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Abstract：Self-powered wireless sensor systems are highly sorted for the forthcoming Internet of 

Things era. However, most of the technologies take the route of energy harvesting, storage, and power 

regulation to power wireless sensor systems, which has a limited operation duration due to the low 

energy utilization efficiency of the multiple energy conversions involved. Here, we propose a 

triboelectric nanogenerator (TENG) based fully self-powered, instantaneous wireless sensor system 

which yet does not contain electronic devices and chips, but the passive components only. By integrating 

a capacitive sensor and an inductor with TENG, the pulse voltage output of the TENG is converted into 

a sinusoidal signal containing the sensing information with a resonant frequency and is transmitted to 

the receiver in distance wirelessly and continuously. A precise analytical model is developed for the 

capacitive sensor system with general implication; the oscillating signal generated by the model shows 

excellent agreement with experimental results. A capacitive humidity sensor is then utilized for sensing 

demonstration, showing that the maximum transmission distance of the sensor system is 50 and 90 cm 

for a 1cm diameter magnetic-core coil pair and 20 cm diameter air-core coil pair, respectively. The 

wireless humidity sensor exhibits a sensitivity of 1.26 kHz/%RH, fast response speed, and excellent 
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linearity, demonstrated its great application potential of the self-powered technology.  
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1. Introduction 

The rapid development of the Internet of Things (IoT) and artificial intelligence (AI) has 

imposed great impacts on our daily lives, social activities, manufacturing and environmental 

protection etc. Wireless sensor networks (WSN) are one of the foundations of these advanced 

technologies[1-4]. Microsensors are playing an increasingly important role in modern society 

with widespread applications such as for smart manufacturing, smart home/city, ecological and 

environmental protection and disaster monitoring/controlling etc. Currently, the most 

commonly used environmental sensors include temperature and humidity sensors for air and 

soil quality monitoring, pressure sensors, chemical sensors for pollution monitoring etc.[5-9]. 

These sensors are typically wireless sensors, so that they can be deployed/distributed in 

remote/harsh environments to perform continuous monitoring function wirelessly[10-14]. The 

sensor networks normally are composed of multiple electronic devices and chip modules 

including analogue-digital (AD) converters, signal processing unit, power regulator modules, 

wireless transmission module etc. and of course the sensors[15]. They need electricity to power 

the sensors and electronic devices/chips, and batteries are the choice of power sources for these 

sensor networks. These not only require a lot of resources for periodical replacement of 

batteries before the end of their lifespan, but also cause environmental pollution by the waste 

batteries. These are not in line with the current trend of green and sustainable development.  

The new concept is to develop sensor network systems that are able to collect 

environmental energy to power the systems themselves, realizing self-powered wireless 

sensing[16-22]. However, these types of self-power sensor systems need to harvest energy, 

store it in an energy storage device and then to power the wireless sensor system via voltage 

regulator modules. It involves multiple energy conversion routines, i.e. harvesting-storage-

supplying, making the final energy utilization efficiency very low. It requires a long period of 

pre-operation to store sufficient energy before it can power the sensors and electronics, 
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especially the wireless transmission modules, for a very short period[23-27]. The sensor 

systems are in sleeping mode for majority of the operation time[28], thus the sensed and 

transmitted signals are not continuous and instantaneous, with the latter particularly important 

for crisis and accident monitoring such as bridge damage, flood etc.  

The latest development for self-powered wireless sensor networks is to directly convert 

the energy of sensing variables into signals and transmit them wirelessly to the receiver side, 

with no or very little electronic devices involved as they require energy to operate. This enables 

continuous and instantaneous sensing without losing any sensing information. Recently, we 

developed fully self-powered sensor systems, which are able to perform sensing as well as 

transmitting power wirelessly instantaneously, either by light or by radio frequency (RF)[29, 

30]. The sensor systems have utilized the newly developed triboelectric nanogenerators (TENG) 

[31-34] as the power sources, as well as the sensors. For the RF wireless sensing system, it is 

based on a magnetic resonance signal transmission, with either the TENG as a sensor or the 

sensor integrated into the resonance circuit of the system. Any variation of sensing parameters 

of the sensors would modulate the resonant frequency of the resonant circuit and the signal can 

be wirelessly transmitted through the magnetic resonance-coupled inductor coils. Since there 

is no energy storage and power regulation processes involved, this type of sensor systems has 

very high energy utilization efficiency, instantaneous sensing and signal transmission capability, 

yet has no additional electronic devices/chips but the passive capacitors and coils.  

This work reports a further development of the TENG-based instantaneous, wireless and 

chipless humidity sensor system. An equivalent circuit model is developed for the sensor 

system which significantly simplifies the design of relevant sensor systems suitable for general 

applications. Based on the theoretical model and by utilizing a small ferric magnetic core for 

the transmission coils, a fully self-powered wireless humidity sensor system with much reduced 

coil dimension and longer transmission distance is obtained. The humidity sensor has high 

sensitivity, fast response and excellent linearity, demonstrated its great potential for practical 

application.  

 

2. Results 

2.1 Configuration of the wireless sensor system 

 In this section, we try to develop a circuit model for the TENG-based self-powered 

instantaneous wireless sensor systems suitable for general purposes and applications, i.e. for 

different types of sensing. Fig. 1a shows the schematic configuration of the wireless sensor 

system which, in principle, is similar to what was proposed in our previous work[29, 30]. It 



consists of a TENG integrated with a synchronized microswitch, an L1C1 resonant circuit-based 

transmitter and an L2C2 resonant circuit-based receiver. L1 and L2 are coils for wireless signal 

transmission, C1 is the capacitance of the capacitive sensor which could be any type of sensors 

such as humidity sensor in this work, vibration sensor or force sensor etc., C2 is a tunable 

capacitance on the receiver side, and RL is the load resistance of the receiver. The so-called 

chipless sensor system means that the system contains no additional electronic devices and 

transmission modules (chips), but the passive components of coils and capacitors. The working 

principle of the sensor system is as follows: when the TENG is stimulated by an external force 

such as mechanical vibration, wind etc, a voltage pulse is produced and coupled to the L1C1 

resonant circuit, generating an oscillating signal with an attenuating amplitude[29]. Once the 

system is tuned in resonance, the oscillating signal containing sensing information can be 

transmitted wirelessly to the receiver in distance, realizing wireless sensing. To increase the 

signal amplitude, hence the transmission distance, a microswitch is utilized for the TENG 

system, which can increase the amplitude of TENG output voltage significantly[35, 36].  

 

Fig. 1. (a) Schematic diagram of the TENG based self-powered wireless sensor system, (b) typical 

voltage output of a TENG, (c) typical voltage output of a TENG integrated with a synchronization 

microswitch, and (d) typical received signals when different types of coils are used at the same 

transmission distance. 

 

   Fig. 1b is a typical output of a TENG and Fig. 1c is an output of a TENG integrated with 



a microswitch, showing a much-increased amplitude of the output voltage owing to the much-

reduced discharging time as will be explained later. Fig. 1d shows the typical received signals 

when different types of coils are used with different transmission distances between the two 

coils. From our previous work, it is understood that the coupling coefficient between the two 

coils is the determinant factor affecting the wireless transmission distance of the signal. When 

the diameter of the coils becomes small, the transmission signal becomes weak drastically due 

to the reduced coupling coefficient. To increase the wireless transmission distance and decrease 

the dimensions of the system, small coils with a magnetic core are considered in this work as 

the magnetic core of the coils could increase the coupling coefficient drastically, hence to 

increase the transmission distance.  

 

2.2 Theoretical analysis of WS-TENG 

To derive an equivalent circuit and analytical formulas for the TENG-based self-powered 

wireless sensor system (WS-TENG), theoretical analysis was conducted which then can be 

used in much broader areas with general implication. It is well known that a TENG can be 

equivalent to a variable voltage source and a variable capacitor in series connection. The 

voltage output can be expressed by equ.(1) [37],  

𝑉𝑇𝐸𝑁𝐺 = 𝑥(𝑡)
𝜎

𝜀
                                  (1) 

here σ is the surface charge density of the tribo-materials, ε is the vacuum dielectric constant, 

and x(t) is the distance between the two tribo-material plates which varies with time during 

operation. The variable capacitance of the TENG is shown in equ.(2),  

𝐶𝑇𝐸𝑁𝐺 =
𝜀𝑆

𝑑0+𝑥(𝑡)
                         (2) 

where d0 is the thickness of the dielectric material, and S is the active contact area of the tribo-

materials. The equivalent circuit of the wireless sensor system is shown in Fig. 1a. As 

mentioned above, to increase the output voltage signal amplitude, a synchronization 

microswitch was integrated into the system, which allows the instantaneous discharge of the 

accumulated charges on the surfaces of the tribo-materials[29, 30], that are generated through 

the combined effects of electrification and electrostatic induction[38]. The output voltage of 

TENG with a microswitch, VS, is the discharge curve of a capacitor with time, thus it could be 

expressed as equ.(3), where  is the attenuation factor of the output voltage, and U0 is the output 

peak voltage.  

𝑉S = 𝑈0𝑒−𝜏𝑡                                      (3) 



From electronics point of view, it is known that the signal coupling between two coils can be 

treated as a T-shaped circuitry element with a mutual inductance, M, thus an equivalent circuit 

can be obtained for the wireless sensor system as shown in Fig. 2a, where L1'=L1-M, and 

L2'=L2-M. The receiver side can be represented by the circuit circulated by the dashed blue line 

as shown in Fig. 2a, and its output impedance, Z22, is expressed by equ.(4).  

𝑍22 = 𝑗𝑤 𝑀 /⁄ (𝑗𝑤𝐿2
′ +

1

𝑗𝑤𝐶2
+ 𝑅𝐿)                              (4) 

Z22 is the impedance of the mutual inductance in parallel with the impedance of the receiver 

RLC circuit. Since the mutual inductance value M is very small for the wireless sensor system. 

Z22 can be simplified further as shown in equ.(5) and (6), respectively.  

𝑗𝑤𝑀 << (𝑗𝑤𝐿2
′ +

1

𝑗𝑤𝐶2
+ 𝑅𝐿）                              (5) 

𝑍22 ≈ 𝑗𝑤𝑀                                             (6) 

Assume V1 is the voltage applied across capacitor C1, and V2 is the voltage applied across Z22, 

via Laplace analysis on the simplified circuit diagram and setting Z22=Ms, we obtain equ.(7) 

and (8). 

𝑉1(𝑠) =
(𝐴𝐿1

′ +𝐴𝑀)𝑠

(𝐶1𝐿1
′ 𝑅1+𝐶1𝑀𝑅1)𝑠3+(𝐿1

′ +𝑀+𝐶1𝐿1
′ 𝑅1𝜏+𝐶1𝑀𝑅1𝜏)𝑠2+(𝑅1+𝐿1

′ 𝜏+𝑀𝜏)𝑠+𝑅1𝜏
           (7) 

𝑉2(𝑠) =
(𝐴𝑀)𝑠

(𝐶1𝐿1
′ 𝑅1+𝐶1𝑀𝑅1)𝑠3+(𝐿1

′ +𝑀+𝐶1𝐿1
′ 𝑅1𝜏+𝐶1𝑀𝑅1𝜏)𝑠2+(𝑅1+𝐿1

′ 𝜏+𝑀𝜏)𝑠+𝑅1𝜏
           (8) 

Perform the inverse Laplace transform for V2(s), a time-domain voltage expression can be 

obtained as follows. 

𝑣2(𝑡) = 𝐴𝑒−𝑎𝑡(𝑘1cosℎ(𝑤1𝑡) + 𝑘2sinℎ(𝑤2𝑡)) − 𝑘3𝑒−𝜏𝑡                    (9) 

where 𝐴, 𝑎,  𝑘1, 𝑘2, 𝑘3 and 𝑤1 are defined as follows 

𝐴 =
(𝐴𝐶1𝑅1𝜏𝑀2 + 𝐴𝐶1𝐿1

′ 𝑅1𝜏𝑀)

(𝐶1𝐿1
′ 𝑅1 + 𝐶1𝑀𝑅1)(𝑅1 − 𝐿1

′ 𝜏 − 𝑀𝜏 + 𝐶1𝐿1
′ 𝑅1𝜏2 + 𝐶1𝑀𝑅1𝜏2)

 

𝑎 =
 (𝐿1

′ + 𝑀)

2 𝐶1  𝐿1
′  𝑅1 + 2 𝐶1  𝑀 𝑅1

 

𝑘1 = 1; 𝑘2 =

𝐶1𝑅1 (
𝐿1

′ + 𝑀
2𝐶1𝐿1

′ 𝑅1 + 2𝐶1𝑀𝑅1
−

𝐴𝑀𝑅1

𝐴𝐶1𝑅1𝜏𝑀2 + 𝐴𝐶1𝐿1
′ 𝑅1𝜏𝑀

) √𝐿1
′ + 𝑀

√−𝐶1𝑅1
2 +

𝐿1
′

4 +
𝑀
4

 

𝑘3 =
𝐴𝑀𝜏

𝑅1 − 𝐿1
′ 𝜏 − 𝑀𝜏 + 𝐶1𝐿1

′ 𝑅1𝜏2 + 𝐶1𝑀𝑅1𝜏2
 

𝑤1 = 𝑤2 =

√−𝐶1𝑅1
2 +

𝐿1
′

4 +
𝑀
4

𝐶1𝑅1√𝐿1
′ + 𝑀

 



Since V2 is the voltage across the mutual inductance M, thus the receiver terminal can be further 

simplified into a circuit as shown by Fig. 2b. The voltage on the load resistance RL can be 

easily obtained by a voltage divider and Laplace transform as formula (10), and a time-domain 

waveform can be obtained via the inverse Laplace transform as expressed by equ.(11). 

𝑉𝑜(𝑠) =
(𝐶2R𝐿)𝑠

𝐶2
2𝑠2+(𝐶2R𝐿)𝑠+1

𝑉2(𝑠)                                       （10） 

𝑣𝑜 (𝑡) = 𝐵𝑒−𝑏𝑡(𝑘3cosh(𝑤3𝑡) + 𝑘4sinh(𝑤4𝑡)) ∗ 𝑣2(𝑡)                  （11） 

Where 𝐵, 𝑏,  𝑘4, 𝑘5,  𝑤1, and 𝑤2 are defined as follows 

𝐵 =
𝑅𝐿

𝐿2
′ ; 𝑏 =

𝑅𝐿

2𝐿2
′ ; 𝑘4 = 1; 𝑘5 =

√𝐶2𝑅𝐿

2√𝐶2𝑅𝐿
2

4 − 𝐿2
′

; 𝑤1 = 𝑤2 =

√𝐶2𝑅𝐿
2

4 − 𝐿2
′

√𝐶2𝐿2
′

 

The definite solutions for V1, V2 and V0 can be easily obtained when specific elementary 

values are used. One example is shown in Table 1 for the capacitive humidity sensor-based 

system. Here, all the parameter values were based on the real design. R1 is the internal 

resistance of the TENG, which is about ~15 kΩ determined by the measurement as is shown 

later. C1 is the capacitance of the sensor, which depends on the humidity level and is to be 

sensed by the sensor system. For the design of the system, the initial humidity is 30 %RH, C1 

is 328 pF as is shown later. For the resonance transmission, the receiving end capacitance C2 

must be equal to the emitter capacitance C1, i.e. C2=C1=328 pF. The inductance value of both 

the transmitting and the receiving coils L1, L2 is set to be 55.5 μH for the frequency required. 

The diameter of the coils is D=1 cm, the transmission distance is d=10 cm and RL=300 Ω is 

the actual value used in the experiment. The mutual inductance coefficient M=1.4 μH is 

calculated based on equation shown later. The expressive formulas for V1(t) and V0(t) are as 

follows; 

𝑉1(𝑡)= 0.0093𝑒−(1.5152×105)𝑡(𝑐𝑜𝑠( 7.3144×106𝑡) + 1.3354×104 𝑠𝑖𝑛( 7.3144×106𝑡) − 0.0093𝑒−550𝑡 

𝑉𝑜(𝑡)=1.6772×10−8𝑒−550𝑡 − 0.866𝑒−3.6496×106𝑡(𝑐𝑜𝑠( 6.4790×106𝑡) + 42.6665 𝑠𝑖𝑛( 6.4790×106𝑡)) 

+0.0865𝑒−1.5152×105𝑡(𝑐𝑜𝑠( 7.3411 × 106𝑡) + 37.1776 𝑠𝑖𝑛( 7.3411 × 106)) 

The transmitted signal V1(t) and the received signal V0(t) can be calculated with the results 

shown in Fig. 2c&d for this humidity sensor system. From the figure, it is clear that an 

oscillating signal is generated using the pulsed voltage output from the TENG, consistent with 

the experimental observation. The oscillating signal received by the receiver has the same 

resonant frequency as that of the transmitted one with a much-reduced amplitude due to the 

loss in air and the Ohmic loss via the resistances of the coils and other parasitic ones. It is clear 



that the equivalent circuit can reproduce the signals of the L1C1 resonant circuit and the receiver 

terminal respectively, indicating our equivalent circuit model and the analytic formulas are 

correct and accurate, and can be simply used for designing this type of TENG-based self-

powered wireless sensor systems.  

 

Fig. 2. (a) T-type equivalent circuit for the TENG-based wireless sensor system, VTENG is the output 

voltage signal of TENG, (b) Simplified equivalent circuit of the WS-TENG receiver, (c) and (d) are the 

calculated transmitting waveform (V1) and receive waveform (Vo) of the sensor system, respectively. 

Table 1: parameters of the wireless sensor system. 

Capacitance C1 Variable 

Capacitance C2 328 pF 

Transmission distance, d 10 cm 

Diameter of coil 1, D 1 cm 

Diameter of coil 2, D 1 cm 

Inductance L1 55.5 μH 

Inductance L2 55.5 μH 

Load RL 300 Ω 

R1 15 kΩ 

Mutual inductance M 1.4 μH 

Coil type Magnetic core 

 

2.3 Performance of PA66 /FEP tribo-materials based TENG 

As pointed out by our previous work [29, 30], TENG with higher voltage output is 



advantageous for this type of wireless sensor systems with longer transmission distance. To 

realize a long-distance transmission, it is necessary to utilize high-performance TENG [39, 40]. 

In this work, we utilized a high-performance TENG for this sensor system by using 

commercially available fluorinated ethylene propylene (FEP) composite as the negative 

triboelectric material and nylon-66 (PA66) as the positive triboelectric material. A diode 

(1N4007) was connected between the aluminum electrodes of the two tribo-plates, which 

enables electrons to flow back to the metal electrode when the synchronized microswitch is 

used in the TENG [35].  

The contact-separation mode TENG was utilized for this work, the device configuration 

and the photo image of the TENG device are shown in Fig. 3a. The FEP film has a thickness 

of 100 μm and is glued on the surface of an acrylic support layer by a double-adhesive 

aluminum tape with a thickness of 100 μm to form the negative tribo-plate. The PA66 

membrane has a thickness of 200 μm, and is also adhered on a double-adhesive aluminum tape 

as the positive tribo-material fixed on an acrylic support layer. The active device area of the 

triboelectric nanogenerator is 5×5 cm2. Detailed fabrication process and device structure can 

be found in Method. 

Fig. 3b show the working principle of the TENG. When the two tribo-plates of the TENG 

is contacted, the microswitch is open and electrons flow from the FEP terminal to the PA66 

terminal through the diode. At the separating stage, the circuit is open and the potential between 

the two tribo-plates increases with the separation distance due to accumulated charges on the 

surfaces of the tribo-materials that can’t flow through the reversely connected diode. When the 

separation distance reaches the maximum, the microswitch is closed and electrons flow from 

the FPE plate to PA66 plate through the external circuit with a load instantaneously.  

Without the microswitch, the TENG has a typical peak output voltage of 910 V when it is 

operated under a force of 50 N, a frequency of 2 Hz, and a spacer of 4 mm as shown in Fig. 3c. 

The energy harvested is about 105 μJ/cycle at this condition. The device was tested under 

various load resistances, the corresponding voltage outputs are summarized in Fig. 3d. which 

also shows the instantaneous power output as a function of load resistance, where the power 

was calculated by P=U2/R. The maximum peak power reaches 12 mW, corresponding to a peak 

power density of 4.8 W/m2, at the match load of ~50 MΩ. More characterization results can be 

found in Supplementary Information (SI), Fig. S1. We found that pre-friction can be used to 

inject charge into PA66 and FEP to enhance the TENG performance significantly, with the 

maximum output voltage increased from 910 V to 1700 V. Details about the charge injection 

into PA66 and FEP are presented in section 2 and Fig.S2 in SI. To clearly demonstrate the 



magnificent role of the microswitch in the sensor system, the charge injection was not used in 

the following experiments. If both the pre-friction charge injection and microswitch were used, 

it simply generated high voltages >>2500 V, which led to ionization of air between the two 

triboplates, resulting in unstable TENG performance and unclear understanding of the 

microswitch role.   

 

Fig. 3(a) High-performance TENG device structure and a photo image of the TENG, (b) the operating 

sequences of the TENG. (c) The voltage output of the TENG without microswitch under a force of 50 

N, a frequency of 2Hz, and a spacer of 4mm; (d) The output voltage and peak power of the TENG under 

different loads; and (e) The voltage and peak power output of the TENG with a microswitch integrated 

as a function of load resistance. 

 

The large internal resistance makes the TENG difficult to match input impedance of the 

external circuit directly, particularly the resonant circuit used in this sensor system, whose 

impedance is typically a few kilohms. To optimize the matching impedance of the TENG 

device with the resonant circuit of the sensor system and to increase the voltage output, a 

synchronization microswitch was integrated into the TENG in series connection. By using this 

synchronic microswitch, the TENG is effectively isolated from the circuit for most of the 

operation time, and the microswitch is closed only when the top triboelectric plate is returned 

to the maximum separation distance, then the accumulated charge discharges instantaneously 

in a much shorter time than that without the microswitch, and results in much higher output 

voltage and peak power density[30, 35]. This is particularly advantageous to maximize the 

output power to the resonant circuit.  

Fig. 3e shows dependence of the voltage and peak power output on load resistance for the 



TENG integrated with a microswitch. The match resistance of the TENG outputs has been 

successfully reduced from 50 MΩ to about 15 kΩ, the output voltage increased to about 1400 

V, and the instantaneous peak power reached 40 W, corresponding to a peak power density of 

16000 W/m2, much higher than that of the TENG without the microswitch. Moreover, with the 

much-reduced match load resistance, this TENG can be connected with the resonant circuit 

with a maximum power input for the resonant circuit, hence making the wireless sensor system 

working with high efficiency and relatively longer transmission distance. It should be pointed 

out that the harvested energy would be similar for both the TENGs with and without the 

microswitch, the very large voltage and peak power outputs are attributed to the very-short 

discharging time for the same amount of charges. 

 

2.4 Humidity response of the wireless sensor system 

A capacitive humidity sensing experiment was conducted to demonstrate the wireless 

sensing capability of the sensor system. The humidity sensor used in this work is a 

commercially available capacitive sensor HS1101. To increase the capacitance range of the 

humidity sensor and the capacitance variation upon the humidity change, two sensors are 

connected in parallel here as shown in Fig. 4a, with a total capacitance of about 328 pF at 

30 %RH (this was used for the equivalent circuit simulation, Table 1). The configuration of the 

sensor system is schematically shown in Fig. 1a, with the humidity sensor located at the C1 

position to form the wireless sensor system. The humidity sensor was placed in a hermetic box 

and its humidity was controlled by varying the flow ratio of dry N2 and wet N2 into the box.  

The capacitive humidity sensor was fixed in the humidity-controlled box and the 

capacitance response of the sensor was characterized under various humidity. Fig. 4(b) shows 

the capacitance value of the sensor as a function of humidity, which varies in the range between 

321 to 364 pF when the humidity is in the range of 20 %RH – 80 %RH. As it can be seen that 

the capacitance of the sensor is linearly correlated to humidity for the humidity range measured.  

The oscillating frequency of the signal of the transmitter is determined by[30],  

𝑓 =
1

2𝜋√𝐿1(𝐶1+𝐶𝑇𝐸𝑁𝐺)
                        (12) 

Here C1 is the capacitance of the sensor, CTENG is the capacitance of the TENG when the 

separation distance of the two plates is at the maximum distance, i.e. 4 mm in this work, and 

L1 is the inductance of the coil with a value of 55 μH (magnetic core, 1 cm diameter). The 

sensor system was designed initially based on a capacitance value of C1=328 pF for the 

humidity sensor at a humidity level of 30 %RH. With the circuit parameters shown in Table 1, 



the resonant frequency of the transmitter can be calculated to be 1.13 MHz. Fig. 4c is a 

comparison of the generated oscillating signal of the experimental result and theoretical 

calculation using the derived formulas above at the humidity of 30 %RH, demonstrated 

excellent agreement between them, again indicating the accuracy of this analytical model and 

formulas. Fast Fourier transfer (FFT) analysis was then used to analyze the spectra of the 

signals to identify the resonant frequencies at different humidity levels with the result shown 

in Fig. 4d. When the humidity varies, the sensor capacitance changes and the resonant 

frequency of the oscillating signal varies in turn, which can be detected by the receiver in 

distance, realizing instantaneous wireless sensing. With humidity rising, the resonant frequency 

shifts to low values due to the increased capacitance of the sensor, and the dependence of the 

resonant frequency of the transmitter on humidity is summarized in Fig. 4b by the pink colored 

dots and line, showing a good linearity for the humidity range measured. 

 

Fig. 4. (a) A photo image of the humidity sensor installed in the hermetic box for humidity sensing, (b) 

the capacitance value of the humidity sensor and resonant frequency of the sensor system as a function 

of humidity, (c) comparison of the theoretically calculated oscillating signal with a damped amplitude 

and the experimental result at the humidity of 30 %RH, which shows an excellent agreement between 

them, (d) The FFT spectra of the received signals at various humidity levels, (e) humidity response of 

the wireless humidity sensor system to cyclic change of humidity, and (f) humidity response of the 

wireless humidity sensor system to step change of humidity. 

 

Fig. 4e shows the response of the humidity sensor system when the humidity is varied 

cyclically. With the humidity changes back and forth from 20 %RH to 80 %RH, the resonant 



frequency of the receiver of the sensor system also changes accordingly. The response time of 

the sensor system is fast, in a few seconds limited by the humidity sensor itself, which is 

sufficiently fast for continuous monitoring of environmental humidity. Fig. 4f shows the 

responses of the sensor system to a step variation of humidity, the response of the frequency is 

instantaneous and stable. Both of the results demonstrate the excellent stability and 

repeatability of humidity sensing and its instantaneous wireless sensing capability. 

 

2.5 Effect of TENG device size on sensor response 

As shown by equ.(12), the oscillating frequency of the sensor system is dependent on the 

capacitance of the sensor and that of the TENG when the microswitch is closed. Under the 

conditions of Table 1, the effect of TENG size on the performance of the sensor system was 

investigated with the results shown in Fig. 5a&b with the same capacitive sensor and humidity. 

The maximum amplitude, VPP, of the oscillating signal at the receiver side is magnified by 

about 2.5 times from ~6 V to ~14 V when the tribo-plate active area increases from 2×2 cm2 to 

8×8 cm2
 with a fixed transmission distance of 10 cm. It can be seen that the larger the plate, the 

greater the amplitude of the received signal. This is beneficial for the longer distance 

transmission of sensing information. The significant improvement of the signal amplitude is 

attributed to the increased amount of charges which is proportional to the tribo-plate area as 

indicated by equ.(1). The effects of the device size on the oscillating frequency of the system 

was also investigated. The FFT power spectra of the signals with different tribo-plate areas are 

shown in Fig. 5b. The amplitude increases with active area of the TENG, showing that the 

larger the plate, the longer the signal transmission distance. Moreover, it can be seen that the 

resonant frequency decreases with the increase in tribo-plate size as expected from equ.(12). 

But this effect can be controlled and designed by using known dimensions of tribo-plates, 

which allows precise calculation of the value of CTENG and determination of the resonant 

frequency during design. The frequency variation of the sensor system with humidity change 

of these three different size TENGs is shown in Fig. 5c, all of them show good linearity for the 

humidity level measured. The sensitivity of the humidity sensor is defined as, 

   S = f/H          (13) 

Here f is the frequency shift, and H is the change of the relative humidity. From Fig. 5c, the 

sensitivity of the wireless humidity sensor can be calculated to be about 1.26 kHz/%RH, and it 

remains constant for TENGs with different sizes, though the initial resonant frequency 

decreases with the increase of TENG size due to the increased capacitance.  



 

Fig. 5. (a) Time domain transmitted signals of the sensor system with different TENG sizes, with the 

increase of TENG size, the amplitude of transmitted signal increases, (b) the FFT spectra of the 

transmitted signals with different TENG sizes, the resonant frequency down-shifted slightly with the 

increase of TENG size, and (c) dependence of the resonant frequency of the sensor system on humidity 

with the TENG size as a variable, all of them showed excellent linearity.  

 

2.6 Influence of coil inductor on wireless sensing  

The radius of the transmitting and receiving coils, and the distance between the coils have 

a great influence on the transmission signals. The relevant variable is the coupling coefficient, 

k, of the coils, which can be expressed by the following formula.[30] 

𝑘 =
𝑀

√𝐿1𝐿2
                                      (14) 

M is the mutual inductance of the coils. For the selected coils, the inductance values L1 and L2 

are constants, and the only variable is the mutual inductance M of the coils. The value of M is 

determined by the geometry, diameter and the number of turns of the coils, and the mutual 

position between the coils, and is independent of the current in the coils. The mutual inductance, 

M, of the coils can be obtained by equ.(15)[41], 

𝑀 =
𝜇0𝑖

4𝜋
∮ ∮

𝑑𝑙1⋅𝑑𝑙2

𝑟1221
                                 (15) 

where i is the magnitude of the current in the first coil, dl is an element of the coil and r12 is the 

distance from the element dl1 to the element dl2[41]. Once the mutual inductance value is 

obtained, then the mutual inductance coefficient, k, can be calculated based on equ.(14).   

For better and longer distance signal transmission, large coils were used in our previous 

work[30]. In this work, a pair of 1cm coils with a magnetic core was used to improve the 

transmission distance (d), so that to reduce the dimension of the system. The 1cm and 20 cm 

air-core coils were also used to compare the signal transmission ability. Fig. 5a shows the 

normalized coupling coefficient, k, as a function of distance (d) for the three types of 



transmission coils. For all the coils, the normalized coupling coefficients decrease drastically 

as the transmission distance increases. As shown in the figure, the normalized coupling 

coefficient of the magnetic core coils is much larger than that of the air-core coils with the same 

diameter.  

The coupling coefficients of the air-core coils decrease quickly with the distance compared 

with that of the magnetic-core coil, and the transmission signal becomes so weak for the 1cm 

diameter air-core coils at a distance about d=10 cm merely, it is not possible to obtain 

measurable signal. Whereas the transmission signal for the 20 cm diameter air-core coils at the 

same distance is relatively stronger because of the larger diameter of the coil. On the other hand, 

for the sensor system with a pair of 1cm diameter magnetic core coils, the coupling efficient 

becomes much stronger, about two orders of magnitudes larger compared with that of the 1cm 

diameter air-core coils. Fig. 5b is the filtered signal of different diameter air-core coils at the 

same coil distance of 10 cm, shows that the signal amplitude, VPP ~8 V, received by the 20 cm 

diameter air-core coil is much greater than that (VPP ~0.1 V) by the 1cm diameter air-core coil. 

It indicates that the system with larger diameter coils is able to transmit signal for longer 

distance. The 20 cm air-core coil can transmit the sensing signals up to 90 cm (d/D=4.5) as 

shown in Fig. 5c.  

 

Fig. 6. (a) Coupling coefficients as a function of distance for the magnetic-core coils with a diameter of 

1 cm and the air-core coils with diameter of 1 cm and 20 cm respectively. (b) is the comparison of 

filtered signals of different diameter air-core coils at the same distance (d = 10 cm), (c) is the received 

signal of the 20 cm air-core coils at distance of 90 cm, (d) is the comparison of filtered signals of 



different types of coils (magnetic-core and air-core) with the same diameter at the distance of 10 cm, 

(e) is the transmission signal of the 1 cm magnetic-core coil sat distance of 50 cm, (f) is resonant 

frequency of the received signal as a function of humidity by the 1 cm magnetic-core coils at the distance 

of 10 cm and 50 cm respectively. Although the signal amplitude decreases significantly for the distance 

of 50 cm, the resonant frequency remains unchanged. 

 

Although increasing the coil diameter could increase the transmission distance, it will 

make the sensing system larger, not good for application. To increase the transmission distance 

without increasing the dimension of the sensor system, utilization of magnetic core coils would 

be a good solution. Fig. 5d is the comparison of the filtered signals of different types of coils 

(magnetic-core and air-core) with the same diameter (D=1 cm) at the same transmission 

distance (d=10 cm). This clearly shows that, at the same transmission distance and the same 

coil diameter, the signal amplitude transmitted by the magnetic coils is much greater than the 

air-core coil. For the magnetic-core coils with 1cm diameter, the system can transmit signals 

up to 50 cm (d/D=50) as shown in Fig. 5e, with the amplitude of VPP ~250 mV, sufficiently 

large for electronic device to sense and process. The results indicate that the magnetic core of 

the coils can improve the wireless transmission capability of the sensing system significantly. 

It should be pointed out that there is a high frequency component in the received signals due to 

the parasitic capacitance and inductance, which can be eliminated either by careful tuning of 

the circuit or using a filter to remove it at the signal processing stage as schematically explained 

in Fig. S3 in SI. 

Fig. 5f is the wireless humidity response received by the 1 cm magnetic-core coils at the 

distances of 10 cm and 50 cm respectively. The resonant frequency of the signals received at 

different distances remains unchanged though the amplitude becomes smaller as the coil 

distance increases. This result further indicates the feasibility of long-distance wireless sensing 

of the sensor system. The setup for these two sensor systems with 1 cm magnetic core coils and 

20 cm air-core coils respectively are shown in Fig. S4 in SI for clarity, clearly show the much-

reduced diameter of the sensor system. Obviously, using a magnetic core coil or increasing the 

diameter of the coil can increase the signal transmission distance. When the coil diameter is 1 

cm, the transmission distance of the magnetic-core coil is more than five times longer than that 

of the air-core coil. If a larger diameter magnetic-core coil is used, then the signal transmission 

distance can be increased to about 5 meters. 



 

3. Conclusions 

In this work, a TENG-based self-powered wireless and chipless sensor system has been 

proposed and demonstrated with a capacitive humidity sensor. A mathematical model and 

equivalent circuit have been developed for the sensor system with general implication. 

Analytical solutions have been derived for the voltage output received by the receiver terminal. 

A high-performance TENG integrated with a synchronization microswitch for impedance 

match with the resonant circuit was fabricated and assessed using PA66 and FEP as the positive 

and negative triboelectric materials respectively. The maximum output peak voltage and the 

peak power density of this TENG with the microswitch reached 1400 V and 16000 W/cm2 

respectively. The TENG-based self-powered wireless humidity sensor system was designed 

and characterized. The sensor system possesses a fast response speed with stable and repeatable 

responses to humidity changes, and has a good linearity for the humidity level assessed, with 

a sensitivity of ~1.26 kHz/%RH. Furthermore, by using magnetic-core coils with a diameter of 

1 cm, the transmission distance of the sensor system can reach up to 50 cm. The use of magnetic 

core coils significantly reduces the dimensions of the sensor system and increases the wireless 

sensing distance, beneficial for widespread application of this type of sensor systems. This 

work has demonstrated the feasibility of the self-powered instantaneous wireless and chipless 

sensor system with excellent capability for application. 

 

4. Methods 

4.1 Fabrication of TENG  

The sensor system is shown in Fig. 1(a), which consists of a TENG, magnetic resonance-

coupled wireless transmission device, and a capacitive humidity sensor. The TENG was 

fabricated using fluorinated ethylene propylene (FEP) membrane as the negative triboelectric 

material and nylon-66 (PA66) as the positive triboelectric material. The FEP film with a 

thickness of 100 μm was purchased from Dupont. It was cut into a square of 5×5 cm2 and glued 

on the surface of a commercial acrylic support layer by a double-adhesive aluminum tape to 

form the negative tribo-plate. The PA66 membrane with a thickness of 200 μm was purchased 

from Dupont, and similarly was cut into a square of 5×5 cm2 and glued on the surface of an 

acrylic plate by a double-adhesive aluminum tape to form the positive tribo-plate. The 

schematic diagram of the fabrication process is shown in Fig. S5 in SI. 

 

4..2 Characterization instruments 



A linear motor (H01-48 × 250) was utilized to control the cyclic contact force, frequency, 

and distance, which is able to control the force, contacting frequency, and traveling distance. 

The output voltages of the TENG were measured using an oscilloscope (Tektronix MDO3022). 

The capacitive humidity sensor HS1101 was placed in a hermetic box with two through-holes 

for humidity N2 gas to pass through for humidity sensing. The relative humidity in the box was 

controlled by changing the flow ratio of dry N2 and wet N2 into the box, while keeping the total 

flow rate at a constant value of 500 sccm. A hygrometer (TASI-621) was used to monitor the 

humidity in the box. The schematic diagram of the setup for humidity sensing is shown in Fig. 

S6 in SI. 
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Fully self-powered instantaneous wireless humidity sensing system based 
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1. Characteristics of TENG 

Fig. S1a shows the peak voltage output of the TENG as a function of force applied, which 

increases with the increase of force continuously, because of the increased friction between the 

two tribo-materials with the increased force, as well as the surface charge density of the tribo-

materials. The TENG was used to charge a 100 μF capacitor using a standard bridge type 

rectification circuit, and voltage of the capacitor increases rapidly and reaches up to 50 V in 

about 20 sec as shown in Fig. S1b, demonstrating the superior performance of the TENG. 

  

Fig. S1. (a) is the output voltage of the TENG as a function of force applied, and (b) is the voltage of a 

100 μF capacitor as a function of charging time when the TENG is used to charge the capacitor. 

 

2. Charge injection by pre-friction to enhance performance of the TENG 

Charge injection was found to increase the surface charge density, hence enhance 

performace of TENG which can be achieved by pre-rub the tribo-plates used for the TENG 

fabrication in this work. If positive triboplate is rubbed with other negative materials, it makes 

the positive triboplate lose some electrons in advance. Similarly, tif he negative triboplate is 

rubbed with other positive materials to gain some electrons in advance. When they are 

assembled into TENG and operated under periodic pressure, the positive triboplate and 



negative triboplate with pre-friction in advance will lose and gain more electron. Therefore, the 

electric potential difference between the tribo-plate is increased and the output performance of 

TENG is improved. In this work, the PA66 was rubbed with PTFE, while the FEP was rubbed 

with carbon film. The pre-rubbed PA66 and FEP membranes were used as positive triboplate 

and negative triboplate, respectively, as shown in Fig. S2(a). 

Comparison of output signal of TENG with and without charge injection at the same condition 

is shown in the Fig.S2(b). The corresponding voltage and instantaneous power outputs versus 

various load resistances were investigated for the devices with and without charge injection, 

with the results shon in Fig. S2(c). It shows that performance of the TENG has been improved 

significantly. The maximum output voltage is increased from 910 V to 1700 V after charge 

injection by pre-friction. The maximum peak power reaches 24 mW, corresponding to a peak 

power density of 9.6 W/m2, at the match load of ~40 MΩ (Uninjected charge is about ~50MΩ). 

 

Fig. S2. (a) Schematic diagram of charge injection by pre-rubbing method. (b) Comparison of output 

signal of TENG with and without charge injection at the same test condition. (c) Output voltage and 

peak power density of the TENG with charge injection as a function of load. 

 

3. High frequency component on the received signal and filtering 

When the receiving circuit receives a signal, the parasitic factors (parasitic capacitance, 

parasitic inductance, and parasitic resistance) in the circuit will generate an oscillating signal 

with high-frequencies.[1] Fig. S3(a) is a typical receiving circuit received signal. Fig. S3(b) is 

high frequency component part of original signal. High frequency components can be removed 

with the Chebyshev low pass filter at the receiving terminal, or treated at the signal processing 



stage. 

 

Fig. S3. (a) Typical receiving circuit receives signal. (b) High frequency component part of original 

signal. 

 

4. Configuration of the wireless sensor system 

Fig. S4 shows photos of the wireless humidity sensor systems having a pair of magnetic-core 

coils with the diameter of 1cm (a) and air-core coils with a diameter of 20 cm (b), respectively.  

 

Fig. S4. Photos of the wireless humidity sensor system, (a) having a pair of magnetic-core coils with a 

diameter of 1cm; and (b) with a pair of air-core coils with a diameter of 20 cm. 

 

5. Fabrication process of TENG 

 



Fig. S5. Schematic diagram of the fabrication process of TENG. 

 

6. Precise control of humidity 

The humidity in a hermetic box was controlled by varying the dry N2 gas to wet N2 gas ratio 

into the box. Fig. S6 shows the schematic diagram of the measurement setup for humidity 

sensing. 

 

Fig. S6. Schematic diagram of the setup for humidity sensing. 
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