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A B S T R A C T   

With the rapid growth of the smart city, wireless sensors are highly preferred in plenty of application scenarios. 
To address the challenges of real-time sensing, power supply, and wireless signal transmission in current wireless 
sensors, a self-powered wireless sensing e-sticker (SWISE) based on the triboelectric-discharge effect has been 
proposed. However, the previously designed SWISE can only detect the unquantifiable signal of its own, which 
limited its applications. Herein, through studies about electromagnetic (EM) wave characteristics, we couple 
commercial sensors of different mechanics with EM wave generated by the triboelectric-discharge effect to 
realize a general self-powered wireless sensing solution for various physical signals. In addition, the integrated 
device is designed to combine with multiple sensors, with the characteristics of being thin and flexible. Based on 
this solution, a self-powered wireless temperature and pressure sensing system is demonstrated, with an error 
rate down to 0.18 %, and a multi-point sensing array was also realized for broad potential applications. This work 
proposes a self-powered wireless sensing platform that is compatible with various commercial sensors with 
different physical signals, which promises great potential for self-powered wireless sensing in the smart city and 
Internet of Things, such as robotic dynamic sensing, infrastructure monitoring, human-machine interface, etc.   

1. Introduction 

With the development of the smart city and Internet of Things, there 
are high demands for sensor nodes in plenty of application scenarios, 
such as robotic dynamic sensing, environment monitoring, infrastruc-
ture detection, health care, etc [1–6]. Among them, wireless sensing 

systems are highly preferred [7–11]. Currently, most wireless sensors 
still need to be powered by wires or batteries [12,13]. However, the 
wires bring limitations to the sensing system, especially in the harsh 
environment and dynamic motion systems [14,15]. The batteries suffer 
from limited lifetime and potential environmental problems, which are 
difficult to be replaced and applied in some scenarios, such as 
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implantable systems [16–18]. Recently, the emerging nanogenerators 
which effectively convert tiny mechanical energy to electrical energy 
may address this problem, serving as the power source for wireless 
sensing systems [19–24]. However, most of the state-of-art nano-
generator-based wireless sensing systems still require additional com-
ponents, including a power management circuit and micro control unit, 
which makes the whole system bulky and complex in structure, showing 
limitations in broad application scopes [25–28]. 

To address this issue, our team put forward the concept of tribo-
photonics as a potential solution to realize the self-powered wireless 
sensing system via the photons, which can directly convert the input 
mechanical signal into a wireless signal without complex intermediate 
steps [29]. In that, as a tribo-induced electromagnetic-wave generation 
(TIEG) device, the self-powered wireless sensing e-sticker (SWISE) was 
proposed in our previous work [30]. Based on 
triboelectric-discharge-induced displacement current, the SWISE can 
directly convert the input mechanical signal to electromagnetic (EM) 
wave and thus realize fully self-powered wireless sensing, achieving the 
longest effective transmission distance with the smallest system size 
among current wireless sensing systems. However, the previously 
designed SWISE can only realize the functions of motion sensing and gas 
sensing, while it is still difficult to be used for wireless sensing of mul-
tiple other kinds of physical signals. Considering the potential applica-
tion towards various kinds of sensing scenarios, such as infrastructure 
detection, human healthcare, and environment monitoring, it is still 
expected to realize a general solution to achieve self-powered wireless 
sensing for varieties of physical, chemical, and biomedical signals. 

Here, we coupled the EM-wave signal generation and commercial 
sensors to realize a general triboelectric-discharge effect enabled self- 
powered wireless sensing solution (TDE-SWIS) for various physical 
signals. Considering the influence given by different parameters in the 
TDE-SWIS, we proposed the equivalent circuit model and simulated the 
EM-wave characteristics, which were consistent with the experimental 
results. Then, a self-powered wireless sensing platform coupling with 
resistive, capacitive, and inductive sensors was achieved, targeting 
different practical applications. The integrated TDE-SWIS device was 
further designed to combine with multiple sensors to realize self- 
powered wireless sensing with thin and flexible characteristics. The 
self-powered wireless temperature sensing system and self-powered 
wireless pressure sensing system were demonstrated. Furthermore, 

such a modulation strategy can also be applied for distinguishing 
different TDE-SWIS signals to realize multi-point sensing. Thus, based on 
the characteristics of real-time, self-powered, wireless, and the function 
of sensing platform, this approach is suitable for most commercial sen-
sors and shows great potential for many application scenarios of smart 
city, such as infrastructure monitoring, environment monitoring, in-
dustrial sensing, etc. 

2. Main text 

2.1. Theoretical model of TDE-SWIS 

The concept of TDE-SWIS is illustrated in Fig. 1a. The commercial 
sensors, depending on sensing mechanisms of variations in resistance, 
capacitance, or inductance, were coupled in the equivalent circuit for 
the triboelectric-discharge unit (TDU), including a TENG part (the TENG 
part in Fig. 1a is shown separately from TDU to highlight the mechanical 
energy input) and a breakdown discharger (BD) (shown in Fig. S1), as 
shown in Fig. 1b-I. Here, the TENG was equivalent to a voltage source 
connected with a variable capacitance Ci in series. The R0 and L0 pre-
sented the system resistance and inductance, respectively. When there 
was a mechanical signal input, the charges were accumulated on the 
TENG and BD, as shown in Fig. 1b-II, where the BD can also be 
considered as a capacitor CB. Here, the charges on TENG and BD were Qi 
and QB, respectively. Once the voltage potential UB on the BD is higher 
than the breakdown threshold voltage given by Paschen’s law, the 
breakdown discharge effect happened. In this process, the avalanche 
and plasma were generated across the gap of the BD, as shown in Fig. 1b- 
III. The induced current i oscillated with high frequency, given by 
Fig. 1c, can generate the EM wave signal, which can be detected by a 
receiver in the distance. And then, the wireless signals were generated 
and transmitted, where the received electric field intensity was mainly 
related to the i and dⅈdt[31]. The details and derivations were discussed in 
Note S1 and S2. After the signals were received by an antenna and went 
through the signal processing, the target physical signals, such as tem-
perature, pressure, humidity, etc., can be resolved through key param-
eters in the signals. 

The oscillation in the wireless signals generated from the system can 
be calculated by the equivalent circuit as shown in Fig. 1b-III, which can 

Fig. 1. The overall illustration of triboelectric-discharge effect enabled self-powered wireless sensing platform and theoretical model. (a) The schematic illustration 
of the working process of TDE-SWIS. (b) The equivalent circuit in (I) initial status, (II) charged status, and (III) discharge status. (c) The EM model of BD. 
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be considered as a resistor-inductor-capacitor (RLC) circuit, where the 
equivalent resistor, inductor, and capacitor were noted to R, L, C 
respectively. The current in the system is reflected by Kirchhoff’s voltage 
law: 

L
di
dt

+ Ri+
1
C

∫

idt = ui(t) (1)  

where ui (t) presents the voltage potential on TENG. Compared with the 
period of the breakdown process, the period of the input mechanical 
signal was much longer. Thus, once the voltage of the BD approached 
the threshold voltage, the voltage decreased to zero instantaneously, 
which is equivalent to the conducting status. Thus, the input voltage ui 
(t) can be considered as a step function, and the step current response 
can be solved in three different damping conditions with the detailed 
solving process shown in Note S3. Here, the parameters were adjusted to 

natural frequency ωn =

̅̅̅̅
1

LC

√

and damping ratio ζ = R
2

̅̅
L
C

√ . 

The three damping conditions include:  

1) Underdamping condition: when 0 ≤ ζ < 1, the current response can 
be solved as: 

i(t) =
1

Lωn

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ζ2

√ e− ζωnt sin
(

ωn

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ζ2
√

t
)

(2)    

2) Critical-damping condition: when ζ = 1, the current response can be 
solved as: 

i(t) =
1
L

te− ωnt (3)    

3) Over-damping condition: when ζ > 1, the current response can be 
solved as: 

i(t) =
1

2Lωn

̅̅̅̅̅̅̅̅̅̅̅̅̅
ζ2 − 1

√
[
eωn(− ζ+

̅̅̅̅̅̅̅
ζ2 − 1

√
)t − eωn(− ζ−

̅̅̅̅̅̅̅
ζ2 − 1

√
)t
]

(4) 

By applying the inductor-capacitor-resistor (LCR) meter, the system 
capacitance C0 was around 5.713 pF, and the system inductance L0 was 

Fig. 2. Resistance-based TDE-SWIS signal coupling. (a) The equivalent circuit of the resistance-based TDE-SWIS signal coupling towards damping ratio. (b) The 
demonstration of medium-frequency decay signal and the calculation method of the decay time. (c) The high-frequency pulse signal of TDE-SWIS. (d) The time- 
domain medium-frequency decay signal of TDE-SWIS towards different Rs. (e) The relationship between the decay time and Rs, which can be divided into three 
regions. (f) The theoretical result of normalized time-domain TDE-SWIS signal of different Rs. (g) The comparison of experiment result, theoretical result, and fitting 
curve of the decay time and Rs. 
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around 2.713 μH, as recorded from the system in our experiments. 
Substituting these parameters to Eqs. 2–4 and adjusting the ζ, the cor-
responding waveforms were shown in Fig. S2. Based on this principle, 
the parameter of ζ and ωn of the wireless signal can be adjusted, by the 
resistance, inductance, and capacitance values in the system. Compared 
with the high-frequency SWISE signal due to the discharge process, this 
oscillation-induced signal in 5 kHz-5 MHz was much easier to be 
detected and processed, with the much lower requirement of the 
receiver system. Thus, the modulations of the wireless signal from TDE- 
SWIS can be realized through parameter (resistance, inductance, 
capacitance) variations brought by sensors. 

2.2. Resistance-based TDE-SWIS signal coupling method 

Firstly, as the ζ can be adjusted by the resistance, an external resistor 
Rs was coupled into the TDE-SWIS system in series to tune the output EM 
signal, as shown in Fig. 2a. The TDE-SWIS system mainly consisted of a 
free-standing mode TENG (FS-TENG) and a BD, and the external resistor 
was serially connected by wires. By using an LCR meter, the system 
capacitance C0 (including the capacitance from the TENG and wires) 
was around 5.713 pF, and the system inductance L0 was around 2.713 
μH. The resistance from the system was too small and could be ignored, 
as compared with the external resistor. With the transmission distance of 
1 m, a monopole antenna with a length of 30 cm connecting with an 
oscilloscope was applied to capture and measure the EM signal 
wirelessly. 

As fixed in the optical platform, the FS-TENG was driven by a well- 
controlled linear motor to ensure a stable mechanical input. With the 
mechanical signal input, a typical time-domain EM signal coupling the 
external resistor Rs was shown in Fig. 2b, with the Rs of 1 MΩ. The signal 
consisted of the high-frequency pulse signal due to the discharge process 
(around 30 MHz–300 MHz) and the medium-frequency signal due to the 
electrical oscillation in the circuit (around 5 kHz–5 MHz). The high- 
frequency pulse signal, as highlighted by the dark orange block, was 
comprehensively discussed and studied in our previous study [30], 
where the detailed waveform was shown in Fig. 2c. 

By adjusting the external resistance, the decay time of the medium- 
frequency signal (shown in Fig. 2b) can be manipulated to involve the 
resistance information. In engineering, the decay time τ is defined as the 
elapsed time required for the system response to decay in the value of 1/ 
e. The wireless signal can be considered as the combination of the high- 
frequency pulse signal with large amplitude and medium-frequency 
decay signal. To avoid the influence of the high-frequency signal on 
the calculation of the signal decay time, the time of 1.25 μs after the 
high-frequency peak signal was chosen as the start time of τ, as shown in 
Fig. 2b. The biasing voltage from the instrument and environment was 
also considered in the calculation of decay time. Thus, the decay time is 
the relative value instead of absolute value, which is more meaningful. 
With the resistance from ~Ω scale to ~GΩ scale, the measured decay 
time was shown in Fig. 2d. The signal decay trend changed with 
different series resistance, and the relationship between the decay time 
and Rs was concluded in Fig. 2e. Considering the practical applications 
to transmit target sensing signal, the decay time can be divided into 
three regions. 

The first region was with the resistance from 1 Ω to around 220 kΩ. 
The decay time in the first region gradually decreased from a high value 
(around 130 μs) to a low value (around 6 μs) with large error bars. The 
third region was with the resistance from 100 MΩ to GΩ scale. In this 
region, the decay time increased slowly with the increase of the resis-
tance, gradually approaching a limit with big error bars. Thus, both the 
first and third regions were difficult to be applied for wireless trans-
mission. The second region was with a resistance from around 220 kΩ to 
around 100 MΩ, where some of the corresponding waveforms were 
shown in Fig. 2d. The decay time in the second region monotonically 
increased with low error bars. Thus, it is suitable for transmitting the 
signal through TDE-SWIS system, as defined as the expected-working- 

range region. With ζ > 1 in over-damping condition, the current 
response can be calculated by Eq. 4, where the normalized theoretical 
results corresponding to resistance were shown in Fig. 2f, which was 
generally consistent with experimental results from Fig. 2d without 
considering the high-frequency peaks, as encircled by dashed lines. 
Thus, considering the expected working area (220 kΩ to 6 MΩ) only, 
based on the RLC model, a linear function was applied to describe the 
relationship between the decay time τ and external resistance Rs, as 
shown below: 

τ = RsC0 +α (5)  

where α is the adjustment constant. The fitting curve, experiment data 
and theoretical result were shown in Fig. 2g, where the experimental 
results matched the theoretical results. Thus, this region can be widely 
applied for TDE-SWIS wireless sensing based on resistance variation. 

2.3. Capacitance and inductance-based TDE-SWIS signal coupling 
method 

Based on the definition of damping ratio, ζ can also be adjusted by 
capacitance. The influence of series capacitance Cs was tested, and the 
equivalent test circuit was shown in Fig. 3a, where Cs was highlighted by 
the green box (Fig. 3a-I). Similarly, the received TDE-SWIS signal was 
analyzed by decay time, and the relationship between the decay time 
and Cs was shown in Fig. S3a. It was kept in high value when Cs was 
lower than around 30 pF, and gradually decreased from 30 pF to 300 pF. 
Besides the R and Cs, the series inductance Ls can also adjust ζ in TDE- 
SWIS system. The experiment circuit was set as replacing the series 
capacitance Cs by a series inductance Ls in the highlighted green box, as 
given in Fig. 3a-II. With the increase of Ls, the decay time was shown in 
Fig. S3b. The decay time was almost kept in a constant value with the 
increase of the inductance, which satisfied the theory result, as shown in 
Fig. S3c, where the difference in measured result may be due to the 
impact of resistance in inductors. 

Besides ζ, ωn can also be manipulated to modulate the TDE-SWIS 
signal. The Ls can make an influence on the ωn, and the base fre-
quency of each TDE-SWIS signal gradually decreased with the increasing 
Ls, where the base frequency can be calculated by the equation below: 

f =
1

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Ls + L0)C0

√ (6) 

Here, the corresponding time-domain signal was shown in Fig. S4, in 
which is consistent with our previous study [30]. 

Alternatively, by combining the inductors and capacitors in TDE- 
SWIS circuit, the capacitor can also be applied to adjust ωn. By con-
necting Cs with Ls in series, Cs can be applied to modulate ωn, as given by 
Fig. 3a-III. Thus, the base frequency can be adjusted by: 

f =
1

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Ls + L0)
(

C0Cs
C0+Cs

)√ (7) 

Here, the time-domain signal was shown in Fig. S5a. In addition, the 
base frequency in the time domain can also be converted to the period Ts 
as illustrated by: 

Ts =
1
f

(8) 

The comparison between the experiment result and the theory was 
shown in Fig. S6. 

By connecting the Cp with Ls in parallel, the ωn can also be modu-
lated, as given by Fig. 3a-IV. In this case, the base frequency can be 
adjusted to: 

f =
1

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Ls + L0)
(
C0 + Cp

)√ (9) 
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By applying a different value of Cp, the time domain waveforms were 
shown in Fig. 3b, where the base frequency oscillation signal was also 
highlighted by the dark blue block. The detailed waveforms were further 
shown in Fig. S5b. As shown by the time domain waveforms, with the 
increasing parallel capacitance, the period of the oscillation increased 
and the amplitude of that decreased. By collecting the corresponding 
data, the comparation between the experiment result and theoretical 
curve was shown in Fig. 3c. The experiment result was fitted with the Eq. 
9 with small error bars, which can be applied for the wireless signal 
transmission of the capacitance. 

2.4. Parallel resistance and capacitance-based TDE-SWIS signal coupling 
method 

In practical applications, capacitive and resistive sensors usually 
cannot be directly considered as pure capacitors or resistors, respec-
tively. For example, a thin-film capacitive pressure sensor involves a low 
capacitance (pF scale) with high resistance (GΩ scale). Then the 
equivalent circuit of it was considered as a large resistor connected with 

a small capacitor in parallel. Thus, to deal with these problems in 
practical applications, the RC parallel model was studied, as shown in 
Fig. 3d, where a resistor and capacitor were connected in parallel with 
each other and connected to the TDE-SWIS system in series. 

Firstly, when Cp was fixed to 10 pF with a gradually increased 
resistance value, the decay time was shown in Fig. 3e. Similar to the case 
in Fig. 2e, the curve can also be divided into three regions. The fitting 
curve and the experiment data in expected-working-range were shown 
in Fig. 3f, demonstrating the high linearity. Thus, towards a more uni-
versal application scenario, the theory of R-based TDE-SWIS signal 
coupling can be adjusted to: 

τ = R
(
C0 +Cp +Cpa

)
+α (10)  

where the Cp and Cpa present parallel capacitance and parasite capaci-
tance, respectively. Here, the parasite capacitance was generated when 
the TDE-SWIS system was placed near conductors, which has to be 
considered in practical applications. 

Secondly, when the Rp was fixed to 1 MΩ with gradually increasing 
Cp, the decay time was shown in Fig. 3g. With the increasing 

Fig. 3. Capacitance and inductance-based TDE-SWIS signal coupling and the parallel resistance and capacitance-based TDE-SWIS signal coupling. (a) The equivalent 
circuit of the (I) Cs (II) Ls-based signal coupling towards damping ratio and the (III) Cs connected with Ls (IV) Cp connected with Ls-based signal coupling modulation 
methods towards natural frequency. (b) The selective time domain TDE-SWIS signals in different parallel capacitance in signal coupling towards ωn (c) The rela-
tionship between the period and parallel capacitance Cp. (d) The equivalent circuit of the RC parallel model-based TDE-SWIS signal coupling. (e) The relationship 
between the decay time and series resistance in the RC parallel model. (f) The decay time had an almost linear relationship with the series resistance with the range 
around 220 kΩ to 4 MΩ in RC model. (g) The relationship between the decay time and parallel capacitance in RC parallel model. (h) The decay time had an almost 
linear relationship with the parallel capacitance with the range around 0–50 pF in the RC parallel model. 
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capacitance, the decay time monotonically increased with small error 
bars. Thus, the signal was much easier to be distinguished, especially in 
the low capacitance situation. The decay time increased in a linear 
relationship with the capacitance with small errors for the parallel 
capacitance lower than around 75 pF, which was defined as the 
expected-working-area. When the parallel capacitance was larger than 
75 pF, the decay time approached the limit with larger error bars, which 
may not be used for wireless sensing. 

2.5. Influences from environmental factors on TDE-SWIS signals 

In the previous study [30], we noted both the output signals of TENG 
and TDE-SWIS could be influenced by the environmental factors, espe-
cially the humidity and temperature. Here, an experiment platform was 
built to analyze the influence of humidity and temperature on TDE-SWIS 
signals. Firstly, the BD was placed into a temperature box, and the 
FS-TENG was placed outside, where the temperature box was sealed, 
and the temperature could be controlled, as shown in Fig. S7a. With the 
increasing temperature, there was little influence on the TDE-SWIS 
signal in the frequency domain, as shown in Fig. S7b. Secondly, the 
BD was placed into a sealed acrylic box and driven by an FS-TENG 
outside of the box, where the humidity inside the box can be 
controlled. The TDE-SWIS signal under different humidity in the 

frequency domain was shown in Fig. S8. With the increasing humidity, 
the frequency and amplitude of the TDE-SWIS signal changed. Especially 
for the high humidity part (> 85 %), the amplitude in the high-frequency 
region (> 150 MHz) gradually decreased to zero. In general, the 
TDE-SWIS signal was barely dependent on environmental temperature 
but dependent on the humidity in some extent. 

2.6. TDE-SWIS-based self-powered wireless temperature sensing system 

With the characteristic of fully self-powered wireless sensing, the 
TDE-SWIS can be applied to wireless sensing platform by coupling 
different kinds of commercial sensors towards different application 
scenarios, without any additional power source or wire needed. As re-
ported by our previous study [30], the TDE-SWIS is able to deliver a long 
effective transmission distance (up to 30 m), which satisfied the de-
mands of sensing networks of smart city. To demonstrate the effective 
signal wireless transmission ability of the sensing platform, we designed 
two applications of the TDE-SWIS-based self-powered wireless sensing 
by involving commercial resistive and capacitive sensors, respectively, 
which are considered as two major types of sensors in the market. 

We combined the commercial resistive temperature sensor (therm-
istor, MF58 1M4400) with TDE-SWIS system to realize self-powered 
wireless temperature sensing. Here, the system circuit consisted of the 

Fig. 4. The TDE-SWIS-based self-powered wireless sensing systems and multi-points sensing device. (a) The TDE-SWIS-based self-powered wireless temperature 
sensing system towards glass cup wall temperature monitoring. (b) The time domain TDE-SWIS signal under different temperature. (c) The comparation of reference 
value of temperature with TDE-SWIS tested result. (d) The TDE-SWIS-based self-powered wireless pressure sensing system. (e) The time-domain TDE-SWIS signal 
under different load pressure. (f) The comparation of reference value of load pressure with TDE-SWIS tested result. (g) The designed multi-point sensing TDE-SWIS 
device based on inductance-based TDE-SWIS signal coupling. (h) The time domain signal of TDE-SWIS device with different series inductance. (i) The comparison of 
the period of TDE-SWIS devices with the theoretical curve. 
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FS-TENG, BD, small adjusted resistor, and temperature sensor connected 
in series. An antenna was applied to collect the transmitted EM wave 
signals with the distance of 1 m, which can be further processed by the 
oscilloscope and computer to directly illustrate the measured tempera-
ture. Here, the resistance of the chosen commercial temperature sensor 
RT changed with the temperature, given by the equation below: 

RT = Rtherme
4400

(

1
T−

1
298.15

)

(11)  

which was within the expected working area, as stated in Fig. 2e, where 
Rtherm presents the resistance of the temperature sensor at 298.15 K. 
Thus, the resistance of the temperature sensor can be transmitted by the 
system in a self-powered wireless manner. Here, the temperature sensor 
was attached to a glass cup wall to monitor the cup wall temperature, as 
shown in Fig. 4a, where the thermal grease and thermal insulation foam 
tape were applied to make sure the constant temperature condition of 
the temperature sensor. A multichannel temperature testing equipment 
(anbai AT4716) was applied to monitor the temperature of the cup wall 
as the standard value, where the probe was also attached to the cup wall. 
Here, we applied hand motion to simulate the input mechanical energy. 
With the hand motion, the time-domain TDE-SWIS signals under 
different glass cup wall temperatures were detected wireless, as shown 
in Fig. 4b, where the decay time increased with the decreasing of cup 
wall temperature. Based on Eq. 10 and Eq. 11, the wireless signal can be 
further processed, and the measured temperature was illustrated by 
computer via Python, where the collected data can be transmitted from 
the oscilloscope to computer via USB interface. The detailed data pro-
cessing process was discussed in Materials and methods part. Here, 
several groups of cup wall temperature cases with the range from 3.3 ℃ 
to 61.5 ℃ were tested, and the comparison between the measured result 
(gray dot) and TDE-SWIS transmitted result (dark blue dot) was shown 
in Fig. 4c. The working process of the self-powered wireless temperature 
sensing system was shown in Fig. S9 and Video S1. The performance of 
the temperature sensing system can be further improved by applying a 
more suitable commercial resistive sensor and adjusting the commercial 
resistive sensor to a more suitable working range. Thus, the demon-
strated system can be applied for self-powered wireless temperature 
sensing, especially the scenarios such as implantable system tempera-
ture sensing, environment monitoring, infrastructure monitoring, etc. In 
addition, the TDE-SWIS system can be applied for the application of 
signal transmission towards multiple commercial resistive sensors in 
different application scenarios towards different target signals. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107982. 

2.7. TDE-SWIS-based self-powered wireless pressure force sensing system 

The commercial capacitive pressure sensor was combined with the 
TDE-SWIS system to realize self-powered wireless pressure sensing. The 
signal of the capacitive sensor can be transmitted by the RC-based TDE- 
SWIS signal coupling (given by the relationship between decay time and 
capacitance, as shown in Fig. 3h) or LC-based TDE-SWIS signal coupling 
(given by the relationship between period and parallel capacitance, as 
shown in Fig. 3c) via TDE-SWIS system. Here, we mainly demonstrated 
the LC-based TDE-SWIS signal coupling to transmit the signal of 
capacitive sensors. The capacitive pressure sensor was connected to the 
inductor with an inductance of 100 μH in series to be involved in TDE- 
SWIS circuit, as shown in Fig. 4d. Here, the pressure was controlled by 
the different weights. Similarly, when there was a hand motion input in 
the TENG part, the TDE-SWIS signals were generated and detected 
wirelessly, as shown in Fig. 4e. The detected signals were further pro-
cessed by the median filter to calculate the capacitance of the pressure 
sensor. The system capacitance C0 can be calculated by the detected 
TDE-SWIS signal without connecting capacitive pressure sensors. The 
detailed data processing process was discussed in Materials and methods 

part. Additionally, the capacitance of the pressure sensor under different 
loads was measured by the LCR meter as the standard value. The com-
parison between the reference value and the TDE-SWIS transmitted 
capacitance was shown in Fig. 4f with the low error rate of down to 0.18 
%. The result showed high accuracy and thus can transmit the capaci-
tance value of the pressure sensor effectively. In addition, an integrated 
TDE-SWIS device was designed, which can be directly integrated with 
the commercial sensors to transmit the sensing signal with the charac-
teristics of thin (with a thickness of 43 µm) and flexible, as shown in 
Fig. S10. The integrated TDE-SWIS device-based demonstration was 
shown in Fig. S11 and Video S2. Thus, by combining with TDE-SWIS 
system, the data from capacitive sensors, including but not limited to 
pressure sensors, can be transmitted in a self-powered wireless style 
effectively. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107982. 

2.8. Integrated TDE-SWIS multi-point sensing system 

Except wireless sensing for individual signals, the TDE-SWIS can also 
be applied to distinguish signals from different sensors to realize multi- 
point sensing. To demonstrate the multi-point wireless sensing ability, 
we integrated the inductors with the small-sized TDE-SWIS devices, as 
shown in Fig. 4g. The integrated system consisted of the primary elec-
trode and secondary electrode to collect induced charge from tribo-
electricity, primary inductance and secondary inductance to tune 
inductance, and gap structure for discharge. The printed circuit board 
(PCB)-based TDE-SWIS device with the size of 3 cm × 3 cm and color 
ring inductors were firstly applied to verify the effectiveness of our 
design, which can be further improved by the micro-electromechanical 
systems (MEMS) technology to realize the thin, flexible, and minimized 
device. When applying an input force to slide through the device, the 
wireless signal was detected by the receiver wirelessly, where the 
received signals with different integrated inductance were shown in 
Fig. 4h. The comparison between the experiment result and theoretical 
curve was shown in Fig. 4i, where the experiment result was consistent 
with the theoretical one. Thus, by applying the different inductors, the 
wireless signal from different devices can be distinguished. Based on 
this, the TDE-SWIS array of 2 × 2 can be realized, where the frequency 
discrimination range of different keys was shown in Fig. 4i. The array 
was designed in Figs. S12 and S13, and the working process was shown 
in Video S3. Here, to focus on the whole working process, the data 
transmission and processing time was shortened in the demonstrated 
videos. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107982. 

3. Conclusion 

This work studied the EM and electrical characteristics of the TDE- 
SWIS system and thus demonstrated it as a general self-powered wire-
less sensing solution. By adjusting the system parameters such as resis-
tance, inductance, and capacitance, the natural frequency and damping 
ratio are modulated, which can be characterized by the oscillation base 
frequency/period and decay time in wireless signals, respectively. The 
TDE-SWIS signal modulation can be achieved through the R-based, C 
and L-based, RC-based, and LC-based coupling methods. Based on these 
methods, the TDE-SWIS can couple resistive, capacitive, and inductive 
commercial sensors to transmit the sensed signal of multiple physical 
signals via EM wave in real-time, self-powered, and wireless manners. 
The self-powered wireless temperature and pressure sensing systems 
were demonstrated with different modulation methods. Besides, the 
integrated thin and flexible TDE-SWIS device was designed for different 
application scenarios, and the error rate can be down to 0.18 %. The 
multi-points sensing integrated device was also designed, which showed 
great potential to realize integrated and minimized wireless sensing 
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platforms in the future. To conclude, the TDE-SWIS-based self-powered 
sensing platform demonstrates the advantages of fully self-powered, 
wireless, real-time, long-distance, and high sensitivity, which is gener-
ally applicable for multiple sensors with great potential towards vari-
eties of sensing application scenarios in smart city. 

4. Materials and methods 

4.1. Fabrication and characterization of FS-TENG 

The FS-TENG consisted of the moving part and stationary part. The 
moving part was fabricated to a nitrile butadiene rubber (NBR) block 
with the size of 95 mm by 146 mm by 25 mm. The NBR block was made 
by an NBR film attached to the acrylic and foamed plastic, working as 
the positive material. The stationary part consisted of the acrylic sub-
strate, electrodes, and fluorinated ethylene propylene (FEP) film. Two 
copper electrodes with the size of 95 mm by 150 mm were attached to 
the acrylic plate with the size of 200 mm by 150 mm, working as the 
electrodes, where two wires were connected to the electrodes sepa-
rately. Then, an FEP film was attached to the acrylic plate and electrodes 
layer, working as the negative material. Thus, when there was a relative 
movement between the moving part and the stationary part, based on 
the working principle of triboelectrification and electrostatic induction, 
the high-voltage and low-current outputs were generated on the elec-
trodes. The transferred charges and the output voltage can be measured 
by the electrometers (Keithley 6514). Here, given by the limitation of 
the maximum voltage measurement range of the Keithley 6514, the 
Keithley 6514 was working as a current meter series connected with a 
high resistance (in GΩ scale). Then, the output voltage of FS-TENG can 
be calculated by Ohm’s law. 

4.2. The receiver system 

To avoid the influence generated by the LC resonant in the receiver 
system, a monopole antenna was applied to receive the EM wave 
generated by the triboelectric-discharge effect. The antenna was con-
nected with the oscilloscopes to collect the signal. Here, many oscillo-
scopes were applied to verify and collect the signals, including the 
Keysight DSOX2014A, Tektronix TBS 1102, Tektronix MSO56, and Rigol 
DS1104Z. The oscilloscope was set in pulse trigger mode or edge trigger 
mode when collecting the data. 

4.3. The data processing of the TDE-SWIS-based self-powered wireless 
temperature sensing system 

The data processing mainly consisted of 5 steps. In this demonstra-
tion, we mainly applied the Rigol DS1104Z to collect the EM wave signal 
data. Firstly, the data collected by the oscilloscopes was transferred to 
the computer via the universal serial bus test and measurement class 
(USB-TMC) interfaces. Secondly, the signal pre-processing was applied 
to the transferred data, where the median filter was applied to the signal 
to avoid the influence of the noise. Thirdly, the decay time of the signal 
was calculated. In details, the base value was calculated by the average 
voltage value before the trigger time point of EM signal and the 
maximum value was given by the average voltage value near the time of 
1.25 μs after the high-frequency peak signal. The corresponding voltage 
of the decay time point can be calculated based on the base value and 
maximum value. Then, the average decay time can be calculated by 
finding the points with the closest distance to the decay time corre-
sponding voltage value in the received TDE-SWIS signal. Thus, the decay 
time of the signal was calculated. Fourthly, the corresponding resistance 
of the sensing system can be calculated based on the relationship be-
tween the decay time and resistance, as given by Eq. 10 in the main text. 
Finally, by calculating the corresponding sensor value and decoupling 
the corresponding measured physical signal, the target physical signal 
can be solved. In details, the resistance of the temperature sensor can be 

further calculated by the calculated resistance value of the sensing sys-
tem. Then, the temperature value can be calculated by the formula 
which gives the relationship between the resistance and the tempera-
ture, as given by Eq. 11 in the main text. Thus, the temperature value can 
be calculated. The whole data processing process was realized by the 
Python in PyCharm. The received EM wave signal and the final results 
were further demonstrated by the GUI interfaces. 

4.4. The data processing of the TDE-SWIS-based self-powered wireless 
pressure sensing system 

Before the data processing of the TDE-SWIS-based self-powered 
wireless pressure sensing signal, the pre-calibration was needed. In this 
demonstration, we mainly applied the Rigol DS1104Z to collect the EM 
wave signal data. In the pre-calibration process, the capacitive pressure 
sensor was not connected to the TDE-SWIS system. Firstly, the data 
collected by the oscilloscopes was transferred to the computer via the 
USB-TMC interfaces. Secondly, the signal pre-processing was applied to 
the transferred data, where the median filter was applied to the signal to 
avoid the influence of the noise. Thirdly, the time of each extreme point 
(including the maximum point and minimum point) was calculated. 
Thus, the period can be calculated by the average value of each differ-
ence of corresponding extreme point group. Finally, the system capaci-
tance can be calculated. Here, compared with the system capacitance, 
the inductance mainly came from the external series-connected 
inductor, which was much easier to determine. Then, based the Eq. 6, 
the system capacitance can be calculated. After the pre-calibration, the 
capacitive pressure sensor was connected to the TDE-SWIS system. After 
receiving the TDE-SWIS signal in the receiver system, with the same 
signal processing methods, including the data collection, signal pre- 
processing, and base period calculation, the overall capacitance can be 
calculated by Eq. 9. Then, the capacitance of the pressure sensor can be 
calculated, where the system capacitance has been calculated in the pre- 
calibration process. Finally, compared with the data sheet of the pres-
sure sensor, the pressure value was shown. The whole data processing 
process was realized by the Python in PyCharm. The received EM wave 
signal and the final results were further demonstrated by the GUI 
interfaces. 
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