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Abstract

The Internet of Things (loT) holds significant potential for advancing smart home development. However, the
challenge of maintaining a sustained power supply from batteries limits the widespread deployment of loT
systems. To address the critical issue of frequent battery replacement or recharging in loT nodes, this work
proposes a self-powered wireless sensing system (SWSS) that integrates graphene sharp-tip electrodes with a
triboelectric nanogenerator. The non-metallic graphene electrodes, fabricated using laser-induced graphene
technology, enable the system'’s signal strength to match or even surpass that of similar self-powered systems
employing metal electrodes. This facilitates efficient conversion and transmission of mechanical energy into
electrical energy and wireless signals. The electrode distance, which affects signal quality, is optimized through
COMSOL simulations; reducing the tip distance enhances signal generation up to a critical threshold. Experimental
results demonstrate reliable signal transmission over distances exceeding five meters. A capacitance modulation
method is developed to stabilize multi-frequency signal generation by making the modulation capacitance inversely
proportional to signal frequency. Furthermore, the system operates stably for over 20,000 cycles, equivalent to a
lifespan of more than 5.5 years. By integrating Braille into the sliding modules of four SWSS units, blind individuals
can successfully control multiple devices in smart homes, highlighting the system'’s potential for smart home and
related applications.
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INTRODUCTION

With the advancement of human society into the era of intelligence, various sensing devices have become
deeply integrated into daily life. This trend has led to an explosive growth in the demand for constructing
sensor networks" . Traditional battery-powered sensor systems require frequent recharging or battery
replacement, especially in large-scale deployments with high energy consumption or in remote applications
where maintenance is inconvenient*”. In this context, self-powered sensing systems that harvest
environmental energy to enable autonomous operation present a promising and effective solution to

6-8]

address these technical challenges, offering broad prospects for development!

The piezoelectric nanogenerator (PENG) and the triboelectric nanogenerator (TENG) are both effective
energy harvesting devices that capture environmental mechanical energy. However, the efficiency of PENGs
is often limited by factors such as high resonance frequencies, narrow bandwidths, and low power
output®*’. In contrast, TENGs offer significant advantages for harvesting low-frequency and irregular
energy. Since its inception, TENG has demonstrated broad applicability in the field of high-entropy energy
capture!”*. By coupling the contact electrification effect with electrostatic induction, TENGs can efficiently
harvest various forms of environmental energy, including mechanical energy"*", wind energy™*', blue
energy”>”, human kinetic energy®*’, and even bioenergy””, providing sustainable power supplies for a
wide range of sensors. Notably, in 2021, Wang et al. developed a self-powered wireless sensing e-sticker

24,25] 26,27

with precision-processed electrodes fabricated using the lithography method or electron beam evaporation
techniques™. This technology triggers breakdown discharge through TENG, generating high-frequency
displacement currents that directly produce electromagnetic wave signals without external power, offering a
novel approach for wireless self-powered sensing. In 2023, Si et al. proposed a long-range multifunctional
wireless sensing platform by cutting conductive copper strips adhered to a printed circuit board (PCB) with
a scalpel, forming two mirror-symmetric metal electrodes with sharp tips, designed for multifunctional
wireless sensing, including identification and ranging™'. In 2024, Fu et al. further combined PCB substrates
with electroless nickel/immersion gold techniques to develop a self-powered electronic nose sensing
platform suitable for gas molecule recognition™. However, electrode fabrication in these studies often relies
on complex integrated circuit manufacturing processes or suffers from the precision limitations and
reproducibility challenges of manual operations. These issues pose significant challenges for the lightweight
and rapid deployment of wireless self-powered sensing systems suitable for smart home applications.

Laser-induced graphene (LIG) technology enables the precise fabrication of porous graphene electrodes
directly from specific carbon-containing precursor materials using a one-step laser writing process. This
method offers significant advantages, including high efficiency, low cost, and great patterning flexibility.
Due to its excellent electrical conductivity and outstanding mechanical properties, LIG has been successfully
applied in various fields, such as self-powered sensors"”'*”, supercapacitors®**, TENGs"*”, and micro-
robots”**, providing a novel technological pathway for the innovative development of TENG-based self-

powered systems.

This paper presents an innovative design of a self-powered wireless sensing system (SWSS) that operates
synergistically with LIG electrodes and TENGs. As shown in Supplementary Table 1, the SWSS employing
non-metallic graphene electrodes demonstrates excellent performance compared to similar self-powered
systems using metallic electrodes. The core working mechanism involves the TENG harvesting mechanical
energy to generate charges, which produce high-frequency electromagnetic signals at the tip electrode
structure through electrical discharge. Various capacitance components are configured to effectively
modulate the signal frequency, and a coil is employed to enable remote wireless transmission and reception
of the signals. Experimental results demonstrate that the system can effectively control multiple types of
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devices in typical household environments, exhibiting strong anti-interference capabilities and excellent
durability.

EXPERIMENTAL

Fabrication and measurement of the TENG

A copper sheet measuring 50 mm by 70 mm with a thickness of 60 micrometers serves as the electrode for
the freestanding-mode TENG (F-TENG) and is connected to wires. A polytetrafluoroethylene (PTFE) film,
100 pm thick and measuring 100 mm by 120 mm, functions as the dielectric layer. Both components are
mounted on a suitably sized acrylic plate, and a commercially available nitrile butadiene rubber (NBR) glove
is used as the friction layer to generate electrical energy. For electrical signal testing, a Keithley 6514
electrometer is employed. Since the measured voltage exceeds the instrument’s range, a voltage divider
circuit comprising of resistors of 1 and 100 GQ connected in parallel is used to measure voltages beyond the
instrument’s range.

Fabrication of the tip electrode

The LIG technique is a well-established electrode fabrication process, with parameters based on our
previous experimental results. The laser processing system operates at a wavelength of 355 nm, featuring a
laser spot size of 27 pm, a power output of 2.1 W, and a scanning speed of 200 mm-s". Commercially
available polyimide film (purchased from DuPont) is patterned using laser ablation to create the tip
electrodes. Each electrode measures 15 mm in length and 10 mm in width, with a right-angled tip and a
spacing of 100 micrometers between the tips. The electrodes are connected to copper leads via wires.

The receiver system

A wire with a diameter of 200 um is wound around a coil with an inner diameter of 100 mm to form the
transceiver coil, consisting of 10 turns. This coil is connected to a TBS2000B oscilloscope, creating the signal
reception system. For electrical signal testing and analysis of the TENG, we use the PyVISA library (a
Python interface for controlling measurement instruments) to remotely control the oscilloscope via a
gateway address and configure its trigger mode to edge-triggered single-shot sampling. When a tip
discharge occurs during TENG operation, the voltage excitation signal generated by this discharge can be
accurately captured by the induction coil connected externally to the oscilloscope.

After the signal capture is completed, a program command triggers the oscilloscope to read the sampled
data, transmitting the original electrical signal to a computer terminal. Subsequently, fast Fourier transform
(FFT) processing is applied to the acquired time-domain signal, converting it into the frequency domain to
enable frequency analysis. Finally, based on the frequency-domain characteristics, the tip discharge signal of
the TENG is accurately identified, providing data support for subsequent evaluation of TENG output
performance or investigation of discharge mechanisms.

RESULTS AND DISCUSSION

Design and working principle of SWSS

A schematic diagram of the SWSS is shown in Figure 1. The TENG used as the power supply operates in
freestanding mode (F-TENG). NBR serves as the friction layer, PTFE functions as the dielectric layer,
copper foil acts as the electrode, and an acrylic plate serves as the substrate for fixation. Utilizing the precise
patterning capability of LIG, a pair of mirror-symmetric graphene electrodes with sharp tips is fabricated.
The high curvature of these electrodes generates a locally enhanced electric field, significantly lowering the
threshold for gas triboelectric discharge.
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Figure 1. Schematic illustration of the SWSS based on F-TENG. SWSS: Self-powered wireless sensing system; F-TENG: freestanding-
mode triboelectric nanogenerator; NBR: nitrile butadiene rubber; LIG: laser-induced graphene; PTFE: polytetrafluoroethylene.

The triboelectric discharge mechanism involves the generation of triboelectric charges when the NBR
friction layer slides over the dielectric layer and electrodes. This charge separation facilitates a triboelectric
discharge between the oppositely charged electrodes, producing high-frequency signals from low-frequency
mechanical motion. By integrating a transmitting coil with a modulating capacitor, these high-frequency
electrical signals can be wirelessly transmitted to a receiving coil connected to an oscilloscope for
visualization and analysis. The entire energy conversion and information transmission process requires no
external power supply, fully demonstrating the self-powered capability of the SWSS.

Enhanced output performance can generate triboelectric discharge signals with higher intensity and greater
stability. To investigate the factors influencing the output performance of the F-TENG, a reciprocating
motion platform designed to minimize testing error was constructed to trigger the F-TENG, as shown in
Figure 2A. This platform can be customized to operate at various reciprocating frequencies of the NBR
material on the PTFE dielectric layer. As illustrated in Figure 2B, when the reciprocating frequency
increases from 0.5 to 1 and then to 1.3 Hz, the output current of the F-TENG rises from 2.46 to 7.36 and
13.1 pA, respectively, while the output voltage grows from 330.2 to 501.1 and 537.6 V. Further increasing the
frequency to 1.6 Hz results in a relatively stable current of approximately 13.5 uA and a voltage of 572 V.
However, the measurement error becomes significantly larger. Beyond this frequency, the contact between
NBR and PTFE becomes unstable due to excessive velocity, which affects the consistency of the output.
Therefore, reciprocating frequencies within the range of 1.3-1.6 Hz were selected for subsequent testing.
Figure 2C depicts the influence of applied pressure on the output performance of the F-TENG. Different
pressures were applied using weights, with masses increasing from 500 to 1,250 g, and the contact area was
approximately 0.0015 m® The pressure generated by these weights is also comparable to the pressure
produced by human finger touch. As the applied pressure increased from approximately 3.3 kPa (500 g) to
4.9 kPa (750 g) and 6.5 kPa (1,000 g), the output current increased linearly from 4.9 to 8.2 and 12.8 pA,
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Figure 2. Output performance of the F-TENG. (A) Schematic diagram of the reciprocating motion platform; (B) Effect of reciprocating
motion frequency on output performance; (C) Effect of external pressure on output performance; (D) Current and peak power
measurements at different impedances. F-TENG: Freestanding-mode triboelectric nanogenerator; NBR: nitrile butadiene rubber; PTFE:
polytetrafluoroethylene.

while the voltage rose linearly from 391 to 470.1 and 528.7 V. A further increase in pressure to about 8.2 kPa
(1,250 g) resulted in a slight increase in current to approximately 13.1 uA and voltage to 537.6 V. This trend
is attributed to improved contact intimacy between NBR and PTFE with larger applied force, which
enhances charge exchange. Once the contact becomes fully intimate beyond a certain force, further
increases in weight yield negligible improvements in output performance.

To provide critical data for the subsequent design of the equivalent circuit, the optimal load resistance and
maximum power output were investigated. Figure 2D shows the peak current under various external load
resistances ranging from 100 Q to 100 GQ. The corresponding power was calculated using P = ’R. When the
load resistance was matched to 200 MQ, the maximum power output of the F-TENG reached a peak value
of 20.8 mW.

The triboelectric discharge mechanism of the SWSS is illustrated in Figure 3A. When the NBR friction layer
slides over the dielectric layer on electrode 1, triboelectric charges are generated on the surfaces of the two
materials: the NBR becomes positively charged, while the dielectric layer (PTFE) becomes negatively
charged. To balance these charges, electrode 1 becomes positively charged through electrostatic induction.
Similarly, when the friction layer slides over electrode 2, the electrode acquires a negative charge due to
electrostatic induction from the positively charged friction layer. Because the two oppositely charged
electrodes are separated by only 100 pm and have a large curvature, a triboelectric discharge occurs between
them"’. This discharge is accompanied by the generation of a high-frequency signal, converting low-
frequency mechanical motion into high-frequency electrical signals.

Since discharge phenomena occur at the highly curved sharp tips of the LIG electrodes, it is essential to
investigate the influence of the tip geometry on the electromagnetic signal characteristics of the SWSS.
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Figure 3. Systematic study of the SWSS signals. (A) Triboelectric discharge mechanism of sharp-tip electrodes; (B) COMSOL simulation
model of electrodes with sharp tips; (C) Simulation results under different tip distances; Time-domain (D) and frequency-domain (E)
diagrams of SWSS signals. SWSS: Self-powered wireless sensing system; NBR: nitrile butadiene rubber; PTFE: polytetrafluoroethylene;
Pl: polyimide; LIG: laser-induced graphene.

Therefore, a discharge simulation model within an air medium was developed using COMSOL Multiphysics
[Figure 3B] to optimize the geometric parameters of the sharp-tip electrode, thereby guiding the fabrication
process to improve the stability of SWSS signals. Under an applied initial voltage of 500 V, which
corresponds to the typical voltage provided by the F-TENG, the simulation results show that the maximum
space charge density in the sharp-tip region reaches 6.8 x 10® C-m?, with a peak electric field intensity of
2.2 x 10" V-m™. This value significantly exceeds the typical air breakdown field strength of 3 x 10° V.m™
under atmospheric conditions, as calculated by Paschen’s law"*', indicating that the system meets the
triboelectric discharge conditions.

A comparative analysis of simulation data for different tip-to-tip distances [Figure 3C] reveals that the
maximum electric field intensity between the two tips exhibits a negative correlation with the tip-to-tip
distance. When the distance is less than 1 mm, discharge conditions are already sufficient; furthermore, as
the distance decreases, the field strength increases, thereby facilitating discharge. Based on this, the LIG
fabrication should prioritize minimizing the tip-to-tip distance. Considering process constraints such as
laser defocusing coverage and positional accuracy, the optimal tip-to-tip distance was ultimately determined
to be 100 pm. The occurrence of a pronounced triboelectric discharge phenomenon during the process
[Supplementary Figure 1A] validates this theoretical analysis. Meanwhile, the wireless signals generated by
the triboelectric discharge can be detected using an oscilloscope connected to a receiving coil. When the
horizontal distance between the receiving coil and the triboelectric discharge source is 200 mm, the
measured peak voltage of the signal is 17.5 V [Figure 3D]. FFT analysis indicates that the frequency
response of the signal is approximately 8.8 MHz [Figure 3E], providing critical parameters for subsequent
testing and amplitude modulation systems. The influence of laser energy density on signal strength was also
investigated. As shown in Supplementary Figure 1B, when the laser energy density increased from 10.5 to
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18.9 J.cm?, the discharges produced stronger signals. This is because higher laser energy density induces a
greater degree of graphitization in the LIG, resulting in improved electrical conductivity and, consequently,
stronger signals. However, when the energy density exceeds the optimal threshold, excessive laser energy
introduces more defects into the graphene, leading to a decline in discharge performance. Throughout this
process, the surface resistance of the graphene processed under the same laser parameters remained
consistent, with a resistance value of 95.6 + 2.4 Q-sq”, demonstrating the excellent stability of the laser-
fabricated graphene electrodes.

Furthermore, after determining the optimal output power of the F-TENG and the ideal sharp-tip
parameters, the maximum transmission distance of the SWSS signal was evaluated. As shown in
Supplementary Figure 2A and Supplementary Video 1, the tests demonstrated a maximum transmission
distance exceeding five meters, which already meets the requirements of typical smart home environments.
Additionally, as shown in Supplementary Figure 2B and C, the tests revealed that even when a functioning
electrical appliance and a strong magnet used to simulate common interference were placed in the middle of
the transmission coil, the signal could still be reliably received at a distance of five meters. The comparison
table in Supplementary Table 2 indicates that, compared to similar self-powered systems, SWSS achieves a
comparable transmission distance. Supplementary Figure 2D illustrates the effects of signal transmission
direction on the received signal quality. The results indicate that the signal strength remains consistent
across the full range of electrode orientations; however, there is a slight increase in signal strength in the
direction aligned with the electrode arrangement, likely due to the directional nature of the discharge
phenomenon between the electrodes. This provides a solid foundation for the application scenarios
discussed later.

Impact of environmental factors on SWSS signal transmission

To ensure reliable signal transmission in complex environments, a systematic assessment of signal
penetrability is essential. As shown in Figure 4A, the distance between the transmitting and receiving coils is
set to 200 mm. Several common materials, including wooden boards, polymers, metals, and magnetic
media, are introduced sequentially for interference testing to simulate obstacles in a typical home
environment. Figure 4B presents the time-domain and frequency-domain signals received under these
conditions. The “Original” state, with no barrier material between the two coils, exhibits a characteristic
signal amplitude of 17.5 V and a frequency of 8.8 MHz. When a 50 mm thick wooden board or a 30 mm
thick polymer is introduced to simulate the door or desktop, the signal amplitude remains stable at 17 +
0.5 V, with the frequency consistently at 8.8 + 0.03 MHz. However, introducing a 30 mm thick copper plate
or a strong magnet with a magnetic field strength of 0.4 T to simulate household appliances significantly
attenuates the amplitude to 9 and 7.5 V, respectively, while the signal frequency remains unchanged. The
primary reason may be that the resonant frequency of the system is determined by the inherent inductance
and capacitance of the coils. Although metals and strong magnets interfere with the signal, they do not alter
the circuit’s resonant parameters but only dissipate energy, thereby reducing transmission efficiency. These
results indicate that common household materials have negligible effects on the SWSS signal frequency.
This can be explained by the fact that, at frequencies in the 3-30 MHz range, the corresponding wavelengths
span 100 to 10 meters, making the signals less susceptible to blockage by household obstacles. This validates
the adaptive advantage of SWSS in typical home environments.

To further quantify environmental influences, a temperature and humidity-controlled cavity testing
platform was established [Figure 4C]. The signal receiving system was placed inside the cavity, and tests
were conducted across a humidity range of 40%-95% relative humidity (RH) and a temperature range of 10-
45 °C. The results show that the signal amplitude remained within 12 + 2 V, and the frequency was stable at
8.8 + 0.05 MHz [Figure 4D and E]. Additionally, electrodes were placed in an air environment for an
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Figure 4. Impact of environmental factors on SWSS signal transmission. (A) Schematic of the barrier material test; (B) Time-domain and
frequency-domain responses measured using different barrier materials; (C) Schematic of the climate chamber with controllable
temperature and humidity; (D) Time-domain and frequency-domain responses under varying humidity conditions; (E) Time-domain and
frequency-domain responses under varying temperature conditions. SWSS: Self-powered wireless sensing system.

extended period to simulate the effect of dust on signal generation during discharge. The results shown in
Supplementary Figure 3 indicate that electrodes left in the air for 10 days or even up to 30 days produced
signals with amplitudes similar to those of the original electrodes, approximately 11 V, with a consistent
frequency of 8.8 MHz. These findings confirm that variations in humidity and temperature within typical
household conditions do not alter the system’s signal frequency, demonstrating its stability and feasibility
for application in smart home environments.
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Signal modulation of the SWSS
As the entire system consists of measurable components such as resistors, capacitors, and inductors, the

o2l as illustrated in

SWSS can be equivalently modeled as an inductor-resistor-capacitor (LRC) circuit
Figure 5A. This model incorporates the inherent capacitance of the F-TENG (Cyy) and the sharp-tip
electrodes (Cygp), as well as the inductances of the transmitting (L,,,) and receiving coils (L,.), along with
system resistances, R, and R,.. The measured value of L,,, is 16.2 uH, and the total capacitance C of the
system comprises Cypyg at 48.7 pF and Cyp, at 36.6 pF, which are connected in series. The calculated total
capacitance is 20.9 pF. Using the classical resonance frequency, expressed as f = m, the fundamental
frequency of the signal is calculated to be approximately 8.6 MHz, consistent with the trequency observed

on the oscilloscope.

To further investigate the tunability of the system’s signal, the equivalent circuit of the SWSS was used to
parallel-tune the capacitor C,,, allowing for the examination of the relationship between the received signal
spectrum and C_,. Different capacitors were connected in parallel to the circuit, and the resulting received
signal waveforms are shown in Figure 5B. Spectral analysis revealed a significant shift of the fundamental
frequency toward lower frequencies [Figure 5C]. Since capacitance and frequency are inversely related,
increasing the total capacitance by adding parallel capacitors leads to a decrease in the resonant frequency.
By substituting the measured values, the theoretical f-C_ curve is depicted in Figure 5D. The
experimentally measured signal frequencies for various capacitance values show excellent agreement with
the theoretical curve, validating the accuracy and effectiveness of the circuit model. Furthermore, these
results demonstrate the feasibility of tuning wireless signals via parallel capacitor modulation.

The smart home application of SWSS

A smart home control system designed for visually impaired individuals was developed by integrating
multiple SWSS units, leveraging the signal modulation characteristics of the SWSS [Supplementary Figure 4].
The system employs an acrylic substrate with PTFE as the dielectric layer material and copper sheets as
the electrode material. By connecting the LIG sharp-tip electrodes and integrating the transmitting coil with
the modulation capacitor, followed by housing installation, a complete SWSS functional unit is formed.
Capacitors set at 5, 22, and 47 pF, along with a no-capacitance state, form four distinct signal frequency
configurations. The action-trigger mechanism depicted in Figure 6A generates control signals for the
precise operation of household appliances. Figure 6B shows the SWSS units operating at different
frequencies, labeled “A”, “B”, “C”, and “D”. A scaled model simulating a living room environment has also
been constructed [Supplementary Figure 5]. Additionally, corresponding Braille on the sliding module
enhances usability for blind individuals. Experimental data [Figure 6C] indicate that the system employs a
dual-state control logic, where the first triggered signal is defined as the “ON” command, and a second
trigger of the same frequency executes the “OFF” operation. Specifically, “A”, “B”, and “D” correspond to
independent control of the alarm, music, and ventilation, respectively, while “C” serves as a master control
signal that can synchronize the management of multiple devices. In this experiment, functionality is
validated by simultaneously controlling the switch states of devices “A” and “B” (demonstration video
available as Supplementary Video 2). Durability testing [Supplementary Figure 6A] shows that the signals
generated by the LIG sharp-tip electrodes maintain 65% of their peak strength after 20,000 triboelectric
discharge cycles, with no frequency shift observed. Assuming an operational frequency of 10 times per day,
the theoretical lifespan of the system exceeds 5.5 calendar years. Energy-dispersive X-ray spectroscopy
(EDS) tests before and after the cycling of the tip electrode are shown in Supplementary Figure 6B and C.
Results indicate that the carbon atom content of the LIG electrode decreased from 93.6% before the cycling
to 90.5% after, suggesting that some LIG material was lost after discharge, which corresponds to the
decrease in electrode performance. These experimental results validate the practical value of the SWSS in
smart home scenarios and demonstrate the system’s potential for engineering applications.
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Figure 5. Signal modulation of the SWSS. (A) Connection and equivalent circuit model of SWSS; Time-domain (B) and frequency-
domain (C) diagrams of signals with varying modulation capacitances; (D) Relationship between modulation capacitance and received
signal frequency. SWSS: Self-powered wireless sensing system.

CONCLUSIONS

This work proposes a SWSS based on triboelectric discharge effects. Electrodes with optimized sharp-tip
structures were fabricated using a rapid, high-resolution and consistent LIG process, with parameters
refined through COMSOL simulations. The use of non-metallic graphene electrodes, produced via LIG
technology, enables the system to achieve signal strength comparable to or exceeding that of similar self-
powered systems employing metal electrodes. The system integrates an F-TENG for energy harvesting and
parallel-connected modulation capacitors with varying capacitance values. This design facilitates self-
powered wireless transmission of programmable electrical signals during energy collection. Robustness tests
confirm that the SWSS operates stably in environments with RH below 95% and a temperature range of 10-
45 °C, demonstrating strong anti-interference capabilities and highlighting the tunability and environmental
adaptability of the system. With a transmission range exceeding five meters, the SWSS shows practical
applicability in smart home scenarios. A functional prototype incorporating four SWSS units with Braille
sliders was developed, enabling visually impaired individuals to control household appliances independently
or collectively through this device. The system maintained reliable performance over 20,000 operational
cycles, corresponding to a lifespan exceeding 5.5 years. This study provides a novel strategy for integrating
self-powered wireless sensing technologies into Internet of Things (IoT) frameworks.
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Figure 6. SWSS control demonstration for smart home applications. (A) Schematic of signal triggering; (B) Schematic of capacitance
modulation differentiation; (C) Control results of appliances under various signal inputs. SWSS: Self-powered wireless sensing system.
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