V generated upon finger
tapping at an approximate force of 10 N and frequency of 4 Hz) was monitored before and after
self-healing (Figure 4b, Supporting Information). Subsequently, the IS-TENG was
quadrifurcated (Figure 4a), its energy harvesting performance was completely restored after
self-healing (Figure 4b). The durability of the fabricated IS-TENG was further evaluated by
measuring its energy harvesting performance under similar conditions for 300 cycles of
bifurcation and self-healing at the same location; as a result, no significant decrease in the
voltage output was observed (Figure 4c). The voltage output was measured after every 50 cycles
of bifurcation and self-healing. The statistical data is obtained from 5 cycles of voltage output.
The obtained results indicate that the fabricated IS-TENG exhibits sustainable durability and is
capable of retaining the original performance with quick recovery after undergoing cyclic

mechanical damage. During the self-healing process, the device restores both its mechanical
10
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and electrical properties; thus, the slime layer recovers its original ionic conductivity within the
first 32 s with an efficiency of 99% (more details are provided in the Supporting Information
section, Figure S13). The observed self-healing process of the produced IS-TENG can be
attributed to the presence of both the slime-based current collector and VHB tape. Slime
possesses self-healing property due to the weak hydrogen bonding interactions between its
tetrafunctional borate ions and —OH groups, which are schematically illustrated in Figure S14,
Supporting Information. The cross-linked polymer network remains in a state of dynamic
equilibrium, where weak bonds can be easily disrupted and restored at room temperature
without application of any external stimuli. Pioneering work on stretchable and self-healing
materials were reported by Moore and co-workers by incorporating mechanophores.*’-#°1 They
demonstrated by using mechanophores as cross-linkers or by linking them with polymer chains,
highly mechanoresponsive materials can be fabricated. In previous studies of self-healing
TENGS, the self-healing process of pyramidal structural degradation was demonstrated by
using shape memory polymers.[?® However, the resulting device failed to exhibit self-healing
properties after complete bifurcation, and its full restoration required thermal treatment. To the
best of our knowledge, this work represents the first demonstration of an autonomous self-
healing TENG with a significantly prolonged lifespan, which can be potentially utilized in
prosthetic and wearable electronics. Additional discussions on the self-healing behavior of the
IS-TENG is provided in the supporting information (Figure S22, S23 and S24). Detailed
mechanical properties (including mechanical properties before and after healing, healing time,
and healing efficiency) of the self-healing behavior of the slime based ionic current collector is

provided in the supporting information (Figure S25, S26, S27, S28 and S29).

The ability of the IS-TENG to generate superior energy harvesting performance, while being
extremely deformable, highly transparent and autonomously self-healing makes it an ideal

power source for the realisation of self-powered electronics and touch screen. The IS-TENG

11
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can be used directly to drive external load for real-time applications. This feature was
demonstrated by powering up commercial LEDs. A pack of 40 LEDs were powered by the IS-
TENG (active device area of 1 x 1 cm™, attached to the back of human hand) by palm tapping
(Figure 5d, S13 and as demonstrated in Video 1, Supporting Information). The circuit diagram
is illustrated in Figure S16a, Supporting Information. The ability of IS-TENG to perform under
extreme deformation was further explored by powering up LEDs by palm tapping on the IS-
TENG stretched at 600 % axial strain (Figure 5e, S15 and as ddemonstrated in Video 2,
Supporting Information). Furthermore, the self-healing ability of the IS-TENG, was explored
by powering up LEDs after extreme mechanical damage. To demonstrate this, the IS-TENG
was attached to a fabric. The fabric with device was cut into two parts and then joined
physically. Upon self-healing, the device could power a pack of 40 LEDs upon palm tapping
(Figure 5f, S16 and as demonstrated in Video 3, Supporting Information). This demonstration
shows that the IS-TENG sustain its performance after severe mechanical damage thus
significantly extending the lifetime of electronics devices. The energy generated from the IS-
TENG can be stored, to power up electronic devices for self-powered device application. To
demonstrate this capability, a commercial dielectric capacitor (10 uF) was charged by finger
tapping on the IS-TENG (Figure S19, Supporting Information). The energy stored in the
capacitor was used to drive a digital watch. Figure 5¢ shows the digital photo of the charging
of a digital watch by IS-TENG (held onto the user’s palm). The detailed circuit diagram is
illustrated in Figure S16b, Supporting Information. The digital watch starts working when the
stored energy in the capacitor is enough to power the digital watch. The demonstration is shown
in Video 4, Supporting Information. The charging of digital watch by our IS-TENG paves the
path for the realisation of truly self-powered electronic devices. Furthermore, we demonstrated
the use of IS-TENG as a deformable, transparent, autonomously self-healing epidermal touch
panel (Figure 5a, b and Video 5, Supporting Information). The IS-TENG was connected to a

computer through a microcontroller. The voltage output generated from the IS-TENG upon
12
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palm tapping was fed to the controller. The microcontroller was programmed to detect the
signals from the IS-TENG and control the computer. The device can be directly integrated onto
any part of the human body regardless of its physical dimensions, shape and conformability,

for the realisation of an epidermal touch sensors.

3. Conclusions

In conclusion, a disruptive technology of slime-based ionically conducting current collectors
for TENG is demonstrated for the first time, which enhances its energy harvesting performance
due to the formation of an electrical double layer and facilitates additional functionalities such
as stretchability, transparency, and self-healing properties. Owing to the transparent nature of
the current collector, the fabricated IS-TENG exhibited a transparency of 92%, thus paving the
way for its use as a power supply for transparent electronics devices. In addition, the fabricated
IS-TENG was characterized by remarkable energy harvesting performance under extreme
deformations such as uniaxial strains of up to 700% and sustained its energy harvesting
performance after 500 dynamic cycles of stretching, indicating its high durability under extreme
deformation conditions. Additionally, the fabricated device demonstrates self-healing
properties and was able to recover its energy harvesting performance after 300 cycles of
repetitive mechanical damage. Owing to the combination of the transparency and stretchability
properties as well as the ability to autonomously self-heal at room temperature, the fabricated
IS-TENG takes a quantum leap in the domain of deformable mechanical energy harvester. The
applicability of the designed IS-TENG as a sustainable energy source for self-powered
electronics was demonstrated by powering commercial LEDs, digital watch and skin-based
touch screens. Hence, the scientific innovative concept and disruptive technology demonstrated
in this work open up new possibilities for the utilization of TENGs for a broad spectrum of
application including health monitoring, sports, wearable and implantable electronics, and

smart robotics, enabling a huge step towards the realization of next-generation electronics.
13
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4. Experimental Section

Fabrication of slime (ionic conductor) and silicone rubber:

Poly (vinyl alcohol) (average Mw 130,000, >99% hydrolyzed, Sigma-Aldrich), Sodium
tetraborate (Sigma-Aldrich) were used as received without further purification. The 10 wt %
PVA solution was prepared by slowly adding PVA powder to DI water maintained at a
temperature of 80 °C while stirred vigorously. Slow adding ensures individual wetting of
polymer grains. A viscous and clear solution was obtained after 3 h of stirring at 80 °C. 4 wt %
borax solution was separately prepared by mixing hydrated sodium tetraborate
(Na2B407.10H20) in DI water. Borax solution was added to the PVA solution in a mixture of
10:1 (PVA:borax) volumetric ratio, while vigorously stirring with a spatula until the mixture
was complete gelled. The reason of using 10:1 volumetric ratio of PVA:borax is explained in
the supporting information. The obtained slime is transparent and viscous. The air bubbles were
removed by leaving the slime to settle for 2 days.

The silicone rubber was fabricated by spin coating a well-mixed mixture of commercial
available Ecoflex 00-50 part A and part B (in a weight ratio of 1:1) on a glass slide. It was cured
at room temperature for 2 h. The freestanding silicone rubber was obtained by peeling off the
film from the glass slide.

Fabrication of the IS-TENG:

Figure S1, schematically illustrates the detailed fabrication process of the IS-TENG. The IS-
TENG consist of slime sandwich between silicone rubber and VHB tape. VHB tape (VHB
4010, 3M, USA) was used as the substrate (area = 2 x 2 cm?, thickness = 1 mm). A conducting
wire was attached to the substrate as shown in Figure S1. To ensure proper encapsulation and
sealing of the slime, a cavity (area = 1 x 1 cm?, thickness = 1 mm) was made by sticking one
more layer of VHB tape (with a rectangular hole in the centre) onto the substrate. The adhesive

of the VHB tape ensures proper sealing. Slime was drop casted onto the cavity, with a controlled
14
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thickness of 1 mm. Subsequently, silicone rubber (area = 2 x 2 cm, thickness = 100 + 20 pm,
prepared by spin coating) was attached at the top of slime. The adhesive of the VHB tape ensure
good adhesion between the silicone rubber and the VHB tape. The inherent adhesive of the
VHB tape ensures proper encapsulation and sealing, which prevents the slime from drying up.
To fabricate the control sample (Figure S6, Supporting Information), silver paste (area=1x 1
cm? and sheet resistance = 4 Qcm™) was applied on the freestanding silicone rubber (area = 2
x 2 cm2, thickness = 100 + 20 pm, prepared by spin coating). Copper tape was used to connect

the silver paste to the measuring instrument.

Characterization:

The thickness of spin-coated silicone rubber, VHB tape and slime was measured using screw-
gauge. Shimadzu spectrometer (UV-2501pc,) was used to measure the transmittance spectra of
the materials and the IS-TENG with respect to a glass slide over the range of 300 to 900 nm.
The device was stretched using a home-built stretching stages. The force exerted on the
fabricated device was measured by the Force gauge (Sinocera, Model CL-YD-303). The output
voltage from the TENG were measured using an oscilloscope (Trektronix, MDO 3024,
impedance = 10 MQ), the output current was measured using a low noise current pre-amplifier
(Stanford Research System, Model SR570, impedance = 4 Q) and the charge transfer was
measured using a electromter (Keithley 6514 system electrometer, input resistance = 200 TQ).
The Fourier transform infrared spectroscopy was done using FTIR-ATR (Perkin Elmer
Frontier). The electrochemical impedance spectroscopy of the slime was measured using a
potentiostat (Autolab PGSTAT 30), by sandwiching the slime layer (area =1 x 1 cm?, thickness
=1 mm) between two Indium Tin Oxide (ITO) glass pieces. The sheet resistance of the silver
electrode (of the control sample) was measured using a four-probe resistance measurement
system (Advance Instrument Technology, CMT-SR2000N). A LCR meter (Agilent E4980A

Precision), was used to measure the capacitance and resistance of the slime at various
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experimental conditions. The capacitance of the slime (ionic conductor) and silicone rubber
was measured at a voltage of 0.1 V applied over a frequency range, by sandwiching the
materials between two ITO glass pieces. The resistance change of the slime at various strain
was measured (using the LCR meter) by inserting two metallic wire at the two-extreme end of
the IS-TENG. The change in the resistance of the slime (ionic conductor) during bifurcation
and self-healing was measured (using the LCR meter), by inserting two metallic wire at the

two-extreme end of the IS-TENG.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Schematic diagram of the IS-TENG. (b) Digital photo of the highly transparent
IS-TENG. (c) Transmittance spectra of the slime (ionic conductor) and the IS-TENG with
respect to a glass slide. (d) Schematic illustration of the working mechanism of the IS-TENG.
(e) Digital photo of the IS-TENG under various mechanically deformed state such as axial
strain upto 700 %, rolled and folded. (f) Electrochemical impedance spectroscopy measurement
of the slime (ionic conductor).
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Figure 2. The energy harvesting performance of the IS-TENG upon finger tapping at a force
of 10 N exerted at a frequency of 4 Hz. (a) Voltage output (Vo) (b) Current density (Is) (c)
Charge transfer density (o). (d) Variation of voltage and current as a function of load

resistance. () Variation of power density as a function of load resistance. (f) Stability of the
IS-TENG device.
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Figure 3. Variation of output performance of the IS-TENG (3 devices, 4 cycles per device) as
a function of of axial strain. (a) Voltage output (Voc) (b) Current density (Is). (¢) Voltage output
of the IS-TENG at 700 % uniaxial strain, folded and rolled condition with photos of the
deformation found in Figure le. (d) Stability of the IS-TENG subjected to 500 cycles of
dynamic stretching.
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Figure 4. (a) Digital photo of the as-preapared, bifurcated, quadrifurcated and self-healed IS-
TENG. Scale bar: 1 cm. (b) Voltage output of the self-healed IS-TENG (c) Stability of the IS-

TENG when subjected to multiple bifurcation.
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Figure 5. (a) and (b) Digital photo of the IS-TENG as a touch panel to control computer. Scale
bar: 10 cm. (c) Digital photo of the IS-TENG to power a digital watch. (d) Digital photo of the
IS-TENG attached to the human palm to power 40 LEDs. (d) Digital photo of the IS-TENG
under 700 % axial strain to power 40 LEDs. (e) Digital photo of the bifurcated IS-TENG
attached to the fabric to power 40 LEDs. Scale bar: 2 cm for (Figure 5c to f).
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