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Transparent Self-Healing Anti-Freezing Ionogel for
Monolayered Triboelectric Nanogenerator and
Electromagnetic Energy-Based Touch Panel

Yifan Xia, Yan Zhu, Xinrong Zhi, Wenyu Guo, Biao Yang, Siyu Zhang, Mingyuan Li,
Xin Wang,* and Caofeng Pan*

The advent of Internet of Things and artificial intelligence era necessitates the
advancement of self-powered electronics. However, prevalent multifunctional
electronics still face great challenges in rigid electrodes, stacked layers, and
external power sources to restrict the development in flexible electronics.
Here, a transparent, self-healing, anti-freezing (TSA) ionogel composed of
fluorine-rich ionic liquid and fluorocarbon elastomer, which is engineered for
monolayered triboelectric nanogenerators (M-TENG) and electromagnetic
energy-based touch panels is developed. Notably, the TSA-ionogel exhibits
remarkable features including outstanding transparency (90%), anti-freezing
robustness (253 K), impressive stretchability (600%), and repetitive
self-healing capacity. The resultant M-TENG achieves a significant output
power density (200 mW m−2) and sustains operational stability beyond 1 year.
Leveraging this remarkable performance, the M-TENG is adeptly harnessed
for biomechanical energy harvesting, self-powered control interface,
electroluminescent devices, and enabling wireless control over electrical
appliances. Furthermore, harnessing Faraday’s induction law and exploiting
human body’s intrinsic antenna properties, the TSA-ionogel seamlessly
transforms into an autonomous multifunctional epidermal touch panel. This
touch panel offers impeccable input capabilities through word inscription and
participation in the Chinese game of Go. Consequently, the TSA-ionogel’s
innovation holds the potential to reshape the trajectory of next-generation
electronics and profoundly revolutionize the paradigm of human–machine
interaction.
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1. Introduction

With extensive development of Internet
of Things (IoT) and artificial intelligence
(AI), multifunctional electronics have
attracted significant attention owing to
their great potential in advanced smart
devices, such as flexible circuits, wearable
sensors, and touch panels.[1–3] In partic-
ular, multifunctional electronics play a
vital role in realizing seamless integra-
tion with human body and harvesting
various information from users and their
surroundings.[4–7] Next-generation mul-
tifunctional electronics with transparent,
self-healing, environment-stable, and
simplified-structure features would meet
the development of IoT and AI. However, a
huge challenge still exists because conven-
tional electronics consist of non-stretchable
electrodes and rigid batteries. To satisfy
the features of multifunctional electronics,
tremendous efforts have been devoted to
developing novel conductive electrodes
with stretchability, high conductivity, and
transparency. Generally, owing to the diffi-
culty to stretch rigid solid-state electrodes,
such as conductive metal, carbon materi-
als, and silver nanowires (Ag NWs), the
stretchability of solid-state electrodes is
capable to be realized through utilizing

various geometric structures or embedding into elastic
substrate.[8–11] For instance, a metal-polymer composite conduc-
tor with low modulus and high elongation has been fabricated
for health monitoring.[12] Moreover, a stretchable multifunc-
tional fiber based on multi-walled carbon nanotubes (MWCNTs)
has been reported for various motion sensing.[13] Additionally, a
stretchable conductive film based on embedding Ag NWs below
TPU film surface was reported for skin-mountable biopotential
sensing.[14] However, those rigid solid-state electrodes exhibited
low stretchability and optical transparency, high Young’s modu-
lus, and complicated fabrication processes, which severely limits
their advancement. To overcome the above bottlenecks of rigid
solid-state electrodes, conductive ionogel has been developed as
an emerging material to facilitate transparent and stretchable
multifunctional electronics, energy storage device, and actuators
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owing to deformable polymer networks and highly mobile ionic
charge carriers.[15–20] For example, a soft conductive ionogel
based on a mixture of silk fibroin and graphene oxide has been
developed for strain/pressure sensors.[15] The graphene-based
conductive ionogel was reported for recording electrocardiogra-
phy and electroencephalography.[16] However, the conductivity
and mechanical properties of ionogel-based multifunctional elec-
tronics easily deteriorate in case of water evaporation or harsh
environment, which impedes their widespread applications in
our daily life.

Furthermore, the continuous working of multifunctional elec-
tronics urgently requires facile sustainable power supplies. For-
tunately, the invention of triboelectric nanogenerators (TENGs)
based on the coupling of triboelectrification and electrostatic in-
duction offers a vital solution to sustainable power supply for
multifunctional electronics.[21–26] The TENG has been widely
developed in a variety of fields including healthcare monitor-
ing, renewable energy, and personal electronics.[27–29] Nonethe-
less, the development of monolayered TENG (M-TENG) re-
mains a great challenge because the conventional TENGs with
complicated stacked multilayer structure mainly consist of sub-
strate/electrode/triboelectric material or electrode/triboelectric
material. As an alternative conductive electrode, the ionogel
has attracted considerable attention in TENG due to its excel-
lent features, including high conductivity, transparency, low-
temperature resistance, and stretchability.[30–32] Furthermore, the
ionogel can also act as triboelectric materials to construct a
flexible TENG.[33–35] However, a simplified-structure M-TENG
based on high-conductive, transparent, freezing-tolerant, and
self-healing ionogels is highly desired for multifunctional elec-
tronics.

Our surrounding wasted energy sources, such as vibration,
heat, and stray magnetic field, are able to be converted into elec-
trical energy by various strategies, including TENG.[36,37] Among
them, ubiquitous stray magnetic fields existing within modern
infrastructures (home appliances, lights, and electronic devices)
are considered a promising electromagnetic energy (EME) source
to offer continuous and sufficient power for portable electron-
ics or commercial sensors.[38–42] The magneto-mechano-electric
(MME) generator has been developed to convert the EME with
low frequency magnetic fields (50 or 60 Hz) to electrical en-
ergy. For instance, the MME generator based on piezoelectric
macro fiber composites and magnetostrictive multilayer amor-
phous Fe85B5Si10 can generate milliwatt power under applied
magnetic field below 300 μT.[41] However, the dielectric and me-
chanical loss of the MME results in low electrical output and low
stability, which hinders its potentials in soft robotics and multi-
functional electronics. In surprise, based on Faraday’s induction
law, human body as an antenna has been reported to harvest EME
and directly convert it into electrical energy, which can power
some sensors and electronics.[43,44] It is significantly important
that our human body enables the conversion of ubiquitous EME
in low-frequency magnetic fields into electrical energy for soft
robotics, touch panels, and portable electronics.

The advent of AI and human–machine interface (HMI) has in-
spired rapid development of touch panels to achieve intuitive in-
teraction between humans and display devices. Generally, touch
panels based on piezoresistive and capacitive mechanisms have
been widely applied. However, most typical touch panels still

face the issue of rigid electrodes and external AC power supply.
Despite the TENG-based touch panel has been reported to de-
tect touching position without external AC power supply, the ac-
curate recognition of continuous position changes is unable to
be achieved due to inherent low-frequency electrical outputs of
TENG.[31,45,46] Therefore, it is highly desirable to develop a novel
self-powered touch panel that can perceive both point-by-point
touching and continuous sliding.

Herein, we proposed a transparent, self-healing, and anti-
freezing ionogel (TSA-ionogel) to fabricate the M-TENG and
EME-based touch panel. The TSA-ionogel is composed of
amorphous high-dipole-moment poly(vinylidene fluoride-co-
hexafluoropropylene) P(VDF-HFP) elastomer and 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl) imide ([EMI]+

[TFSI]− or EMITFSI) ionic liquid (Figure 1a). Moreover, the TSA-
ionogel exhibits superior merits, including optical transparency
(90%), strain (more than 600%), low maximum tensile stress
(120 kPa), long-term stability (over 1 year), freezing tolerance
(253 K) and self-healing capability. The resultant M-TENG based
on TSA-ionogel, which simultaneously acts as triboelectric ma-
terial and conductive electrode, demonstrates excellent output
power density of 200 mW m−2 and highly reliable electrical out-
put at atmospheric environment for 1 year. Meanwhile, owing to
highly reversible ion–dipole interactions between EMITFSI and
P(VDF-HFP) polymer chains, the self-healing process of dam-
aged M-TENG was easily completed in the atmospheric environ-
ment (293 K for 24 h) without extraneous solvents, materials, and
thermal source. Furthermore, a wearable self-powered control
interface based on arrayed M-TENG combined with microcon-
troller unit (MCU) has been successfully explored for wireless-
controlled smart home applications. More interestingly, based
on Faraday’s induction law, the EME from stray magnetic fields
can be converted to electrical energy through human body as
antenna, which can directly serve as self-powered power supply
to realize multifunctional TSA-ionogel-based epidermal touch
panel based on surface-capacitive sensing mechanism. Simul-
taneously, the self-powered EME-based epidermal touch panel
based on TSA-ionogel has successfully achieved excellent input
functions, such as writing words and playing Chinese Go. Con-
sequently, the developed TSA-ionogel demonstrates excellent po-
tential in energy harvesting, smart electronics, and HMI.

2. Result and Discussion

2.1. Fabrication and Characterization of TSA-Ionogel

As schematically illustrated in Figure S1, Supporting Informa-
tion, the TSA-ionogel was prepared by casting mixed solution
(P(VDF-HFP)/EMITFSI/acetone solution) in various mixing ra-
tios on substrate and evaporating the solvent at ambient temper-
ature. The prepared TSA-ionogel exhibited wrinkle surface struc-
ture and a thickness of 350 μm, as shown in Figure S2, Support-
ing Information, in which the wrinkle structure can increase con-
tact area to enhance electrical output of the M-TENG. The intro-
duction of EMITFSI endowed excellent electrical conductivity of
the TSA-ionogel. The influence of the EMITFSI concentration on
electrical conductivity was evaluated, as shown in Figure 1b. With
the increase of EMITFSI concentrations from 0 to 60 wt%, the
TSA-ionogel formed a homogeneous conducting medium due
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Figure 1. a) Schematic diagram of TSA-ionogel for portable electronics, self-powered control interface, and multifunctional epidermal touch panel.
b) Electrical conductivity of TSA-ionogel with different EMITFSI concentrations. c) Transmittance spectrum of TSA-ionogel in the visible wavelength
range (inset: photograph of the transparent TSA-ionogel). d) Tensile stress-strain curve of the TSA-ionogel (30 wt% EMITFSI) with a thickness of 350 μm.

to highly mobile ions (EMI+ and TFSI−) of ionic liquid, and its
electrical conductivity increased from 10−5 to 10−2 S cm−1. The
steric hindrance from the ─CF3 pendant group in the ─HFP
provided a large free volume for the mobile ions, which con-
tributed to high electrical conductivity. Meanwhile, high trans-
parency and excellent stretchability are essential characteristics
of next-generation multifunctional electronics, which enable vi-
sualization of internal conditions and its structures during the
working process. Due to the high miscibility of EMITFSI and
P(VDF-HFP), the TSA-ionogel displayed excellent transparency
(over 90%) in visible light wavelengths (Figure 1c). The mechani-

cal property of the TSA-ionogel was investigated through a tensile
test, as shown in Figure 1d. The typical stress-strain curve of the
TSA-ionogel showed low maximum tensile stress (120 kPa) and
excellent strain capability of up to 600%.

2.2. Working Mechanism and Electrical Outputs of M-TENG

Conventional TENGs consist of complex stacked multilayer
structures (electrode/triboelectric material), in which inher-
ent drawbacks, including poor deformability, low mechanical
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Figure 2. Electrical outputs of the M-TENG. a) Schematic illustration of working mechanism of the M-TENG. b) Dependence of Voc on the EMITFSI
concentrations. c) Voc of the M-TENG in contact-separation with different materials. d–f) Electrical outputs (Voc, Qsc, and Isc) of M-TENG under different
working frequencies (0.5–2.5 Hz). g) Relationship between electrical outputs and external loads. h) Durability test of the M-TENG with 10 000 cycles
under the working frequency of 1.5 Hz.

properties, and sensing resolution, lack satisfaction in portable
power supplies. To address this issue, the TSA-ionogel as both
triboelectric material and conductive electrode was employed for
the M-TENG. The detailed working principle of the M-TENG
is illustrated in Figure 2a, where polyamide-6 (PA6) film and
TSA-ionogel serve as corresponding positive and negative tribo-
electric material. When PA6 film comes in contact with TSA-
ionogel film completely, an equal amount of positive and negative
charges is generated on the surface of PA6 film and TSA-ionogel
film (Figure 2a-i), respectively. The electrostatic equilibrium ex-
ists between PA6 film and TSA-ionogel film, and the conductive
cationic (EMI+) and anionic (TFSI−) are randomly distributed in
the TSA-ionogel. When the PA6 film moves away from the TSA-
ionogel, an electrical potential difference can be established be-
tween two oppositely charged surfaces. The unscreened negative
charges on the surface of TSA-ionogel induce the cations (EMI+)

access to top negative-charged surface of TSA-ionogel and anions
(TFSI−) moving to the interface between TSA-ionogel and copper
cable, where an electrical double layer is formed (Figure 2a-ii).
Meanwhile, the electrical potential difference drives the flow of
electrons from the copper to the ground via an external circuit,
and an electrical signal is generated. When the separation dis-
tance between PA6 film and TSA-ionogel film reaches the maxi-
mum, the electrostatic equilibrium on the surface of TSA-ionogel
can be formed and no signal is observed (Figure 2a-iii). As the
PA6 film returns to contact with the TSA-ionogel film again, the
electron flow in the reverse direction is generated through the
external circuit (Figure 2a-iv). A continuous alternating current
signal can be generated during the periodic contact-separation
process.

To investigate the influences of EMITFSI concentrations
on electrical outputs of M-TENG, the TSA-ionogel film with
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different EMITFSI concentrations has been prepared. As shown
in Figure 2b, the EMITFSI concentrations brought a consider-
able affection on open-circuit voltage (Voc) of M-TENG. With an
increase of the EMITFSI concentrations from 0 to 30 wt%, the
Voc of M-TENG increased from 50 to 110 V due to an increase
in the dielectric constant. The relationship between the poten-
tial difference of the M-TENG and dielectric constant can be
described as:

V = −
Q
S
𝜀0

(
dionogel

𝜀r
+ x (t)

)
+

𝜎x (t)
𝜀0

(1)

where Q and 𝜎 are induced charges and surface charge den-
sity on the TSA-ionogel surfaces, respectively. ɛ0, ɛr, x(t), S, and
dionogel are vacuum dielectric constant, dielectric constant of the
TSA-ionogel, gap distance between PA6 film and TSA-ionogel
film, overlapped surface area of triboelectric materials, and thick-
ness of TSA-ionogel film, respectively. If surface charge density
is a fixed value, the electrical output of M-TENG would be en-
hanced when increasing dielectric constant. As shown in Figure
S3, Supporting Information, the dielectric constants of TSA-
ionogel increased with an increase of EMITFSI concentration.
However, further addition of EMITFSI concentrations in TSA-
ionogel resulted in a gradual decrease of Voc. The electrical out-
puts of M-TENG were affected by high-concentration EMITFSI
due to the decrease in effective contact area of the triboelec-
tric layer (PVDF-HFP) with an increase of EMITFSI content.
The optimized TSA-ionogel with 30 wt% EMITFSI concentra-
tion was obtained, which was applied to further investigate the in-
fluence of different triboelectric materials and working frequen-
cies on electrical outputs of M-TENG. A series of different tri-
boelectric materials were used to execute in contact-separation
with the TSA-ionogel film and the corresponding output volt-
ages are shown in Figure 2c. When PA6 film acted as tribo-
electric material, the M-TENG exhibited superior output volt-
age due to greater electronegativity difference in comparison to
TSA-ionogel film. Moreover, with an increase of working fre-
quency from 0.5 to 2.5 Hz, the peak value of Voc exhibited a sig-
nificant rise from 50 to 110 V (Figure 2d) and the short-circuit
charge transfer (Qsc) increased from 20 to 37 nC (Figure 2f). It
is worth noting that the Voc of M-TENG increased with work-
ing frequency, which may originate from various factors, such as
non-neutralized surface charges in the triboelectric layer at high
frequencies and incomplete open-circuit conditions in the mea-
suring process. Meanwhile, due to the accelerated charge trans-
fer at high working frequency, the Isc was increased from 2.5 to
6.5 μA, as illustrated in Figure 2e. The dependence of the elec-
trical outputs of M-TENG on external load resistances was fur-
ther tested, as depicted in Figure 2g, in which the output volt-
age of M-TENG increased with an increase of resistances from
105 to 109 Ω, while the output current exhibited an opposite
trend. The maximum value of the output power density (Pmax)
was calculated to be 200 mW m−2 at an external loading resis-
tance of 80 MΩ. Furthermore, the reliability of the M-TENG was
evaluated through 10 000 contact-separation cycles at the fre-
quency of 1.5 Hz. During this process, the output voltage pre-
sented no apparent fluctuation, as depicted in Figure 2h, which
indicated an excellent durability of the M-TENG. Especially, the

conductivity of TSA-ionogel stored in atmospheric environment
for 1 year is consistent with the pristine one, which endows
long-term electrical output stability of the M-TENG (Figure S4,
Supporting Information). Therefore, the proposed TSA-ionogel
based M-TENG demonstrates excellent electrical output perfor-
mances.

2.3. Self-Healing and Anti-Freezing Performances of the M-TENG

The self-healing capability of M-TENG in atmospheric environ-
ment is highly expectant to recover its electrical outputs, which
will prolong the lifetime of M-TENG. After self-healing of the
damaged M-TENG in atmospheric environment, its stable elec-
trical outputs (Voc, Qsc, and Isc) are comparable with the pristine
one, as shown in Figure 3a–c. To further evaluate the conductiv-
ity and self-healing capability, a red ink-dyed TSA-ionogel as a
cable was connected with an LED and a DC power source in se-
ries, as shown in Figure S5, Supporting Information. Under the
driving voltage of 3 V, the LED could be lit up, indicating excel-
lent conductivity of the TSA-ionogel (Figure 3d). When the TSA-
ionogel film was completely cut into two pieces with scissors, as
shown in Figure 3e, the LED was extinguished. Two separated
TSA-ionogel pieces that were in contact under atmospheric envi-
ronment for 24 h were fully self-healed to construct the closed cir-
cuit, resulting in the lighting of LEDs again (Figure 3f,g). More-
over, the conductivity of self-healed TSA-ionogel (EMITFSI con-
centration of 60 wt%) was reduced from 0.93 × 10−2 to 0.86 ×
10−2 S cm−1, which exhibited a slight decay (7.5%) in compari-
son with the pristine one, as illustrated in Figure S6, Supporting
Information.

To further investigate the self-healing capability of the TSA-
ionogel with a 30 wt% EMITFSI composition, we conducted a
comprehensive analysis of its tensile stress-strain behavior, as
presented in Figure S7a, Supporting Information. The results
revealed that the maximum tensile stress achieved by the self-
healed TSA-ionogel was 105 kPa, representing a slight reduc-
tion when compared to the pristine TSA-ionogel, which exhib-
ited a maximum tensile stress of 120 kPa. Typically, the heal-
ing efficiency is defined as the ratio of the stress or strain val-
ues exhibited by the self-healed sample (Sh) to those of the pris-
tine sample (Sp), expressed as He = Sh/Sp. Following a self-
healing duration of 24 h at room temperature (298 K), the TSA-
ionogel demonstrated a remarkable healing efficiency of 91.6%
for strain or 84.5% for tensile stress, as illustrated in Figure S7b,
Supporting Information. The excellent self-healing capability of
TSA-ionogel is due to strong interaction between the dipoles of
P(VDF-HFP) polymer chains and the cations in ionic liquid. Fur-
thermore, the anti-freezing capability of M-TENG is extremely
crucial in harsh cold conditions. The conductivity of TSA-ionogel
at 253 K increased from 8.19 × 10−6 to 5 × 10−3 S cm−1 with
an increase of EMITFSI concentrations (0–60%), as illustrated
in Figure 3h, in which the conductivity was reduced with a de-
crease of environment temperature from 298 to 253 K due to
the restricted ion mobility at low temperature. Despite the elec-
trical outputs of M-TENG at 253 K exhibiting a slight decrease
in comparison with that at 298 K due to air water vapor con-
densation during measurement, the energy harvesting capability
in the harsh cold conditions was still satisfactory (Figure 3i–k).
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Figure 3. Self-healing and anti-freezing performances of the M-TENG. a–c) The electrical outputs (Voc, Qsc, and Isc) of self-healed M-TENG in comparison
with pristine one. d–g) Self-healing process of the TSA-ionogel. h) Ionic conductivity of the TSA-ionogel at 253 and 298 K, respectively. i–k) The electrical
outputs of M-TENG at 253 and 298 K, respectively.

Furthermore, we conducted measurements of the electrical out-
puts of the M-TENG at temperatures exceeding room temper-
ature, specifically within the range of 303 to 333 K. The re-
sults of these measurements are presented in Figure S8, Sup-
porting Information. Clearly, the M-TENG exhibited consistent
and stable electrical outputs that exhibited no significant depen-
dence on temperature variations across the range from 303 to
333 K. This observation underscores the temperature-insensitive
nature of the M-TENG’s electrical performance within this ele-
vated temperature range. Therefore, the M-TENG based on TSA-
ionogel demonstrated excellent self-healing and freezing-tolerant
performances.

2.4. Demonstration of M-TENG to Power Portable Electronics
and EL Device

Inspired by high electrical outputs, the M-TENG was utilized
as power supply to power portable electronics and EL device.
The electric energy generated by M-TENG can be stored in com-
mercial capacitors. Figure 4a shows the corresponding electrical
management circuit that consists of bridge rectifier and com-
mercial capacitors, which convert alternating current into direct
current for charging capacitors. As shown in Figure 4b, vari-
ous capacitors (0.22, 0.47, 1.0, and 2.2 μF) can be successfully
charged by the M-TENG under working frequency of 1.5 Hz,

Adv. Mater. 2024, 36, 2308424 © 2023 Wiley-VCH GmbH2308424 (6 of 13)
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Figure 4. Demonstration of the M-TENG as a power supply to power the portable electronics and EL device. a) Equivalent electrical circuit dia-
gram for charging system to power portable electronics. b,c) Relation of charging voltage with various capacitors and different motion frequencies.
d–f) Photographs of powering LED, electronic watch, and calculator. g) Detailed structure of self-powered EL. h,i) EL spectra and intensity of the EL
device under different driving voltage (180–280 V) of M-TENG. j,k) EL spectra and intensity of the EL device under driving of M-TENG at different working
frequencies (0–2.5 Hz). l) Durability testing of EL device (12 000 cycles).

in which a capacitor of 2.2 μF can be charged to 4.0 V within
only 60 s. Meanwhile, the charging speed (1.0 μF) increased
markedly with increasing working frequencies from 0.5 to 2.5 Hz
(Figure 4c). To demonstrate great potential of the M-TENG as
power supply, a commercial capacitor charged by M-TENG can

successfully drive electronic watch, calculator, and more than 45
green LEDs, respectively, as shown in Figure 4d–f (Movies S1–S3,
Supporting Information). Furthermore, a self-powered EL dis-
play device was developed by assembling the M-TENG and EL de-
vice based on patterned silver electrode, which further indicated

Adv. Mater. 2024, 36, 2308424 © 2023 Wiley-VCH GmbH2308424 (7 of 13)
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the potential of M-TENG as power supply. The detailed structure
of self-powered EL display device is schematically illustrated in
Figure 4g, where an emission layer of ZnS: Cu-embedded PDMS
was sandwiched between a transparent indium tin oxide (ITO)
electrode and a dragon-patterned silver electrode connecting with
the M-TENG through copper wires. The alternating current EL
(ACEL) is widely recognized as a basic structure of high-field
EL, in which the injected electrons from the electrode can be ac-
celerated to become “hot” electrons to collide with luminescent
centers under an applied high AC voltage. Subsequently, the lu-
minescent center in excited state occurs radiative transition to
the ground state, followed by the light emission. Benefiting from
the excellent AC output performance, the M-TENG can directly
power the dragon-patterned EL device without external power
supply (Movie S4, Supporting Information). To investigate op-
tical performance of the fabricated EL display device, the corre-
sponding EL spectra and intensity were evaluated under different
driving voltages of 180–280 V (Figure 4h,i). The corresponding
electrical outputs of the M-TENG (60 × 60 mm2) are shown in
Figure S9, Supporting Information. With an increase of the driv-
ing voltage from 180 to 280 V, the EL intensity was enhanced by
1.99-fold at the working frequency of 1.5 Hz due to the amplifica-
tion in energy and the quantity of hot electrons. The correlation
between driving voltage and luminescent brightness can be elu-
cidated through Lehmann Model, followed by the formula:

L = A exp
[(

− B

V
1
2

)]
(2)

where V is the driving voltage, L is the luminance, both A and
B are constants. Moreover, under a driving voltage of 260 V of
M-TENG, the EL intensity also increased significantly with the
working frequency increased from 0.5 to 2.5 Hz, as shown in
Figure 4j,k, consistent with our previously reported results.[20,47]

Subsequently, the repeatability and stability of self-powered EL
display device were further investigated under a long-term pow-
ering of the M-TENG. As illustrated in Figure 4l, the EL intensity
can be sustained even after 12 000 cycles, indicating excellent re-
peatability and durability of the M-TENG.

2.5. Self-Powered Control Interface for Wireless-Controlled Smart
Home Appliances

Furthermore, a self-powered control interface based on an ar-
rayed M-TENG was developed for wireless-controlled smart
home appliances, which was composed of analog-to-digital con-
verter (AD620), MCU (Arduino Uno), electromagnetic relay, and
Bluetooth module (HC-05). The conceptual diagram of self-
powered control interface is shown in Figure 5a. When human
finger touches the self-powered control interface attached to the
forearm, the voltage signals will be generated for a wireless-
controlled smart home appliance. Figure 5b exhibits the flow
chart and the corresponding equivalent circuit modules of the
self-powered control interface. The voltage signals generated
from the arrayed M-TENG can be converted into digital signal
by analog-to-digital converter (Figure 5c,d). The generated digital
signals are sent through signal transmitter to wireless signal re-
ceiver to establish wireless communication through the wireless

module that consists of MCU and Bluetooth modules, as shown
in Figure 5b. The MCU in wireless signal receiver sends the cor-
responding command signal to electromagnetic relay for accu-
rate switching on or off of smart home appliances (Movie S5,
Supporting Information), such as fan, bulb, alarm, and hydrom-
eter as a proof of concept. The photograph of corresponding self-
powered control interface based on the arrayed M-TENG is dis-
played in Figure 5e. Moreover, these signals generated by the M-
TENG can be easily separated from noisy crosstalk signals due to
adequate voltage output. Therefore, the developed self-powered
control interface based on the arrayed M-TENG has expanded the
applications of TENG in smart home appliances.

2.6. Demonstration of Self-Powered Epidermal Touch Panel

Based on Faraday’s induction law, human body as a special an-
tenna is able to convert EME from ubiquitous stray magnetic
field into electrical energy,[43,48,49] which will provide a novel in-
sight and strategy to develop advanced self-powered touch panel.
To the best of our knowledge, it has not been reported that
the electrical energy converted by the EME is utilized as power
supply for self-powered epidermal touch panel. As shown in
Figure 6a-i, when human body encounters stray magnetic fields,
the periodic voltage signals can be induced on human body due
to magnetic flux change. The induced voltage signal was detected
through an oscilloscope, as shown in Figure S10a, Supporting
Information, in which the positive electrode of oscilloscope was
connected with human fingertip and the negative electrode was
grounded. The EME-induced voltage signal of human fingertip
was ≈1.5 V with a frequency about 50 Hz that is consistent with
the EM signals generated by surrounding infrastructures. To as-
certain the source of the induced voltage signals, we also con-
ducted measurements of voltage oscillograms arising from tri-
boelectric and capacitive effects, respectively. When compared
with the EME-induced voltage signal (1.5 V, 50 Hz), the voltage
output generated by the M-TENG exhibited a higher amplitude
(4.0 V) and a lower frequency (0.6 Hz), in line with the inher-
ent properties of TENGs (as depicted in Figure S10b, Supporting
Information).

Furthermore, in order to assess the potential influence of ca-
pacitive effects on the voltage signal, we quantified the resistance
(Ri) from the human fingertip to the end of the TSA-ionogel and
the capacitance (Cfinger) at the fingertip/TSA-ionogel interface,
obtaining approximate values of 30 MΩ and 6 nF, respectively
(as presented in Figure S10c, Supporting Information). A simu-
lation of the voltage signal within the resulting RC circuit was per-
formed using Multisim, revealing that the voltage (Vc) observed
at both ends of the Cfinger amounted to only 20 mV, which was
negligible due to the low capacitance of 6 nF (as demonstrated
in Figure S10d, Supporting Information). Therefore, our investi-
gations provide strong evidence that the detected voltage signal
from the touch panel predominantly originates from the mag-
netic field and is not significantly influenced by other effects,
such as triboelectric or capacitive interactions. Additionally, these
EME-induced voltage signals were applicable across the human
body regardless of individual difference or body parts. To ver-
ify its applicability, the EME-induced voltage signals on different
body parts (including hand, elbow, and forehead) were recorded

Adv. Mater. 2024, 36, 2308424 © 2023 Wiley-VCH GmbH2308424 (8 of 13)
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Figure 5. Self-powered control interface based on the M-TENG. a) Schematic diagram of the self-powered control interface for wireless-controlled
smart home appliances. b) Equivalent electrical circuit diagram of self-powered control interface, consisting of M-TENG and wireless control module
(microcontroller unit (MCU), electromagnetic relay, and Bluetooth module). c) Analog signal generated by finger typing the M-TENG. d) Digital signal
generated by circuit processing. e) Photograph of self-powered control interface.

for five volunteers, as shown in Figure S11, Supporting Infor-
mation. The recorded voltage signals exhibited an identical elec-
trical characteristic, which was independent on the parts of hu-
man body. Moreover, a similar EME-induced voltage signal could
also be detected at the external resistance (Re = 10 MΩ) that was
connected in series with human body, as shown in Figure 6a-iii.
Although the EME-induced voltage output from stray magnetic
field is much smaller than that of other energy harvesters, the
stable voltage output has a great potential in a novel self-powered
touch panel.

Inspired by the EME-induced voltage signal, the self-powered
multifunctional epidermal touch panel has been developed to
achieve an easy and intuitive HMI. As shown in Figure 6a-ii, a
1D touch panel (10 × 60 mm2) based on the TSA-ionogel strip
was employed to display the position-sensing capability. Both

ends of the TSA-ionogel strip were connected in series with a
Re within a closed circuit. The corresponding simplified equiva-
lent circuit of touch panel is shown in Figure 6a-iv. The electrical
double-layer capacitance (CEDL) was formed at the electrode/TSA-
ionogel interface and a coupling capacitance (Cfinger) was formed
at the fingertip/TSA-ionogel interface, allowing alternating cur-
rent to flow from the fingertip to the ground. The 1D touch
panel could be considered as a resistance (Ri) that is divided
into two parts by the fingertip. The resistance value of each part
is proportional to its normalized length, that is, x and 1 − x.
Figure 6b further demonstrates the position-sensing capability of
TSA-ionogel-based touch panel. When the point-by-point touch-
ing of human fingertip from left to right is performed on the 1D
touch panel, xRi increases and the V1 voltage signal decreases,
while (1 − x)Ri decreases and the V2 voltage signal increases.

Adv. Mater. 2024, 36, 2308424 © 2023 Wiley-VCH GmbH2308424 (9 of 13)
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Figure 6. Self-powered epidermal touch panel. a) Working mechanism of the touch panel based on Faraday’s induction law. b,c) The corresponding V1
and V2 voltage signals when a point-by-point touching or continuous sliding of human fingertip from left to right on the touch panel. d) Mapping of
peak voltage detected by DAQ during a human fingertip touching corresponding positions on the touch panel. e) Schematic diagram of self-powered
epidermal touch panel, composed of TSA-ionogel film, Re, DAQ, and monitor. f,g) Demonstrations of the multifunctional touch panel when writing the
words “HENU” (abbreviation of Henan University) and playing Chinese Go, respectively.

The EME-induced voltage signals measured on each side of 1D
touch panel are inversely proportional to the distance between
the touch position and the corner. Meanwhile, when the finger-
tip continuously slides on the touch panel, as shown in Figure 6c,
the corresponding changes in EME-induced voltage signals and
the resistances also exhibit a similar trend. To accurately iden-

tify the touch position, a TSA-ionogel-based 2D touch panel (60
× 60 mm2) was developed based on the same position-sensing
mechanism as the 1D touch panel. The voltage signals (V1, V2,
V3, and V4) at each corner of the touch panel were recorded
with a point-by-point touching along the diagonal lines of the
touch panel, as shown in Figure 6d. Upon contact of the human

Adv. Mater. 2024, 36, 2308424 © 2023 Wiley-VCH GmbH2308424 (10 of 13)
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fingertip with the 2D touch panel, the system can be conceptu-
ally divided into four parallel resistances contingent upon the
touch position. Each of these resistances within the circuit is
connected in series with a Re (Figure S12b, Supporting Informa-
tion). An additional clarification of the operational principles of
the EME-based touch panel is provided. Simulations of the elec-
tric potential distribution across the surface of the touch panel
were achieved by using COMSOL Finite Element Analysis (FEA).
The simulation results, as illustrated in Figure S12c, Support-
ing Information, depict the outcome when a human fingertip
engages in a point-by-point touching motion from left to right
across the touch panel’s surface. These results reveal that the area
in close proximity to the fingertip exhibits a higher electric poten-
tial, while the areas further away from the fingertip display lower
electric potential values. The findings derived from the COMSOL
FEA simulations are consistent with the voltage mapping pre-
sented in Figure 6d, thereby providing robust empirical evidence
that substantiates the reliability and trustworthiness of the EME-
induced voltage signal. Therefore, the touching position coordi-
nate on the 2D touch panel can be calculated by using the peak
voltages, which have an inverse relationship with the coordinates,
followed by the equations:

x ∝
V2 + V4

V1 + V2 + V3 + V4
(3)

y ∝
V1 + V2

V1 + V2 + V3 + V4
(4)

where x and y are coordinate of the touch position, V1, V2, V3, and
V4 are the peak voltages of each corner of the 2D touch panel.
Based on Equations (3) and (4), the touch position coordinates
can be calculated and transmitted to the computer to achieve
accurate position recognition. Moreover, the operations of self-
powered touch panel in different extreme environments and
bending states were examined, as shown in Figure S13, Support-
ing Information, almost similar voltage signals were recorded,
indicating consistent position-sensing capability at subzero tem-
perature (253 K) and different bending states. Furthermore, it
is noteworthy that the EME-induced voltage exhibits a strong
correlation with the distance separating the human body from
surrounding infrastructures. As this distance progressively ex-
tends from 0.05 to 4.0 meters, a corresponding decrease in the
EME-induced voltage is observed, diminishing from 3.5 to 0.6 V.
This observed dependency aligns with the anticipated spatial dis-
tribution characteristics of the magnetic field, as delineated in
Figure S14, Supporting Information.

To ascertain the origin of the induced voltage signal, we con-
ducted measurements using an Electric Magnetic Field (EMF)
detector to assess both the electric field intensity and the mag-
netic field intensity in the proximity of a fingertip. As depicted in
Figure S15, Supporting Information, the electric field intensity in
the vicinity of the fingertip was determined to be negligible, effec-
tively registering at zero. Conversely, the magnetic field intensity
was quantified at 0.06 μT, thus establishing that the presence of
this magnetic field induces a voltage signal at the fingertip when
our human body functions as an antenna. It is unequivocal that
the EME-induced voltage is predominantly attributed to the mag-
netic field and not to the electric field. To further demonstrate ex-

cellent input functions of the 2D touch panel, a multifunctional
epidermal touch panel has been fabricated by connecting a moni-
tor, TSA-ionogel film, and multi-channel data acquisition system
(DAQ), as shown in Figure 6e. When the fingertip touched the 2D
touch panel, the EME-induced voltage signals from each Re were
recorded and transmitted to a personal computer through an in-
dependent channel of DAQ. After receiving these EME-induced
voltage signals, the coordinates of touching position were calcu-
lated by computer to achieve various applications. For instance,
based on this touch panel, some applications, including writ-
ing letters (HENU, abbreviations of Henan University) and play-
ing Chinese Go, have been successfully demonstrated on the
monitor (Figure 6f,g, Movies S6 and S7, Supporting Informa-
tion). It is worth noting that during the experiments, the level
of EM radiation in our lab was less than 0.5 μT, as shown in
Figure S16, Supporting Information, which meets safety stan-
dard (less than 100 μT) of International Commission on Non-
Ionizing Radiation Protection. Therefore, the developed self-
powered multifunctional epidermal touch panel demonstrates
excellent flexibility, freezing tolerance, and input functions,
which would offer potential applications in wearable electronics,
IoT, and HMI.

3. Conclusion

In summary, the TSA-ionogel has been developed as a propi-
tious candidate for the realization of high-performance M-TENG
and EME-based touch panel. The TSA-ionogel exhibited note-
worthy attributes of remarkable transparency (90%), pronounced
freeze tolerance (253 K), excellent stretchability (600%), and the
self-healing ability, attributed to the robust miscibility and pro-
found interaction between P(VDF-HFP) and EMITFSI. The per-
formance evaluation of M-TENG (30 × 30 mm2), constructed
by utilizing the TSA-ionogel with an EMITFSI concentration
of 30%, elucidated its exceptional peak power density reaching
200 mW m−2, along with its sustained and reliable electrical out-
put profile over 1 year. Furthermore, the M-TENG’s proficiency
in biomechanical energy harvesting was exhibited through pow-
ering an EL display device and diverse portable electronic devices
(such as electronic watches, calculators, and LEDs) without exter-
nal power supplementation. Concurrently, a self-powered control
interface has been devised to facilitate the wireless regulation
of smart home appliances. Most significantly, the TSA-ionogel-
based self-powered multifunctional epidermal touch panel, un-
derpinned by Faraday’s induction law, has been conceived and
validated. This configuration convincingly demonstrated remark-
able input functionalities upon the epidermal touch panel, such
as writing the word “HENU” and engaging in the game of Chi-
nese Go. Consequently, the proposition of the TSA-ionogel not
only extends a spectrum of captivating prospects within the do-
mains of next-generation wearable electronics but also finds its
applicability within the realms of soft robotics, HMI, and among
others.

4. Experimental Section
Detailed experimental materials and methods can be found in the Sup-
porting Information.
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