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Abstract

Traditional wireless sensors still face challenges such as high power consumption and bulky signal transmission
modules. In this work, we report a battery-free sensor via Maxwell's displacement current for encrypted signal
transmission. The sensor employs an instantaneous discharge triboelectric nanogenerator (ID-TENG) featuring a dual-
contact electrode structure. It enables rapid charge transfer and instantaneous current generation (~6 ms per cycle)
and then high-frequency electromagnetic wave generation. The instantaneous discharge mechanism reduces the
generated voltage to 100V while maintaining pA-level current output, addressing critical safety concerns. By
integrating a resistor—inductor—capacitor (RLC) equivalent circuit, the sensor achieves precise amplitude and frequency
modulation of wireless signals. A series of inductors (0-50 pH) is used to achieve wide frequency-domain regulation
(3.91-16.97 MHz), and capacitor parallel regulation (0-50 pF) to achieve accurate regulation in the narrow frequency
domain (1.95-2.63 MHz). The sensor illustrates 22 m of wireless transmission distance and sustained stability over
16,000 cycles. By pre-setting the frequency sequence of the signal as a password, the specific password transmits the
specific information to realize the encryption of the wireless signal transmission. Finally, it is demonstrated to be used
as a smart wireless keyboard, an interactive dance carpet and an encrypted vehicle control system with passivity,
adaptability, scalability, and resistance to signal interference.

Introduction

Currently, the rapid advancement of the Internet of
Things (IoT) has spurred unprecedented demand for
wireless sensing systems in diverse applications"”, ranging
from smart homes™, healthcare to industrial automation
and human-computer interaction® '’ As nerve endings of
the IoT"", sensors have attracted a great deal of attention'”.
A critical challenge in this domain lies in developing
energy—efﬁcientl?’, cost-effective'®, and maintenance-free
sensors capable of transmitting signals over long distances
without reliance on external power sources'”. Traditional
wired sensors often depend on batteries or complex
energy-harvesting systems, which introduce limitations
such as finite lifespan’®, environmental concerns, complex
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wiring, high maintenance costs and restricted applica-
tions'’, further hindering their large-scale application and
diffusion. To overcome these bottlenecks, sensors are
currently moving toward being portable'®, battery-free and
wireless'”. In this trend of change, wireless signal trans-
mission technology plays a crucial role’”*". With the sharp
increase in the number of distributed sensor nodes, how to
achieve wireless signal transmission efficiently and stably
has become a key issue’”. To address the challenges of
wireless sensing, sensors are often combined with wireless
communication modules®®, such as Wi-Fi, Bluetooth, near-
field communication (NFC)**, LC resonance or narrow-
band Internet of Things (NB-IoT)*. However, the energy
consumption, signal interference and transmission distance
of these wireless sensing technologies still pose challenges
to some extent.

Triboelectric nanogenerators (TENGs) have emerged as
an energy conversion technology through the coupling
effect of triboelectrification and electrostatic induc-
tion”**’, Owing to the simple and versatile structural
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design and wide variety of materials’’, TENGs are
uniquely lightweight and self-powered®', with great
advantages for the development of energy-efficient’,
economical®>**, maintenance-free and battery-free wire-
less distributed sensors®”. Recently, a variety of promising
TENG-based wireless sensing solutions have been pro-
posed®®?”. In 2021, Zi et al. firstly proposed a paradigm
shift in a fully self-powered long-distance wireless sensing
solution enabled by a discharge-induced displacement
current®, Its related applications only depend on adjust-
ing the structural parameters to modulate the amplitude.
In 2022, Luo et al. reported an electric-field-resonance-
based wireless triboelectric nanogenerator”’, the output of
the TENG can be transmitted wirelessly by integrating the
TENG with a capacitive coupler. But its transmission
distance and application scenarios are limited. In 2024,
our group proposed a battery-free wireless tactile sensor
for multimodal force perception that couples the tribo-
electric and capacitive effects for normal and shear force
fusion sensing®’. It uses coil-to-coil LC resonance to
couple the voltage output to the LC circuit and obtain a
fixed eigenfrequency signal for wireless sensing. However,
this method has a low signal output and a short wireless
communication distance.

In this work, we designed a battery-free wireless sensor
to transmit electromagnetic waves and receive them via a
coil and a back-end circuit to access the IoT. It consists of
individual instantaneous discharge wireless passive tri-
boelectric sensors (ID-TENG) with a dual-contact elec-
trode structure. The rapid charge transfer and
instantaneous current generation of ID-TENG facilitate
the emission of high-frequency EM waves for wireless
signal transmission. This mechanism not only enhances
the signal generation speed but also amplifies the output
characteristics. The incorporation of a resistor-inductor-
capacitor (RLC) equivalent circuit enables precise mod-
ulation of wireless signals. We realized wireless signal
modulation of amplitude and frequency by adjusting the
circuit configuration and establishing a remote passive
wireless sensing platform. To demonstrate the versatility
of the wireless sensing platform, we implemented a smart
wireless keyboard, an interactive dance carpet and an
encrypted vehicle control system. The sensor achieves
long-distance wireless transmission with a low voltage
output that reduces safety hazards, substantiating its
immense potential for applications across smart homes,
leisure and entertainment, vehicle control and human-
machine interaction.

Results and discussion

The schematic of the wireless sensor for encrypted
signal transmission is illustrated in Fig. la. The wireless
sensing system consists of an ID-TENG to excite EM
waves and a coil to receive the wireless signal to access the
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IoT. The detailed structural diagram of the ID-TENG,
which consists of a contact-separate body part as well as a
dual-contact electrode, is shown in Fig. 1b. Specifically,
two acrylic sheets were used as the top and bottom sub-
strates and fixed by four springs, and a piece of foam was
attached to the center of the bottom acrylic substrate as a
buffer between the bottom electrode and the acrylic
substrate for soft contact and to ensure that the top
electrode could make contact with the bottom contact
electrode. Copper foils were used as electrodes attached to
the foam and top acrylic substrates. Furthermore, nylon
and Ecoflex were used as positive and negative tribolayers,
respectively. The preparation process of the Ecoflex film is
shown in Fig. S1. The surface of the Ecoflex film was
modified via the plasma debonding method to create
nanostructures for larger contact areas. SEM images are
shown in Fig. S2, we can see that nanostructures are
formed only on plasma-treated samples. Figure 1c illus-
trates the principle of electromagnetic wave release
through the dual-contact electrode. During the operation
of the sensor, the top electrode of the TENG moves back
and forth in the dual-contact electrode structure. The
triboelectric charges generated on the nylon and Ecoflex
surfaces accumulate on the electrodes due to electrostatic
induction. When the top electrode instantaneously con-
tacts the dual-contact electrode, the accumulated charges
undergo rapid transfer through the external circuit, gen-
erating a transient current with a steep rise time. This
rapid current variation induces a time-varying magnetic
field, which, according to Maxwell’s equations, is
accompanied by a time-varying electric field (displace-
ment current), collectively forming propagating electro-
magnetic waves. The dual-contact electrode structure
effectively acts as a transient dipole radiator, where the
abrupt charge redistribution during discharge creates a
time-varying dipole moment. This dipole oscillation,
coupled with the RLC circuit’s resonance, enhances the
coupling of high-frequency components into free space,
enabling efficient EM wave emission without requiring a
traditional antenna. This sensor is characterized by
instantaneous triggering, wireless transmission, signal
modulation, and power management. Photographs of the
ID-TENG fabricated from the top view and front view are
shown in Fig. 1d, e, with an overall size of
40 x 40 x 20 mm (length x width x height) (the fabrication
process is described in detail in the Experimental section).
Figure 1f shows the two basic wireless signals generated
by this sensor, where the frequency-domain signal is
obtained from the time-domain signal through the fast
Fourier transform (FFT). Figure S3a, b show enlarged
views of these two wireless signals detected at a distance
of 10 cm from the coil, both of which are composed of
high-frequency peaks and resonance peaks generated by
the coil. The schematic of the measurement setup is
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Fig. 1 Structural design of the wireless sensor for encrypted signal transmission a Schematic illustration of the wireless sensor in the loT.
b Expanded structural composition of the TENG. ¢ Schematic of rapidly varying current in the device. Photographs of the fabricated TENG in the
d top view and e front view. f Wireless time-domain signal and g frequency-domain signal excited by the device
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shown in Fig. S3c. Moreover, we verified the omnidir-
ectionality of the wireless signal, and the signal strength
detected in each direction was almost the same, as shown
in Fig. S4.

Figure 2a shows the working mechanism (i—vi) of the
ID-TENG within one cycle. On the basis of the coupling
effect of triboelectrification and electrostatic induction,
equal amounts of negative and positive charges are
generated on the surfaces of the triboelectric materials in
physical contact, as shown in the initial stage i. Here, we

consider that nylon and Ecoflex have already been
charged with positive and negative charges, respectively,
before this. In Stage II, the positive and negative tribo-
layers are in contact, and the foam is not compressed.
Since the top electrode does not come into contact with
the dual-contact electrode structure, no charge transfer
occurs, and no current is generated in the circuit at this
time. When the top electrode contacts the lower contact
electrode in Stage III, the foam is extremely compressed,
and the mechanical switch is turned on. At this moment,
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Fig. 2 Working mechanism and output performance of the ID-TENG a Schematic illustration of the working principle of the ID-TENG.
b Teardown diagram of the short-circuit current I and open-circuit voltage V. in one cycle of the ID-TENG. ¢ Wireless time-domain signal and d I
of the ID-TENG under different working conditions
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the charges accumulated at both ends are instanta-
neously transferred, generating a clockwise current in
the circuit. According to Maxwell’s displacement current
equation:

Ly
ot

oP

= (1)

J=¢&

where J is the displacement current, g is the permittivity
in vacuum, and E and P are the electric field and
polarized electric field, respectively. The first term
gO0E /ot plays a critical role in the generation of

electromagnetic waves. In our system, the dual-contact
electrode enables rapid charge transfer during instanta-
neous discharge, creating a transient current that drives
oscillations in the integrated RLC circuit. The RLC
circuit (with tunable inductance L, and capacitance Cp)
amplifies high-frequency components of the transient
current and couples them to the dual-contact electrodes,
which act as a compact dipole radiator. The abrupt
charge redistribution across the electrodes generates
a time-varying dipole moment, and the RLC
resonance enhances the radiation efficiency at specific
frequencies. This combined mechanism (displacement
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current-driven transient fields and resonant circuit
amplification) enables effective EM wave emission with-
out a traditional antenna. In stages iv and v, the foam
rebounds, and the two tribolayers gradually separate.
However, the mechanical switch in the circuit is
disconnected, and no charge transfer occurs. When the
top electrode touches the bottom contact electrode in
stage vi, the charges between the top and bottom
electrodes are transferred through the external circuit,
the potential difference is neutralized, and a counter-
clockwise current is generated. Figure 2b shows an
enlarged view of the real-time short-circuit current /.
and open-circuit voltage V. of a single cycle of the ID-
TENG. When the top electrode contacts the contact
electrode structure in stages iii and vi, a current is
generated in the circuit. The peak of a single current
signal is shown in the inset, and the process from the
generation to the disappearance of the current lasts only
6 ms. When comparing it with the contact-separation
TENG (CS-TENG) shown in Fig. S5, according to the
real-time electrical signals and the enlarged current
diagram presented in Fig. S5, we can observe that during
the approach and separation process between the
tribolayers in stages ii and iv of the CS-TENG, a current
signal of 2.5 pA is generated. This process lasts as long as
30 ms, which is five times greater than that of the ID-
TENG. However, their voltage outputs are essentially the
same. Figures S6 and S7 simulate the potential change
processes of the ID-TENG and the CS-TENG, respec-
tively, during one cycle, corroborating the results of the
same voltage output. According to the wireless signals of
the ID-TENG and the CS-TENG received by the
oscilloscope, as shown in Fig. S8, the rapidly changing
current generated under the working mechanism of the
ID-TENG leads to the generation of wireless signals. The
performance of the ID-TENG under various operating
conditions was experimentally evaluated. We system-
atically investigated the effects of the degumming time of
the Ecoflex surface, the movement distance of the top
electrode, and the contact frequency of the device on the
performance of the ID-TENG, as shown in Fig. 2c. With
increasing degumming time of the Ecoflex surface, the
amplitude first increases but then decreases. Among
them, at 20 min, the peak-to-peak voltage U,,_, can reach
a maximum value of 6.2 V. Figure S9 shows the surface
morphology and etching depth of the Ecoflex character-
ized by a 3D microscope. The reason for this change may
be that plasma degumming can increase the surface
roughness of the Ecoflex film, increase the contact area
of the tribolayer, and increase the output. However,
when the degumming time is 30 min, the etching depth
reaches 10 um, which is close to the thickness of the
Ecoflex film itself (12 um), resulting in damage to the
film and causing the output to decline. As d varies from
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5mm to 20mm, the U, of the ID-TENG gradually
increases from 4V to 6.74 V. Meanwhile, the U,,_, of the
wireless time-domain signal increases from 4.72V to
7.98V as the contact frequency increases from 0.5 Hz to
2 Hz. As shown in Fig. 2d, the variation law of the short-
circuit current of the ID-TENG is consistent with that of
Up_p. Figures S10 and S11 present comparative analyses
of the measurement results of the open-circuit voltage
Vo and the transferred charge Q. under different
movement distances d and contact frequencies f.
Remarkably, V,. and Q. remained unaffected and
exhibited saturation at 100V and 40 nC, respectively,
irrespective of d ranging from 5-20 mm and f ranging
from 0.5-2 Hz. Figure S12 shows the frequency-domain
wireless signals of the ID-TENG under these working
conditions. We can observe that the frequency remains
constant at 2 Hz. Therefore, different working conditions
and the device itself have no influence on the frequency.
In addition, the measured matching impedance is
approximately 1 GQ, and the power density can reach
l6 mW (Fig. S13). Figure S14 shows the electrical
performance and wireless signal stability of ID-TENG.
After nearly 16000 cycles of operation, I still remains at
14 pA, and the waveform of the wireless time-domain
signal remains almost unchanged, demonstrating its
excellent stability. Therefore, a device with a degumming
time of 20 min and a top-electrode movement distance
of 20 mm was used in subsequent tests.

Figure 3 shows the modulation of the amplitude and
frequency of the wireless signal of the ID-TENG. To
characterize the wireless output signal of the ID-TENG,
we constructed a resistor-inductor-capacitor (RLC)
equivalent circuit system (Fig. 3a). The TENG is equiva-
lent to a voltage source Vreng, @ capacitor Crpng, and a
mechanical switch. When the top electrode touches
the contact electrode, the switch is closed, and at this
time, the wireless signal is released. In the remaining
stages, the switch is in the open state. Lo, Ro, Ly, and C,
represent the inductance, resistance of the system itself, the
additional inductance in series, and the additional capaci-
tance in parallel, respectively, where L; and C;, are added to
modulate the wireless signal output from the circuit sys-
tem. Figure 3b and S16a show time-domain diagrams with
different additional inductances in series. The amplitude of
the sinusoidal oscillation increases with increasing addi-
tional inductance, reaches the maximum value at 22 pH,
and then gradually decreases. Moreover, in the frequency-
domain diagram, as the additional inductance increases,
the peak of the base frequency (the strongest and lowest
frequency) of the received signal gradually shifts to the left
(Fig. 3c and S16b) and overlaps with the LC resonance
peak at 22 uH, as shown in the inset. This indicates that the
receiver reaches a perfect resonance state, and the ampli-
tude of the sinusoidal oscillation is the largest at this time.
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The base frequency f of the equivalent circuit of the
ID-TENG can be calculated as
1
= 2
S = o (L + Lo)Co @)
where the system inductance L, is measured to be 7.62 pH
and the system capacitance Cy is measured to be 13.56 pF.

According to Eq. (2), the relationship between the the-
oretical and experimental points of the additional series
inductance L, and the base frequency f of the ID-TENG is
plotted in Fig. 3d. The base frequency varies from 16.97 to

3.92 MHz, which is highly consistent with the experi-
mental results. The reason for the slight deviation of some
data may be interference from spatial conductors in the
experimental environment. These results confirm the
equivalent circuit model of the ID-TENG. By changing
the values of different parallel capacitances Cp, the time-
domain signals when C, changes from 0 to 50 pF are
shown in Fig. 3e. As shown in the time-domain wave-
forms, with increasing parallel capacitance, the oscillation
period increases, and the amplitude decreases. Figure 3f
shows the changes in the frequency-domain signals dur-
ing the change in the parallel capacitance. The resonance
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Fig. 4 Demonstration of the wireless sensing system for multiple applications a Schematic illustration and b electrical model of the wireless

frequency remains constant, and the base frequency f
gradually decreases from 2.65 MHz to 1.95 MHz. Fur-
thermore, the ID-TENG has the advantage of a long
transmission distance. We demonstrated that the EM
signal can be detected by a receiver with a long trans-
mission distance of over 22m, as shown in Fig. 3g.
Figure 3h shows the specific relationship between the
peak-to-peak voltage U, and the wireless transmission
distance. The inset shows the frequency-domain diagram
of these signals, which demonstrates that the base fre-
quency f remains constant at different transmission dis-
tances. The three-dimensional time-domain signals at
various distances are presented in Fig. 3i. The amplitude
decreases from 800 mV detected at 0.2m to 384 mV
detected at 22 m.

Owing to its battery-free, wireless, high sensitivity,
instantaneous triggering, low-cost, and good stability, the
ID-TENG can be widely used in signal sensing and
transmission without any additional power supplies.
Therefore, we developed a wireless sensing system sui-
table for multiple scenarios in which wireless EM waves
are processed and processed data are displayed in real-
time. Figure 4a shows the flow chart from EM signal

generation, reception, and modulation to computer
interface display recognition. The wireless EM wave sig-
nals are transmitted by pressing the smart keypad with the
finger and are received by the receiving end, composed of
the coil and the oscilloscope. By using a USB cable, the
signal received by the oscilloscope can be transmitted to
the computer in real-time. The computer converted the
time-domain signal into a frequency-domain signal via
fast Fourier transform (FFT) and visualized the results.
The visual interface was programmed in LabVIEW 2018.
The electrical model of the wireless sensing system for
multiple scenarios is shown in Fig. 4b. It can be used for a
wireless keyboard, dance carpet, and vehicle control.
Figure 4c shows the actual test scenario of the wireless
sensing platform. The signal waveform and recognition
results can be displayed on the visualization platform in
real-time.

Based on the wireless sensing system, we present three
battery-free wireless sensing applications of the ID-TENG
below. First, we designed a smart wireless keyboard for
letter identification with 26 gadgets integrated into it.
Figure S15 shows a schematic diagram of the wireless
sensing system for letter identification. A photograph of
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the smart wireless keyboard is shown in Fig. S16. Its
overall size is 23 x9x5cm (length x width x height),
which is essentially equivalent to a commercial keyboard.
Inside, 26 small devices are integrated by staggered
stacking, as shown in Fig. S17. By adjusting the circuit
configuration of the ID-TENG, such as the value of the
series inductor, the frequency band can be changed to
distinguish the signal from each key. Figure 5a shows the
frequency-domain signals of eight smart keypads and
their matching letters. The letter “I” corresponds to
16.9 MHz, the letter “E” corresponds to 13.8 MHz, the
letter “N” corresponds to 11.9 MHz, the letter “G” cor-
responds to 10.7 MHz, the letter “S” corresponds to
7.9 MHz, the letter “U” corresponds to 6.5 MHz, and the
letter “D” corresponds to 4.75 MHz. The letter “A” cor-
responds to 3.9 MHz. Their 3D time-domain diagram is
shown in Fig. 5b. Figure S20 demonstrates the frequency-
domain signals and base frequency corresponding to the
other 18 letters. Figure 5¢ shows a demonstration inter-
face of a wireless smart keyboard for letter identification
to visualize the typing effects of different letters. In the
interface, all the collected data, including the time-domain
signal, the peak voltage U, _,,, the base frequency f derived
from the FFT, and the recognized letters, can be displayed
simultaneously in real-time (Movie S1). The different
signals accurately correspond to different letters, which
indicates the ability of this wireless sensing system to
perform multiple key, continuous and wireless sensing
signals. In addition, we design ID-TENGs of different
sizes to suit different application scenarios. Figure S18 is a
single sensing unit with dimensions of 85 x 85 x 20 mm
(length x width x height). Six such sensing units are
placed under the dance carpet to form a wireless smart
dance carpet. The actual test scene is shown in Fig. S19.
When the animation on the LabVIEW interface reaches
the top, the tester presses the corresponding direction
keypad to stimulate the wireless electromagnetic wave
signal. At this time, the word “perfect” pops up on the
interface, which means that the transmitted signal mat-
ches the programmed signal successfully. The frequency-
domain diagram corresponding to each direction and the
base frequency f are shown in Fig. 5d. “Left”, “upper left",
“upper”, “lower”, “upper right“, and “right“ correspond to
1.85, 2.05, 2.15, 2.3, 245, and 2.6 MHz, respectively
(Movie S2). Figure 5e shows the LabVIEW interface of the
smart wireless keypad for the dance carpet. This appli-
cation proves that the wireless sensing system has the
ability for human-computer interaction and variable size.
Finally, we designed an encrypted wireless smart keypad
for vehicle control. The design process and the physical
diagram are shown in S20. The 12 cm by 4 cm capsule car
key accommodates three ID-TENG sensing units mea-
suring 36 mm x 20mm x 15mm (length x width x
height). Figure 5f shows the control principle of the

Page 8 of 11

wireless smart car key and the corresponding frequency-
domain diagram of the three keys. Keys “1”, “2”, and “3”
correspond to base frequencies of 9.1, 8.3, and 2.35 MHz,
respectively. We applied the encryption function to the
wireless smart car key, and the order of pressing the three
keys was different from the transmission of instructions to
the car. When we press keys “17, “2” and “3” in sequence,
the door will unlock; the door will lock when you press
“17, “3”7, “2”; and “3” “2” “1” will be pressed to close the
window (Movie S3). This encryption function ensures
that only the owner of the car can remotely control the
car by triggering the keys sequentially. The LabVIEW
interface of wireless smart keypads for vehicle control is
shown in Fig. 5g. This demonstrates the portable,
encrypted capabilities of the wireless sensing system.

Conclusion

In summary, a low-cost, zero-power consumption, no-
crosstalk wireless sensor for encrypted signal transmission
based on the ID-TENG suitable for multiple application
scenarios is reported. The sensor has a simple structure
and preparation process, instantaneous triggering, no
power supply, strong anti-interference ability and is sui-
table for a variety of application scenarios. Compared with
the traditional contact-separation TENG, the ID-TENG
produces a large instantaneous current and varies rapidly,
enabling wireless signal transmission with a low open-
circuit voltage. The wireless signal generation relies on
two synergistic mechanisms: (1) the dual-contact elec-
trode structure enables instantaneous discharge and rapid
charge transfer, producing a transient current with steep
temporal variation (~6 ms); and (2) the integrated RLC
resonant circuit amplifies and modulates the high-
frequency components of this current, creating time-
varying electromagnetic fields that radiate efficiently into
free space. By adjusting external circuits, such as series
inductance and parallel capacitance, we achieve precise
control over the emitted signal’s frequency and amplitude,
enabling long-distance wireless transmission (22 m) and
encrypted communication. On this basis, the application
display of an intelligent wireless keyboard, dance carpet
and encrypted car remote control key is realized through
the LabVIEW interface program. Overall, we provide a
promising solution for battery-free wireless multi-
functional long-distance signal-modulable wireless sen-
sing, which can be applied to smart homes, leisure and
entertainment, vehicle control and human-computer
interaction.

Experimental section
Fabrication and modification of the Ecoflex film

First, Components A and B of Ecoflex 00-30 were
mixed at a mass ratio of 1:1, then evenly stirred and
poured onto the acrylic sheet and placed in a spin coater
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(KW-4BC) running at 300 rpm for 6s. Then, the acrylic
sheet was placed in a vacuum drying oven for 10 min,
removed and cured at room temperature for 10h to
obtain a 12 um-thick Ecoflex film. Second, the Ecoflex
film was placed in a plasma glue remover (IoN 40)
chamber and etched with 300 W O, plasma for 10, 20 or
30 min. After that, the treated samples were cleaned with
DI water and dried in a vacuum drying oven before use.

Fabrication of the TENG

The TENG consists of a contact-separate TENG com-
ponent and a dual-contact electrode component. For the
contact-separate  TENG component, two 3 mm-thick
acrylic sheets were cut by a laser cutting machine (Huitian
4060) into top and bottom substrates with dimensions of
40 x 40 mm. A 20 x 20 mm foam layer (10 mm thick) was
attached to the center of the bottom acrylic substrate.
Copper foil of the same size was attached to the foam
layer and the top acrylic substrate. Next, the Ecoflex film
(12 um thick) and nylon film (100 um thick) of the same
size as above were attached to the surfaces of the top and
bottom tribolayers. Moreover, the top copper foil was
extended outward and wrapped around the upper edge of
the top acrylic substrate as a mechanical contact. Finally,
four springs (6 x 6 x 15mm) were fixed between two
acrylic substrates. For the dual-contact electrode com-
ponent, a bow-shaped acrylic sheet (20 x 10 x 25 mm) was
attached to the bottom acrylic substrate. The copper foil
was attached to the inside of the bow-shaped acrylic sheet
as a mechanical contact with the contact-separate TENG
component.

Experimental measurements

A 3D microscope (DCM8) was used to characterize the
surface morphology and etching depth of the Ecoflex film.
For the basic output performance of the TENG, a linear
motor (MTS201) was used to apply external mechanical
stimulation to the TENG. A programmable electrometer
(Keithley 6514) was used to test the wired electrical out-
put signal. An LCR meter (TH2840B model) with a
driving frequency of 1 MHz was used to measure the
capacitance and inductance. An oscilloscope (MDO 3024)
was used to test the wireless output signals of the circuit.
The electrical properties of the materials were simulated
via COMSOL Multiphysics software. The measured sig-
nals and displayed images are visualized in a high-speed
data acquisition system under LabVIEW 2016.
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