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Recently, self-powered flexible sensors have shown important application value in sports training. Thus, we design a triboelectric
nanogenerator based on PET/Graphite composite film (PG-TENG) to harvest human motion energy and monitor football player
leg muscle health. The polytetrafluoroethylene (PTFE) film and PET/graphite composite film serve as the triboelectric pairs;
meanwhile, the PET/Graphite composite film also plays the role of conductive electrode. Moreover, the PET/graphite
composite film can be prepared by a simple reverse molding process. According to the results, the instantaneous power density
of PG-TENG can arrive at 5.94 mW/m? at 130 MQ. The PG-TENG can serve as the motion player to monitor the health of
football players’ leg muscles and various football sports postures, including the posture of bouncing and dribbling. This

research will promote the application of self-driving sensors in sports monitoring.

1. Introduction

In recent years, the large-scale application of Internet of
Things (IoT) technology and artificial intelligence technol-
ogy has encouraged the development of wearable electronic
devices [1, 2]. Flexible sensors with tensile properties have
potential applications in portable electronic devices, includ-
ing human posture sensing, medical health monitoring,
and sports training [3-5]. It is worth noting that most small
wearable devices often need a power supply that can store
enough electricity, which limits the service life of wearable
electronic devices [6]. Meanwhile, the power supply for
portable wearable electronic devices needs to meet the char-
acteristics of low cost, good human compatibility, extensibil-
ity, and high strength [7, 8]. Therefore, it is urgent to
develop a power generation device that can provide contin-
uous power for wearable electronic devices. Triboelectric
nanogenerator (TENG) has been proven to be able to cap-
ture the vibration of mechanical energy in the environment
and convert it into electrical energy [9-13]. TENG’s working
principle is based on the triboelectric effect and electrostatic

induction [14, 15]. TENG devices are made of a wide range
of materials and can be used to sense various vibrations
[16-19]. Among the four working principles of the TENG
device, the stretchable TENG device based on the single elec-
trode working principle has the characteristics of simple
structure and strong portability [20]. Normally, flexible
TENG with tensile function based on single electrode work-
ing mode is mainly made of composite conductive materials
[21], conductive textiles [21], and hydrogels [22]. Therefore,
it is necessary to develop flexible TENG devices with high
output performance to meet the power demand of wearable
electronic devices.

For hydrogels, because there is a large amount of water
inside the gel, it also causes the hydrogel to easily dehydrate
due to water evaporation [23]. Hence, a higher dehydration
rate will lead to a lower service life of hydrogel, and the
mechanical strength will continue to decrease with the evap-
oration of water. These shortcomings limit the application
and development of hydrogel in the TENG field. For con-
ductive fibers, the complex preparation process leads to a
high cost, which also leads to their difficult application in
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F1GURE 1: (a) (1-3) The preparation process of PET/Graphite film. (a) (4) The structure of PG-TENG. (b) The picture of PET/graphite film.

(c) The SEM image of PET/graphite film surface.

TENG devices [24, 25]. Thus, due to their good conductivity
and high use strength, the tensile composite conductive
materials have a high development potential in the field of
preparation of TENG devices. At present, some conductive
fillers, such as graphite, metal powder, conductive polymer,
and carbon powder, can be incorporated into the elastic
matrix as a conductive carriers [26]. Graphite is widely used
as electrode material, especially in energy storage electrodes,
because of its high conductivity and low cost. In addition, it
is also necessary to consider the elastomer as the conductive
filler carrier. Generally, the elastomer with high flexibility
can be used as the friction material in TENG, and its com-
patibility with human skin should also be considered.
Among many elastomers, PET is widely used in wearable
electronic devices due to its nontoxicity, low cost, good
human compatibility, and other characteristics.

In this work, we design a triboelectric nanogenerator based
on PET/graphite composite film (PG-TENG) to harvest
human motion energy and monitor football player leg muscle
health. The PG-TENG is based on the single-electrode work-
ing mode. The polytetrafluoroethylene (PTFE) film and
PET/graphite composite film serve as the triboelectric pairs,
meanwhile, the PET/graphite composite film also plays the
role of conductive electrode. Moreover, the PET/Graphite
composite film can be prepared by a simple reverse molding

process. From the results, the instantaneous power density of
PG-TENG can arrive at 594 mW/m” at 130 MQ. It is impor-
tant that PG-TENG can be used as a human posture sensor
to monitor the health of football players’ leg muscles and var-
ious football sports postures, including the posture of bounc-
ing and dribbling.

2. Experiment

2.1. Fabrication of the PG-TENG. The PG-TENG follows the
single-electrode mode. Figure 1(a)-(1) depicts the detailed
fabrication process of the PG-TENG device. Firstly, we use
3D printing technology to prepare a concave mold with an
internal size of 2cm x4 cm, as shown in Figure 1(a)-(1).
Then, the graphite powder is doped in the PET solution,
and the graphite powder is evenly distributed in the network
inside the PET through magnetic stirring. As shown in
Figure 1(a)-(2), we pour the PET/Graphite mixed solution
into the mold. After 12h of static curing, the PET/graphite
film was successfully prepared, as shown in Figure 1(a)-(3).
Finally, PET/graphite film is combined with PTFE film to
make the PG-TENG device, as shown in Figure 1(a)-(4).
Figure 1(b) illustrates the picture of PET/graphite film, and
Figure 1(c) illustrates the SEM image of the PET/graphite
film surface.
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FIGURE 2: (a) Schematic diagram of the triboelectric charges in the surface of Kapton FILM and PET/graphite film after multiple frictions.
(b) The working mechanism of PG-TENG. The (c) V,_and (d) I,. of PG-TENG with different mass fractions of graphite. (e, f) Comparison
of V. and I of the PG-TENG between starting state and stable state.

3. Results and Discussion

3.1. Working Mechanism of PG-TENG. As depicted in
Figures 2(a) and 2(b), the PG-TENG operating mechanism
is on the basis of the coupling effect of frictional charging
and electrostatic induction. Kapton film functions as a neg-
ative triboelectric material, whereas PET/graphite is a posi-
tive triboelectric material. Figure 2(a) demonstrates that
repeated friction between two kinds of triboelectric materials
will lead to the accumulation of a large number of charges

on PET/graphite film, thereby increasing the total amount
of triboelectric charges of PET/graphite film. PG-TENG is
grounded through wires and operates in single-electrode
working mode. Once the surfaces of the two friction mate-
rials in PG-TENG are completely in contact, electron trans-
fer will occur at the interface. Since the electric field balance
is required for charges with opposite polarity, electrons on
the surface of the triboelectric material will not flow into
the external circuit. In this design, PTFE film is used as a
moving part.
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As shown in Figure 2(b)-(1), under the condition that
the surfaces of two triboelectric materials are in full contact,
the PET/graphite film surface will generate positive charges
and the PTFE film surface will produce negative charges.
When the PTFE surface starts to separate from the PET/
graphite film surface, the potential difference becomes
larger. In order to balance the potential difference, more
electrons will flow into PET/Graphite film from the external
circuit, as shown in Figure 2(b)-(2). When the separation
distance reaches its maximum, there will be no current in
the circuit due to the weakening of the electrostatic induc-
tion effect, as shown in Figure 2(b)-(3). When the PTFE film
is close to the PET/graphite film surface again, electrons will
flow from the PET/graphite film surface to the ground, caus-
ing a reverse current in the external circuit, as shown in
Figure 2(b)-(4).

3.2. Output Performance of PG-TENG. The mechanical
motor is used to drive the PTFE film moving parts in a peri-
odic contact separation motion to evaluate the PG-TENG
output performance. The contact area of PG-TENG was
set at 2 x 4 cm?, and the moving distance was 3 cm. To study
the influence of the mass fraction of graphite in PET/graph-
ite film on the output performance of PG-TENG, we pre-
pared 9 samples of the same size, and their mass fractions
ranged from 0.1% to 1.8%. It is obvious that the output per-
formance of PG-TENG, including V_ and I, reaches the
highest values at 0.7%, as shown in Figures 2(c) and 2(d).
For the two states where the triboelectric charge saturation
has not been reached and the triboelectric charge saturation
has been reached, the output performance continues to

I, and Q. of PG-TENG under different working frequencies from 0.5Hz to 3.0 Hz. (d) The dependability and

decline with the increase of the mass fraction of graphite.
The reason for this result is that when the content of Graph-
ite is low, the charge storage effect of PET/graphite is poor,
and when the content of graphite increases, the triboelectric
charge generation of graphite will be affected, so there is an
optimal value of the mass fraction. As shown in Figures 2(e)
and 2(f), the PG-TENG with 0.7% graphite can bring a V__
of 492V and an I of 0.3144 pA, respectively.

In a general sense, one of the factors that has an effect
on the amount of electrical output that TENGs produce is
the operating frequency. To delve deeper into the topic of
frequency dependence, the previous standards of PG-
TENG with 0.7% graphite were also assessed at different fre-
quencies. From 0.5 to 3.0 Hz, there is no substantial change
in the output of V,_and Q. and the maxima at 49.2V and
16.8 nC, respectively, remain virtually unchanged, as shown
in Figures 3(a) and 3(c). According to the results, the V.
and Q. of PG-TENG are independent of the operating fre-
quency. Figure 3(b) demonstrates that when the working
frequency increases, the I, rises from 0.15uA to 0.5pA.
This phenomenon is caused by the rise in the velocity of
the movable friction layer as the operating frequency
increases at a given distance, which ultimately results in a
greater electron transfer rate and a higher current output.
Besides, the dependability and stability of the PG-TENG
device are crucial evaluation considerations. Consequently,
it is crucial to explore the properties mentioned above of
PG-TENGs. Figure 3(d) demonstrates that the V__ of PG-
TENG remains stable even after 5000 cycles of contact
separation up to 3000s, showing that PG-TENG is highly
reliable and stable.
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FIGURE 4: (a, b) The electrical output of PG-TENG under different tensile amplitudes. (c, d) The output voltage, output current, and output
power density of PG-TENG under different resistance. (e) The charging curves of PG-TENG for a 2 uF capacitor under different working
frequencies. (f) The charging curves of PG-TENG for different capacitors under the frequency of 2 Hz.

The deformability under varying tensile strains and the
related electrical output are critical requirements for a wide
variety of applications for stretchable single-electrode
TENGs. Additional research was conducted on the mechan-
ical properties of PG-TENGs and the accompanying evalua-
tion tests, including electrical output. Owning to the
remarkable stretchability of PET/graphite film, the electrical
output of PG-TENG under a variety of strains was also
investigated. For the purpose of this test, the original size
was scaled back to 70% of the strain because the strain
caused by the skin surface and joint motion does not surpass
this threshold. At various levels of tensile strain, including
V.. and Q, the electrical output of PG-TENG increased
until 30% strain (V. 64.8V and Q,: 20.4 nC) and subse-
quently fell dramatically, as shown in Figures 4(a) and
4(b). We can attribute this result to the coupling effect of
the lower conductivity of PET/Graphite film and the larger
contact area. When PG-TENG is stretched, the conductivity
of the conductive network composed of graphite drops grad-
ually due to the gradual reduction of the overlap area and the
loss of conductive routes. In the beginning, only a portion of
the network is stretched. Both the passage of electrons and
the generation of electricity are maintained by the conduc-
tive channels. During this interim period, the contact surface
area will first increase as the PG-TENGs are extended before
beginning to decrease. Stretching the PG-TENG further
destabilizes the conductive network, resulting in a shorter

conductive channel. As a result, fewer electrons may travel
through the gadget, and the electrical output decreases fur-
ther. Therefore, the favorable impacts of sustained electrical
conductivity and contact area can be attributed to the early
stages of elongation of electrical output performance from
the initial state to 30% distortion. This can be said to have
occurred when the electrical output performance was
extended from the original state. Further stretching to 60%
diminishes electrical output performance due to the negative
impacts of decreased conductivity and decreased contact
area.

The PG-TENG has a good power generation function,
thus, it has great potential to use PG-TENG as a potential
energy harvester. The formula P = U?/(RS), where U is the
output voltage, R is the load resistance and S is the effective
area of the PG-TENG, can be used to compute the effective
power density (P) of a PG-TENG. As illustrated in
Figure 4(c), the output voltage of PG-TENG grows with
the increase of external load resistance, while the current
decreases according to Ohm’s law. As a direct consequence
of this, the instantaneous power density of PG-TENG rises
until it reaches a maximum of roughly 5.94mW/m® at
130MQ and then continues to decrease, as shown in
Figure 4(d). The charging rate gradually increases as the fre-
quency increases, as presented in Figure 4(e). Also, the
charging capabilities of PG-TENG for various capacitors
are also investigated, as shown in Figure 4(f). In detail, a
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FI1GURE 5: (a) The photograph of a football player. (b) The structure diagram of PG-TENG installed on the human knee. (c) The output
voltage signal of PG-TENG by mimicking injury and health. (d) The output voltage signal of PG-TENG in bouncing ball motion. (e)
The output voltage signal of PG-TENG under walking, running, and jumping. (f) The output voltage signal of PG-TENG under dribble

motion.

1 uF capacitor could be charged to 4.2V in 250s. In contrast,
a 2.2 uF capacitor can be charged to 2.25V in 193s, illustrat-
ing that the charging rate increases steadily with decreasing
capacity.

As we all know, football is a game that requires players
to complete some short-time maximum and close to the
maximum physical capacity limit actions, such as sprinting,
jumping, and changing direction, to fight with opponents
to win the ball. To improve the explosive power of football
players’ lower limbs, relevant muscle training programs are
widely used in football. These training methods will induce
neuromuscular adaptability and coordination within and
between muscles, thus improving the comprehensive ability
of football players. In this work, we use the PG-TENG
device as a self-powered motion sensor to monitor the
lower limb muscle health during soccer operation, as shown

in Figure 5(a). As we all know, athletes will suffer from
lower limb muscle injuries during long-term training,
which will be fed back through lower limb movement pos-
ture. Therefore, the lower limb muscle health can be mon-
itored by monitoring the lower limb movement posture. In
detail, we put PG-TENG in the knee position of the leg, as
shown in Figure 2(b). When the lower limb moves, PG-
TENG installed at the knee will produce slight vibration,
which will make it generate a voltage signal to reflect the
player’s posture. As shown in Figure 5(a), we compared
the output signals generated by PG-TENG under injury
and health conditions by imitating leg movements under
injury conditions. It can be clearly found that when the
leg muscles are injured, the lower limb movement will be
limited, which can be reflected by the sensing signal. Fur-
thermore, it can also record the training information of
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the players in the bouncing ball training, as shown in
Figure 5(d). Moreover, when players walk, run, and jump,
PG-TENG can still produce output voltage signals with dif-
ferent signal characteristics, as shown in Figure 5(e). PG-
TENG can also be used to monitor the motion information
in the dribble motion, as shown in Figure 5(f). Obviously,
the athlete is able to tell the injury as soon as it happens
when the muscle is injured and the motion is limited. How-
ever, when the human injury is in the recovery period, the
movement of the injured part will be limited, but the lim-
ited extent is difficult for doctors to accurately evaluate
through the patient’s description. Through the designed
PG-TENG sensor, the rehabilitation process can be quanti-
tatively evaluated and the basis for postinjury rehabilitation
treatment can be provided. Thus, the PG-TENG can mon-
itor the muscle health of football players and the informa-
tion during football training.

4. Conclusion

In summary, we design a PG-TENG to harvest human
motion energy and monitor football player leg muscle
health. The triboelectric pairs consist of polytetrafluoroeth-
ylene (PTFE) film and PET/graphite composite film, and
PET/graphite composite film also plays the role of conduc-
tive electrode. The PG-TENG has good tensile properties.
Under different tensile conditions, the output properties of
PG-TENG are studied. Moreover, the PET/Graphite com-
posite film can be prepared by a simple reverse molding pro-
cess. According to the results, the instantaneous power
density of PG-TENG can arrive at 5.94 mW/m? at 130 MQ.
Moreover, the PG-TENG can serve as the motion player to
monitor the health of football players’ leg muscles and vari-
ous football sports postures, including the posture of bounc-
ing and dribbling.
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