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Abstract: Nowadays, the applications of the triboelectric nanogenerator in sensing and monitoring
sports experience a blooming prosperity. Here, we report a flexible and lightweight triboelectric
nanogenerator (FL-TENG) made of hydrogel electrodes, polytetrafluoroethylene (PTFE), PDMS,
and polyurethane (PU). Based on the triboelectric effect, the FL-TENG can work as a self-powered
sensor attaching to taekwondo protective gear, which can be used to monitor athletes’ competition
performance and improve the fairness of the competition. In addition, the FL-TENG can drive
micro-wireless devices for wireless transmitting sports data during the competition in real time.
This kind of sustainable green self-powered sensor provides a new path for the field of sports
competition monitoring.

Keywords: self-powered; sustainable energy storage; human motion monitoring; portable sensor;
triboelectric nanogenerator

1. Introduction

With the rapid development of artificial intelligence, big data, intelligence, automation,
etc., [1–8], all of these have affected all aspects of people’s activities, such as smart homes,
unmanned supermarkets, unmanned buses, earthquake warnings, environmental quality
monitoring, and so on [9–18]. Similarly, there are big changes in the field of sports as they
enter the era of digitalization and intelligence, such as the real-time monitoring of athletes’
heart rate, blood pressure and blood lactate, virtual reality training, and body composition
testing [19–23], all of which help athletes in their daily training and competitive ability.
Recently, the issue of fairness and impartiality of refereeing in taekwondo competitions has
aroused heated debates, and it is common for athletes and coaches to complain about the
lack of reasonableness of refereeing decisions during traditional competitive taekwondo
competitions. The use of electronic chips in inductive electronic protective gear in taek-
wondo competitions has greatly improved the brilliance, achievements, and fairness of
competitive taekwondo competitions [24]. However, the use of electronic protective gear
also exposes the problems of short device life, heavy weight, long debugging time, and low
sensitivity. In order to better develop taekwondo, it is necessary to develop a sustainable,
time-saving, lightweight, and sensitive sensing device.
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In recent years, most of the numerous studies about sensors still use traditional batter-
ies for energy storage and power supply. Although battery-driven sensor devices are widely
used in many fields, in the field of wearable sensing devices, especially for motion monitor-
ing, battery-driven sensors have certain limitations due to their size and weight. Recently
reported research on thermoelectric and triboelectric technologies provides more options to
address self-powered sensing, such as thermoelectric devices for personal thermal manage-
ment, which automatically regulate human body temperature while also collecting waste
heat generated by the human body for energy storage [25–27], and triboelectric technolo-
gies to convert and store energy from natural wind, water, and motion mechanical energy.
Thermoelectricity and frictional electricity as advanced self-powered sensing technologies
demonstrate their respective advantages in different fields. Since Professor Zhonglin Wang
invented the triboelectric nanogenerator in 2012 [28], the triboelectric nanogenerator has
been widely used in the collection of environmental energy sources [29–35], motion infor-
mation monitoring [36–39], and medical monitoring [40–44] because of their demonstrated
excellent working performance, sustainability, simple structure, diverse materials, and
green environment. It has been.demonstrated that a soft-contact spherical triboelectric
nanogenerator, which increases the output charge by increasing the contact area, can be
used to obtain blue energy from ocean waves [45]. Based on a simple and effective strategy,
natural wood can be transformed into triboelectric materials with excellent mechanical
properties, which can be used for self-powered sensing in a big data analysis of motion [46].
The triboelectric nanogenerator with an integrated facemask can be used for respiratory
monitoring [47]. Triboelectric nanogenerators can be used as both energy harvesting and
signal transmission devices, and they are characterized by small size, lightweight, stable
operating performance, and high sensitivity. This provides a new idea to solve the defective
problem of electronic protective gear in competitive taekwondo.

In this study, we report a triboelectric nanogenerator (FL-TENG) with transparent
polytetrafluoroethylene (PTFE) film and transparent polyurethane (PU) film as the friction
layers, polydimethylsiloxane (PDMS) as the support layer, and hydrogel as the electrode.
It can be attached to the inner layer or surface of the taekwondo protective gear, and
through the triboelectric effect, it converts the mechanical energy of strikes into electrical
energy, which can drive the body and transmit signals at the same time, and also monitor
the position and strength of the player’s strike position. In addition, as the material of
taekwondo protective gear is polyurethane (PU), the triboelectric device can also directly
establish a friction layer with the taekwondo protective gear, reducing the use of materials
and reducing the weight of the device. Hydrogel, as a flexible electrode, is low in production
cost, simple, and stretchable. The stretchable property of the hydrogel ensures that the
electrodes will not be broken under the violent impact, thus further improving the device
life and stability of the device. Therefore, the combination of this device and taekwondo
protective gear makes up for the short life span, heavyweight, long debugging time, and
low sensitivity of electronic protective gear, and at the same time, this device can help
the referee to judge whether the attack is effective, whether the action is foul, assist the
referee to score, help the coach to analyze the athletes’ strike point distribution, attack
rhythm, and effective scoring action, to comply with the principle of competitive needs
and scientific arrangement of the athletes’ training. In general, the developed work and
related technology of the FL-TENG solves the problem of defects in the existing taekwondo
electronic protective gear. The combination of FL-TENG and wireless transmission systems
provides a boost for sports competition monitoring and training and even provides a
reference for the development of intelligence in the field of infinite sport big data and in
the field of human–computer interaction.

2. Experiment
2.1. Materials

Polyurethane (PU) film was purchased from Dongguan Jinda Plastic Insulation Ma-
terial Shop (Dongguan, China). Transparent PTFE was purchased from Taizhou Huafu
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Plastic Industry Co., Ltd. (Taizhou, China). N, N-dimethylformamide (DMF), deionized
water, acrylamide (AM), lithium chloride (LiCl), N0, N0-methylene diacrylamide (MBA),
ammonium persulfate (APS), and N0, N0, N0, N0-tetramethylethylenediamine (TMLD)
were purchased from Jintong Loctite (Beijing, China). Dow Corning DC184 was purchased
from Xinheng Trading Co., Ltd. (Tianjin, China).

2.2. Production of FL-TENG

PDMS support layer fabrication: First, PDMS solution and curing agent were mixed in
a 10:1 weight ratio and stirred for 2 min to make them well mixed. Next, the mixed solution
was shaken for 10 min using a water bath ultrasonic oscillator to remove air bubbles. Finally,
after shaking for 10 min, we poured it on the mold and dried it in a blast drying oven at
80 ◦C for 15 min to get the PDMS support layer.

Preparation of hydrogels: AM as monomer, MBA as cross-linker, APS as initiator, and
TMEDA as the catalyst. First, 35 mL of pure water and 5 mL of deionized water were
weighed and mixed, and 12 g of acrylamide powder and 14 g of lithium chloride particles
were added to them and stirred using a magnetic stirrer at 800 rpm to obtain 4.23 mol/L
and 8.24 mol/L of mixed AM and LiCl solutions. Next, 0.04 mol/L APS and 0.03 mol/L
MBA were added to the mixed solution simultaneously to obtain the pre-solution. Finally,
the pre-solution was poured on the mold, and a drop of TMEDA was added to accelerate
the association of the hydrogels to obtain PAAM-LiCl hydrogels.

Complete fabrication of the device: Firstly, PU film and PTFE film of the same size
were cut according to the size of the PDMS support layer, respectively. Secondly, the
hydrogel electrodes were cut according to the size of PU and PTFE films, and the hydrogel
electrodes were closely laminated with PU and PTFE films to form the two friction layers
of TENG. Finally, the PTFE film is used as the electronegative layer, the flexible PDMS is
used as the middle support layer to facilitate the contact and separation of the two friction
layers, and the PU film is used as the electropositive layer. The three layers are stacked
sequentially and are fixed at both ends with tape to form the complete device.

2.3. Characterization and Measurement

The FL-TENG is fixed to a stepper motor to simulate a taekwondo competition strike.
The performance of the FL-TENG was tested using different amplitudes and frequencies.
The sensing signals were generated by the FL-TENG and acquired by an oscilloscope
(Shenzhen sto1102c, Shenzhen, China). The morphology and structure of the PU film
were performed by an optical microscope (sunshine instrumentation co., SDPTOP-CX
40 m, Ningbo, China). The cross-sectional morphology and structure of the device were
performed by a scanning electron microscope (HITACHI S-4800).

2.4. Data Acquisition System

The performance of FL-TENG plays a decisive role in the feasibility of the application
of self-powered sensing. To test the electrical performance of FL-TENG, we designed a data
acquisition system. The data acquisition system consists of two parts; one is an electrical
signal generation system driven by a stepper motor. FL-TENG is attached to a fixed baffle,
and by setting the stepping frequency and stepping distance of the stepper motor the
frequency and angle change of the FL-TENG contact separation is controlled. FL-TENG
collects and converts the mechanical energy generated by the stepper motor into electrical
energy. The second part is an oscilloscope-based electrical signal acquisition system, which
collects the electrical energy converted by FL-TENG in the form of electrical signals and
displays them in the form of waveforms. In this study, the stepper motor is only used to
test the electrical performance of the FL-TENG. In the real application, the FL-TENG is
attached to the human body to collect biomechanical energy, and the electrical signal is
captured by the oscilloscope (as shown in Videos S3–S7). To further adapt to the needs of
practical applications, we designed a wireless data transmission system, which consists of a
signal transmitting module and a signal receiving module. The signal transmitting module
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is connected to the FL-TENG to transmit the electrical signal wirelessly to the receiving
module, which is connected to a computer and can perform data acquisition and waveform
display (as shown in Video S8).

3. Results and Discussion

In this study, we applied FL-TENG to taekwondo competition monitoring. As shown
in Figure 1a, FL-TENG is attached to the back of taekwondo protective gear, allowing for
energy harvesting and wireless transmission, as well as real-time monitoring of taekwondo
competitions and daily training. As shown in Figure 1b, FL-TENG can be applied to various
sports monitoring, and the biomechanical energy is collected by FL-TENG and converted
into electrical energy for motion data transmission, which makes the motion monitoring
data intelligent. Figure 1c shows the fabrication process of FL-TENG. First, acrylamide,
lithium chloride, ammonium persulfate, and NN-methylene bisacrylamide were mixed
in a certain ratio and catalyzed with TMEDA to obtain the hydrogel electrode. Then, the
PDMS solution and curing agent were mixed in a weight ratio of 10:1, the air bubbles were
removed, and then poured into the mold. Next, they were dried at 80 ◦C to get the support
layer. Finally, the complete device is obtained by stacking the upper polyurethane (PU) film,
the middle PDMS support layer, the lower polytetrafluoroethylene (PTFE) film, and the
hydrogel electrode distributed on the upper and lower surfaces. Figure 1d shows an optical
microscope image of the polyurethane film. The scanning electron microscope images
of the cross-sections of the PU and PTFE layers are shown in Figure 1e–f, respectively,
through which it can be observed that there is no gap between the hydrogel electrode and
the two friction layers in a tight fit. Figure 1g demonstrates the soft and bendable nature
of FL-TENG, and the flexible sensing device makes it safer and more comfortable to wear
protective gear.

The working mechanism of FL-TENG is shown in Figure 2a, which shows the single
electrical output process of FL-TENG. In this figure, the polyurethane (PU) film is used
as the top dielectric friction layer, polytetrafluoroethylene (PTFE) is used as the bottom
dielectric friction layer, PDMS is used as the middle support layer to facilitate the contact
and separation between the two friction layers of PU film and PTFE film, and the hydrogel
is used as the conductive electrode. We consider the material selection criteria from three
levels. The first level, the electrical output performance that the two friction layer materials
can produce, and FL-TENG as a self-powered sensor for competition monitoring, has high
requirements for the size, stability, and sensitivity of the output voltage. In the second
level, the selected material should be light and flexible, because as a device that is attached
to the human body for competition monitoring, its safety and comfort must be the key
consideration. In the third level, the selected material should have the ability to resist
blows and not be easy to break, in order to maintain a long service life. Combining the
above three levels, the PTFE film has very good electronegativity, the PU film has very
good electronegativity [48], and in this study, the combination of these two materials can
produce an output of up to 514 volts, and keep a sensitive and stable output for a long
time. The hydrogel electrode and PDMS support layer increase the lifetime of the device
while ensuring that the device has flexible and stretchable properties. Initially, FL-TENG
is not subjected to external forces, and the top and bottom dielectric friction layers are
separated; this demonstrates an electrically neutral without a charge and electrical output
(state I). When an external force is applied to the FL-TENG, the FL-TENG is deformed,
resulting in a complete contact between the polyurethane (PU) friction layer and the
polytetrafluoroethylene (PTFE) friction layer, and due to the frictional electric effect, it
produces frictional electricity. The polyurethane (PU) layer tends to lose electrons and
the polytetrafluoroethylene (PTFE) layer tends to gain electrons easily, and electrons are
transferred from the surface of the polyurethane (PU) layer to the polytetrafluoroethylene
(PTFE) layer (state II). When the applied external force disappears gradually, the upper
friction layer and the lower friction layers are separated, and the charge separation on
the surface of the friction layer generates a potential difference, which drives the charge
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transfer from the electrode with the PTFE layer to the electrode with PU layer (state III).
When the applied external force disappears completely, the charge transfer ends and the
electron flow stops (state IV). When the FL-TENG is compressed by the force again, the
upper and lower friction layers approach each other to produce a reverse internal electric
field, and electrons are transferred from the electrode with the polyurethane (PU) layer to
the electrode with the polytetrafluoroethylene (PTFE) layer (state V). A cycle is completed
when the upper and bottom friction layers are in full contact. Afterward, the FL-TENG
is compressed and released to start a new cycle. Corresponding simulations of potential
distribution in four different states by COMSOL are presented in Figure 2b. Because of its
unique working mechanism and excellent outputting voltage characteristics, it can be well
used for monitoring various sports items.
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As a sensor, it is used for sports competition monitoring, and it is important to
ensure the sensitivity and stability of the sensor. Therefore, we tested the electrical output
performance of the FL-TENG, as shown in Figure 3. We fixed the FL-TENG with a size
of 7.8 × 3 cm and a friction contact area of 6 × 2.5 cm2 to a stepper motor and we used
the stepper motor to imitate the striking process in a taekwondo competition. Figure 3a
shows the output voltage of FL-TENG at different bending angles at the same frequency
(1 Hz), and the frictional electric output voltage is 23, 38, 56, and 67 V when the bending
angles are 3.22◦, 4.22◦, 5.21◦, and 6.21◦, respectively. The angle test scenario is shown in
Figure S1. Figure 3b shows the linear relationship between the FL-TENG bending angle
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and the output voltage. The Pearson correlation coefficient is 0.996, which indicates a
significant linear relationship between the angle and voltage. The equation is:

V ≈ −25 + 15.06 × degree (1)
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Figure 2. The working mechanism of FL-TENG. (a) Schematics of the operating principle for the
FL-TENG. (I) The original state of FL-TENG. (II) FL-TENG is compressed. (III) FL-TENG release
process. (IV) FL-TENG is released. (V) FL-TENG release process. (b) Potential simulations were
performed by COMSOL to elucidate the working principle of FL-TENG. (II) FL-TENG compressed
potential simulation. (III) FL-TENG release process potential simulation. (IV) FL-TENG is released
potential simulation. (V) FL-TENG release process potential simulation.

The output voltage is measured at the same bending angle and different frequencies
in Figure 3c. The output voltages are 97 V, 97 V, 97 V, and 97 V when the frequencies
are 1 Hz, 2 Hz, 3 Hz, and 4 Hz, respectively. The frequency test scenario is shown in
Figure S2. It demonstrates that the output voltage of FL-TENG is very stable. Figure 3d
shows the response of the FL-TENG at different frequencies. The response of the FL-TENG
is calculated by the following equation:

R% =

∣∣∣∣V0 − Vi

Vi

∣∣∣∣ × 100% (2)
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In which V0 and Vi are the output voltage when the frequency is 1 Hz and the output
voltage when the frequency is another frequency. The response of FL-TENG is 0 when the
frequency is 1 Hz, 2 Hz, 3 Hz, and 4 Hz. The data result demonstrates that when the angle
change is certain, the change of the frequency does not cause the change of the output
voltage, and the output voltage is kept stable. It indicates that the FL-TENG has excellent
performance for competition taekwondo referee monitoring, and it can sensitively and
monitor the initiative and effectiveness of both players’ attacks accurately. For example, in
taekwondo competitions, cases often happen that both athletes end up with the same score.
In such cases, the winner is usually determined by the referee’s subjective judgment, i.e.,
the side with the stronger offensive initiative wins. However, due to the subjective nature
of the situation, the application of FL-TENG can provide a credible basis for referee judging
in these situations. Figure 3e shows the output voltage and output power of the FL-TENG
with different load resistances. It can be observed that the output voltage increases with the
increases of load resistance, and the power of FL-TENG reaches the maximum of 151.8 µW
when the load resistance is 7 MΩ; thus, it can be known that the resistance of FL-TENG
is 7 MΩ. Figure 3f shows that the FL-TENG charges different capacitors, and when the
bending angle and frequency are kept fixed, the FL-TENG charges 0.47 µF, 2.2 µF, and
4.7 µF capacitors for 45 s, which can be charged to 3.6 V, 2.5 V, and 1.7 V. This demonstrates
that the FL-TENG can be used as both a sensor and an energy collector to convert the
mechanical energy of motion into electrical energy for self-powering. Figure 3g shows the
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durability test of the FL-TENG. After 2800 cycles of testing, the FL-TENG still maintains a
stable output, and Figure 3h shows the details of the durability test, which demonstrates
that the device has a long working stability and ensures the accuracy of sense; it saves time
for debugging the device in taekwondo competitions.

In the electrode selection, the hydrogel has good stretchable and conductive properties
to meet our needs for a practical application in taekwondo competitions, and the hydrogel
is not easily broken compared with a steel electrode, which ensures the stability of FL-TENG
sensing and the lifetime of the sensor device. To verify whether hydrogel electrodes have
an impact on the electrical output of the sensor device, we used hydrogel electrodes and
copper electrodes for a comparative test. Figure 4a shows the device output voltage of
hydrogel electrodes at the same frequency and bending angle. The output voltage is 87 V.
The 40 green LEDs light up easily (Video S1). Figure 4b shows the device output voltage
of the copper thin film electrode at the same frequency and bending angle. The output
voltage is 102 V and it can also light up to 40 green LEDs (Video S1). Hydrogel electrodes
and copper electrodes can achieve the same effect. However, the hydrogel electrode has
good stretchable properties; therefore, it is the best choice to use hydrogel in this study.
The range of voltage output of the FL-TENG is measured. A spitball is dropped on the
surface of the FL-TENG and we smash the device directly with a fist (Figure 4c). The output
voltage is 0.8 V and 514 V, respectively. The result indicated that the FL-TENG has good
sensitivity properties. Figure 4d shows the wireless Bluetooth transmission system. The
FL-TENG sensor is linked to the Bluetooth signal transmitter module, and when there is no
sensing signal, the Bluetooth signal receiving module illuminates one LED. As shown in
Figure 4d(I), when the taekwondo player makes an effective strike, the signal produced by
the device is sent by the Bluetooth transmitter module, and three lights illuminate when the
signal is received by the Bluetooth receiver module, as shown in Figure 4d(II). In Video S2,
it can be observed that the frequency of the Bluetooth signal receiving module lights up is
controlled by FL-TENG. This simple and mature wireless signal transmission technology
opens up a wide range of applications for FL-TENG in sports monitoring.
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Competitive taekwondo is a high spectator sport in which athletes use their legs for
offense and defense; it requires athletes to score points by using practical and effective skills
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to strike the opponent’s torso or head in a fierce confrontation. The final score is influenced
by two main factors: one is the athletes’ ability to compete in taekwondo, the other are
the judges’ decisions. Figure 5a shows a male taekwondo athlete performance with a light
power kick, a medium power kick, and a heavy power kick by the turning kick technique
(Video S3). The average voltage is obtained from five kicks of light, medium, and heavy
power. The output voltage is 128.4 V, 149.6 V, and 197.6 V, respectively. The smoothness of
the three phases of overload indicates that the male athlete has good control in the power
of the leg and he can quickly change the rhythm of attack in taekwondo competitions.
Figure 5b shows the female taekwondo athlete performance with light power kicks, medium
power kicks, and heavy power kicks by the turning kick technique (Video S4). The average
voltage values are obtained from five kicks with light, medium, and heavy power, and the
output voltage are 45.5 V, 137.8 V, and 152.2 V. The result demonstrates that the female
athlete has too much span from light to medium power kicks and she has poor control in
the leg power. The turning kick is a frequently used action in taekwondo competition, and
the kick attack of moderate strength plays an important role in adjusting the attack rhythm
in the taekwondo turning kick technique; however, it is also the most difficult technical
action to master, and it is difficult for coaches to monitor it in training. Figure 5a,b shows
that FL-TENG enables the monitoring of light to medium to heavy overload of power in
the turning kick technique and assists coaches in implementing targeted training. Table 1
shows the detailed data of the athletes’ medium-strength turning kicks. The average time
for each hit and the standard variance of the hit times for both male and female athletes
demonstrate that the male athletes completed the movement faster and more consistently,
which further proves that the male athletes have better control of their leg muscle strength.
In addition, the average voltage of each hit and the standard variance of output voltage
were both higher for males than for females, which implies that male athletes have better
strength and rhythm change than female athletes. In taekwondo competition rules, it is
stipulated that the effective area for the scoring offense is below the clavicle, above the hip
bone, both sides of the rib, and the protective part of the head guard. The athlete strikes the
opponent’s back, resulting in a warning or even a penalty. In the taekwondo competition, a
360◦ turning kick is the most ornamental technical action, but the large amplitude and fast
speed of this technical action leads to low striking accuracy. To score effectively, it requires
the athlete to precisely strike the effective scoring area of the guard. Figure 5c shows a
male athlete kicking a taekwondo guard with the 360◦ turning kick technique (Video S5).
Out of security concerns, we used a stationary guard as a target and kicked the front of the
guard. The output voltage is 138 V, 156 V, 194 V, 130 V, and 16 V of the five 360◦ kicks, and
the Video S5 demonstrates that the fifth kick lost accuracy and resulted in a low output
voltage. It also solves the problem when the referee hears the sound and gives the score
(sometimes the referee does not see the hitting position but hears the sound due to the
obstructed vision). Figure 5d shows the voltage output of the female athlete kicking the
taekwondo guard five times with the 360◦ turning kick technique, the five output voltages
are 84 V, 167 V, 167 V, 132 V, and 149 V. In this actual test, to ensure the accuracy of the
strikes, we asked the athlete to use a decomposed slow motion in the test (Video S6). The
results of the FL-TENG test demonstrate that the accuracy of the strikes improve when
the amplitude and speed of the movements reduce. Although it is not possible to slow
down the movement speed in formal competition, it can be applied in training, because
the formation of motor skills goes through the stages of generalization, differentiation,
consolidation, and automation. The decomposition of slow movements is equivalent to
the differentiation stage of skill formation, which is characterized by a coherent technical
movement and the initial formation of power stereotypes. The second and third voltage in
Figure 5d are visual reflections of the power stereotypes of the motor skill. The unification
of speed and precision is achieved through continuous training after power stereotypes.
The monitoring data in Figure 5d illustrates that FL-TENG can also be applied to the
monitoring in various stages of motor skill formation. In an intense taekwondo match,
quick and effective technical movements are the key to scoring points. Figure 5e shows the
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output voltage generated by the female athlete by back kick, side kick, and turning kick
techniques (Video S7). From the three sets of voltage magnitudes, it can be observed that
the athlete strikes the best with the turning kick technique (Video S7); this demonstrates
that the athlete mastered the most proficient turning kick technique, where the third attack
of the back kick technique has not produced an effective hit. From the Figure 5e and
Video S7, the foot and the guard are in contact. In a real competition, the referee judges it
as a valid attack and scores a point, and then there is a dispute, whichaffects the normal
competition. The FL-TENG can be used as a judging system, which makes the competition
fairer. Meanwhile, the FL-TENG can also contribute to the data of the athletes’ mastering
proficiency in various techniques, which helps coaches to make reasonable tactics.
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Table 1. Athletes’ medium-strength turning kick data.

Male Athletes Female Athletes

Total number of hits 5 5
Average time of each hit 0.049 s 0.127 s

Standard variance of hit times 0.004 0.026
Average voltage of each hit 149.6 V 137.8 V

Standard variance of output voltage 25.50 17.28

In addition, the FL-TENG can distinguish between scoring actions and unsportsman-
like actions to assist the referee in making better real-time judgments. Combined with the
excellent output performance of FL-TENG, we use it to build an unsportsmanlike action
monitoring system. The circuit of this monitoring system is illustrated in Supplementary
Figure S1. The unsportsmanlike action is synchronously collected and transmitted wire-
lessly through the transmitter side of the system to the receiver side, which is connected
to a computer, through which the validity of the action is judged in real time (Figure 6a).
We demonstrate the feasibility of our device with a simple tapping experiment (Video S8).
Figure 6b shows the output voltage and detail plots for the punch action (the only hand
action allowed), and the unsportsmanlike penalty scoring action, which includes elbow
blows, knee bumps, and palm pushes, produces the output voltage and detail plots shown
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in Figure 6c–e. The results demonstrate that different body parts attacked by the virus
will produce different voltage waveforms. In the punch movement, there is an internal
rotation in the fist. The face of the punch produces complex force transmission. Therefore,
it produces complex multiple waveforms in Figure 6b(ii), elbow blows produce regular
single waveforms in Figure 6c(ii), knee bumps produce regular double waveforms in
Figure 6d(ii), and palm pushes produce a time delay between the upper and lower wave-
forms in Figure 6e(ii). The combination of FL-TENG and the monitoring system provides
more convenience for taekwondo competition monitoring.
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Figure 6. FL-TENG monitoring foul action and monitoring system. (a) Unsportsmanlike action
monitoring system. (b) Voltage and waveform generated by punching. (i) The punching fist voltage
graphs. (ii) The detail graphs of punching fist voltage. (c) Voltage and waveform generated by elbow
blow. (i) The elbow blow voltage graphs. (ii) The detail graphs of elbow blow voltage. (d) Voltage
and waveform generated by knee bump. (i) The knee bump voltage graphs. (ii) The detail graphs of
knee bump voltage. (e) Voltage and waveform generated by palm push. (i) The palm push voltage
graphs. (ii) The detail graphs of palm push voltage.

4. Conclusions

In summary, we have fabricated a flexible and lightweight triboelectric nanogenerator
that uses polytetrafluoroethylene (PTFE) and polyurethane (PU) membranes as frictional
layers and hydrogels as electrodes. FL-TENG achieves the sensitive monitoring of the
bending angle and frequency changes by using a contact separation mode, and FL-TENG is
able to convert the biomechanical energy of motion into electrical energy while achieving
sensing and self-power. We use FL-TENG in taekwondo competition monitoring to improve
the fairness and impartiality of the judges. At the same time, FL-TENG is combined with a
wireless monitoring system to realize the real-time presentation of monitoring data, which
provides more paths for digitalization and intelligence in sports competitions.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/electronics11091306/s1, Figure S1. The angle test scenario pho-
tographs. Figure S2. The frequency test scenario photographs. Figure S3: The circuit of unsports-
manlike action monitoring system. Video S1: Test of dot LED lamp for hydrogel electrode device
and copper electrode device. Video S2: Wireless Bluetooth transmission system. Video S3: Turning
kick test for male athletes. Video S4: Turning kick test for female athletes. Video S5: Male athlete
360◦ turning kick test. Video S6: Female athlete 360◦ turning kick test. Video S7: Back kick, side
kick, and turning kick proficiency test for female athletes. Video S8: Test of unsportsmanlike action
monitoring system.
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