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Abstract: During the basketball training for beginner children, sensors are needed to count the
number of times the basketball hits the target area in a certain period of time to evaluate the training
effect. This study proposes a self-powered basketball training sensor, based on a triboelectric
nanogenerator. The designed sensor with a rectangular floor shape will output a pulse signal with
the same frequency as the basketball impact to achieve the measurement function through the mutual
contact of the internal copper (Cu) and polytetrafluoroethylene (PTFE). Test results show that the
working frequency of the sensor is 0 to 5 Hz, the working environment temperature should be
less than 75 ◦C, the working environment humidity should be less than 95%, and which has high
reliability. Further tests show that the maximum output voltage, current, and power of the sensor can
reach about 52 V, 4 uA, and 26.5 uW with a 10 MΩ resistance in series, respectively, and the output
power can light up 12 light-emitting diode (LED) lights in real-time. Compared with the traditional
statistical method of manual observation, the sensor can automatically count data in a self-powered
manner, and also can light up the LED lights in real-time as an indicator of whether the basketball
impacts the target area, to remind beginner children in real-time.

Keywords: triboelectric nanogenerator; self-powered; basketball training sensor; power management
circuit; beginner children

1. Introduction

Basketball has many advantages, such as fitness, confrontation, collective, viewing,
and fun [1,2], and which is also meaningful for children because it can not only strengthen
the body, but also cultivate the teamwork spirit [3]. For beginner children, the basic training
contents are “bounce the ball in situ” and “two-hand chest pass the ball”, which can be
seen in Figure 1a. The “bounce the ball in situ” refers to that a child continuously slaps a
basketball bounced from the ground with one hand in situ, and the landing point must be
kept within a certain target area, so the number of balls dropped into the target area can
reflect the effect of basketball training. Similarly, the “two-hand chest pass the ball” usually
allows young children to pass the ball to a fixed target area on the wall, so the number of
balls dropped into the target area can also reflect the effect of basketball training. However,
there is no professional equipment to detect it at present, and the current statistical method
that only relies on the naked eye of the coach has the disadvantages of larger error, larger
workload, and inability to simultaneously observe multiple children at the same time,
so there is an urgent need to develop a sensor that can automatically record the number of
basketball impacts, thereby evaluating the training effect and formulating the next training
plan for beginner children.

Appl. Sci. 2021, 11, 3506. https://doi.org/10.3390/app11083506 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7275-0295
https://doi.org/10.3390/app11083506
https://doi.org/10.3390/app11083506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11083506
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11083506?type=check_update&version=1


Appl. Sci. 2021, 11, 3506 2 of 10

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 11 
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Figure 1. Composition and working principle. (a) Schematic diagram of “bounce the ball in situ” and “two-hand chest 
pass the ball”; (b) schematic diagram of the sensor structure; (c) schematic diagram of the sensor working steps. PTFE, 
polytetrafluoroethylene. 

In addition, if the sensor used for detection is powered by batteries, the frequent bat-
teries replacement will cause the sensor to be taken out multiple times, which will un-
doubtedly increase labor intensity. On the other hand, if cables are used to power the 
sensor, cables must be laid during the construction of the basketball stadium, which will 
increase construction costs and have potential safety hazards. Therefore, sensors with the 
self-powered function will undoubtedly be more suitable for basketball training environ-
ments. For self-powered sensors, the current results on power generation methods, in-
cluding piezoelectric generators, electromagnetic generators and solar nano-antennas [4], 
etc., can solve the power supply problem of the sensor, but the basketball training grounds 
for children are not exposed to sunlight because the training venues are generally indoor 
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polytetrafluoroethylene.

In addition, if the sensor used for detection is powered by batteries, the frequent
batteries replacement will cause the sensor to be taken out multiple times, which will
undoubtedly increase labor intensity. On the other hand, if cables are used to power
the sensor, cables must be laid during the construction of the basketball stadium, which
will increase construction costs and have potential safety hazards. Therefore, sensors
with the self-powered function will undoubtedly be more suitable for basketball training
environments. For self-powered sensors, the current results on power generation methods,
including piezoelectric generators, electromagnetic generators and solar nano-antennas [4],
etc., can solve the power supply problem of the sensor, but the basketball training grounds
for children are not exposed to sunlight because the training venues are generally indoor
gymnasiums, and the costs of piezoelectric and electromagnetic power generation are
relatively higher, so other self-powered methods may be more suitable for indoor basketball
training conditions.
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Fortunately, the triboelectric nanogenerator brings hope to solve the above-mentioned
problems. The triboelectric nanogenerator with a basic principle of triboelectricity and
electrostatic induction [5] was proposed in 2012 [6], and has been widely used in the
fields of energy harvesting and sensors. For example, in the field of energy harvesting,
the triboelectric nanogenerator can collect low-frequency and low-density weak energy,
and theoretically can convert most of the physical energy into electrical energy, so it had
been widely used in biological energy harvesting [7,8], rainwater energy harvesting [9,10],
vibration energy harvesting [11–13], wave energy harvesting [14–16], environmental me-
chanical energy harvesting [17], and wind energy collection [18,19], etc. On the other hand,
in the field of sensors, sensors based on triboelectric nanogenerators have a self-powered
function, so it had been widely used in areas where traditional power supply methods are
inefficient, such as human physiological monitoring [20–22], vibration monitoring [23,24],
wind monitoring [25,26], acceleration monitoring [27], sports monitoring [28–30], force or
pressure monitoring [31–33], and speed monitoring [34,35], etc. In summary, the triboelec-
tric nanogenerator has advantages for developing self-powered sensors, so this research
proposes a self-powered sensor that can be used for beginner children basketball training
based on the triboelectric nanogenerator.

This research is expected to have the following innovations. Firstly, the sensor can
automatically record the slap times of the beginner children, which can reduce the error
caused by the traditional statistical method of visual observation. Secondly, the sensor will
have a self-powered function, so the extra power generated during the sensing process
can light up the light-emitting devices, which can use lights to remind beginner children
whether the target is hit. Thirdly, the sensor can normally work without an additional
power supply, which means that the sensor can effectively avoid the increase in labor
intensity caused by traditional power supply methods. The structure of this paper is
organized as follows. Section 2 introduces the composition, fabrication, and working
principle of the sensor. Section 3 introduces the test situation of the sensor, including sensor
measurement performance tests, sensor environmental adaptability tests, and sensor output
power performance tests. Section 4 are the conclusions.

2. Composition and Working Principle

As shown in Figure 1b, the sensor is mainly composed of a floor, springs, floating
plates and LED lights, etc. The floating plate with a size of 200 mm × 200 mm is installed
in the floor with a size of 400 mm × 400 mm × 80 mm, and any two adjacent floating
plates are supported by springs to form a vertical contact model triboelectric nanogenerator.
The upper surface of the floating plate are successively pasted with 0.05 mm thick copper
(Cu) and 0.03 mm thick polytetrafluoroethylene (PTFE) as the electrode layer and friction
layer, respectively, while the lower surface is pasted with 0.05 mm thick Cu both as the
friction layer and the electrode layer.

The fabrication of the sensor are as follows. The floor is an ordinary wooden floor
purchased. According to the design requirements, the installation space of the floating
plate is cut with a saw blade, and the cut part is the floating plate. Further, through holes
are drilled around the floor to install LED lights, and the wires of LED lights under the
floor. Then, blind holes with a size of 60 mm are drilled on the floor and the floating
plate to install the springs. Finally, a floor-shaped striped paper is glued on the surface for
beautification after the entire sensor is assembled.

The sensor is installed on the floor or wall when used for the basketball training of
“bounce the ball in situ” and “two-hand chest pass the ball”. If the training posture of the
beginner children is correct, the sensor can be impacted by a basketball, which will cause
the friction layers between different floating plates to rub against each other to generate
corresponding triboelectric signals, to realize the function of measurement. Meanwhile,
the LED lights at the four corners of the sensor will be lit once in real-time when the sensor
was impacted because the working process of the sensor is also the process of generating
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electricity, so the beginner children can also observe whether the LED lights are lit to judge
whether their training activities are standard.

The working principle of the sensor is further explained in conjunction with Figure 1c.
Assuming that the simplified initial state of the two floating plates, as shown in step S0,
and there is no charge at this stage because the two floating plates are not in frictional
contact. When the floating plate is impacted by a basketball, the two floating plates will
contact each other and reach the stage of S1. At this stage, positive and negative charges
are generated in the two friction plates because of the triboelectricity, and the Cu friction
layer is positively charged while the PTFE is negatively charged because Cu is easier to lose
electrons than PTFE [36]. When the basketball impact force disappears, the two floating
plates will gradually separate, due to the spring force, that is, the S2 stage. During this
process, the change of the induced electromotive force will cause the electrons in the upper
floating plate to transfer to the lower, thereby generating a short-circuit current. Then the
S3 stage is reached when the separation distance between the two floating plates reaches
the maximum, and the charge transfer is completed at this state. Finally, the floating plate
will be returned to the new initial stage S4 by the spring restoring force and gravity. At this
stage, the reverse movement of the two plates causes the reverse transfer of charges, thereby
generating a reverse short-circuit current. In summary, it can be seen that the sensor will
output a voltage pulse signal or an alternating current pulse signal during a working cycle,
and the signal frequency is proportional to the frequency of the basketball impacting the
sensor, so the effect of beginner children basketball training can be measured and evaluated
by counting the number of output pulse signals.

3. Tests

The test equipment is shown in Figure 2a. During the tests, the output signal of the
sensor is sequentially connected to the data acquisition card (USB5632, ART Technology Co.,
LTD., Beijing, China) and the electrometer (6514, Keithley Co., LTD., Solon, OL, America),
and finally connected to the computer. The computer is installed with software written by
LabVIEW language, so the sensor output signal can be processed in real-time. It can be seen
from Figure 2b,c that the sensor can output two obvious voltage and current pulse signals
when impacted by a basketball twice in succession, and the amplitude are respectively
52 V and 4 uA, so both voltage and current output signals can be selected as the sensor
detection signal. But the anti-interference ability of the voltage signal is stronger because
the voltage signal amplitude is much larger than the noise signal; this research selected the
voltage pulse as the detection signal of the sensor.

During the children’s basketball training, the more times the basketball impacts the
target area per unit time, the stronger the basic basketball ability of the children—that is,
the working frequency of the sensor needs to meet the actual needs. Through experiments
and investigations, it can be known that the frequency of slap basketball will not exceed
5 Hz, so we tested the output signal characteristics of the sensor in the frequency range of
0 to 5 Hz, and the results are shown in Figure 3. As shown in Figure 3a,b, the amount of
transferred charge gradually decreases as the impact frequency increases, which results in
a gradual decrease in the output voltage. The reason may be insufficient frictional contact
during high-frequency impact, which further results in a reduction in the frictional contact
area, and ultimately a reduction in output. But the output voltage amplitude of the sensor
is still about 46 V at the working frequency of 5 Hz, and the amplitude is still much larger
than the noise signal, so the sensor can work normally within the working frequency of
0 to 5 Hz. In addition, the output current gradually increases with the increase of the
impact frequency, which can be seen in Figure 3c, and the reason may be that the number of
impacts per unit time increases, resulting in an increase in the total amount of cumulative
output current.
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Figure 2. The output signal of the sensor. (a) Pictures about the test devices and the sensor; (b) output voltage signal of the
sensor; (c) output current signal of the sensor.
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Further, we tested the output signal characteristics of the sensor under different work-
ing conditions, and the results are shown in Figure 4. As shown in Figure 4a, the output
voltage gradually increases with the increases of the impact pressure of the basketball on
the sensor, but it will remain at the maximum value of about 52 V when the impact pressure
is greater than 10 N. During actual basketball training, the impact pressure is much greater
than 10 N, due to the combined effect of basketball gravity and slap force, which means that
the sensor can output the maximum voltage in actual application. As shown in Figure 4b,
the output voltage is inversely proportional to the temperature, and it will reduce to about
50 V when the temperature reaches 75 ◦C, but the value of 50 V is still much larger than the
noise signal, which means that the sensor can work normally within the temperature range
of less than 75 ◦C.
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Relative humidity will also affect the output of the sensor, so we conducted tests,
and the results, shown in Figure 4c, show that the output of the sensor decreases by about
28% as the relative humidity increases to 95%. Although the output after the decrease is still
greater than the noise signal—that is, the sensor can work normally in the relative humidity
range of less than 95%, it is still necessary to seal as much as possible to avoid relative
humidity interference. For the sealing methods, the overall sealing can be performed by
adding a sealing tape on the floor frame or by covering the floor surface with a flexible
sealing film. In addition, we conducted the tests, shown in Figure 4d, to test the reliability
of the sensor, and the results show that the output voltage attenuation is only 4 V after
the sensor is cycled for 12,000 times, which indicate that the sensor has high reliability
because the output voltage after attenuation is much larger than the noise signal. However,
the aging of triboelectric nanomaterial is the core issue of the large-scale promotion of the
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sensor, so the next research will be to look for new anti-aging materials in the hope of
solving the aging problem.

The LED lights carried by the sensor will be lit when the beginner children slap the
basketball to the target area, so we tested the power generation characteristics of the sensor,
and the results are shown in Figure 5. It can be seen from Figure 5a,b that the output
voltage gradually increases and the output current gradually decreases as the external load
resistance increases, which are consistent with Ohm’s law. Then we detected the output
power of the sensor under different load resistances, and the results, shown in Figure 5c,
show that the output power can reach a maximum of 26.5 uW when the external load is
about 10 MΩ, and it can light up 12 LED lights in real-time, as shown in Figure 5d, which
can be used to indicate the basketball training posture and effect in real-time. In addition,
related theoretical knowledge had confirmed that the output power of the triboelectric
nanogeneratora is also related to the surface morphology of nanomaterials and the length
of nanowires [37]. The rougher the surface of nanomaterials and the longer the nanowires,
the larger the effective friction contact area, and therefore, the greater the output power.
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In addition, the processing circuit of the sensor are also explored in this research. Figure 6a
shows the traditional energy harvesting circuit for triboelectric nanogenerator [38,39], in which
the output of the sensor is processed by the rectifier bridge, inductors, and capacitors to
directly supply power to the load. For working conditions that require low input voltage,
the output of the sensor can also be stepped down by a DC-DC module to supply power to
the load, which can be seen in Figure 6b. Some scholars have also studied AC-to-DC and
high-voltage dual-input converters in the energy harvesting process [40,41], and the results
can not only provide protection for the high-voltage input, but also track the maximum
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power point, which also applies to the triboelectric nanogenerators because the low power
impedance matching algorithm is applied [42,43]. Meanwhile, the nonlinear optimization
electrical interfaces can be considered when modeling to harvest energy from shocks
because the sensor output power is generated under the impact of the basketball [44,45],
to obtain a more energy harvesting effect.
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4. Conclusions and Discussions

This research proposes a self-powered basketball training sensor based on triboelectric
nanogenerator, and which can automatically count the number of basketball impacts in a
self-powered model. Test results show that the working frequency of the sensor is 0 to 5 Hz,
the working environment temperature should be less than 75 ◦C, the working environment
humidity should be less than 95%, and which has high reliability. Further tests show that
the maximum output voltage, current, and power of the sensor can reach about 52 V, 4 uA,
and 26.5 uW with a 10 MΩ resistance in series, respectively, and the output power can light
up 12 LED lights in real-time. Therefore, children can judge whether they impact the target
area correctly according to whether the LED lights are lit during training, and then adjust
their training posture.

The designed sensor meets the basic requirements for beginner children basketball
training, but the energy harvesting efficiency is low, resulting in a small amount of output
power and unable to meet the higher demands, as follows. The current output power
of the sensor can only light up 12 LED lights in real-time—that is, the sensor lights up
12 LED lights once if a basketball impacts the sensor once, but the brightness of the 12 LED
lights is low and which is easily misjudged by beginner children as not being lit when the
light is brighter in the day. Therefore, the next step can start from increasing the number
of friction layers and synthesizing nanowires to increase the output power of the sensor,
to light up more high-brightness LED lights in real-time to meet the needs under different
light conditions.
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