i:;l?é electronics

Article

A Wireless Intelligent Motion Correction System for Skating
Monitoring Based on a Triboelectric Nanogenerator

Zhuo Lu !, Yuzhang Wen 2, Xu Yang 3, Dan Li %, Bocong Liu !, Yaotian Zhang !, Jiabin Zhu °, Yongsheng Zhu 2%,

Shouwei Zhang '* and Yupeng Mao

check for
updates

Citation: Lu, Z.; Wen, Y,; Yang, X.; Li,
D.; Liu, B.; Zhang, Y,; Zhu, J.; Zhu, Y.;
Zhang, S.; Mao, Y. A Wireless
Intelligent Motion Correction System
for Skating Monitoring Based on a
Triboelectric Nanogenerator.
Electronics 2023, 12, 320. https://
doi.org/10.3390/electronics12020320

Academic Editor: Min-Hsin Yeh

Received: 20 December 2022
Revised: 5 January 2023
Accepted: 5 January 2023
Published: 8 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,6,%

School of Physical Education, Northeast Normal University, Changchun 130024, China
Physical Education Department, Northeastern University, Shenyang 110819, China

Basic Department, Changchun Polytechnic, Changchun 130022, China

Physical Education College, Jilin University, Changchun 130012, China

Winter Olympic College, Harbin Sport University, Harbin 150008, China

School of Strength and Conditioning Training, Beijing Sport University, Beijing 100084, China
*  Correspondence: 2001276@stu.neu.edu.cn (Y.Z.); zhangsw178@nenu.edu.cn (S5.Z.);
maoyupeng@pe.neu.edu.cn (Y.M.)

U R W N =

Abstract: Smart sport and big data have become inextricably linked with new technologies and
devices to monitor sport-related information in real time. In this paper, a lightweight, portable and
self-powered triboelectric nanogenerator (LPS-TENG) has been developed to monitor the frequency
and force of skaters” pedaling. Friction layers are formed of polytetrafluoroethylene (PTFE) and
nylon films. Based on the triboelectric effect, LPS-TENG does not require an external power supply,
and it can be used to monitor biomechanical motion independently. Under the conditions of 1 Hz
and 17.19 N, the outputting voltage of LPS-TENG is stabilized at 14 V. Wireless data transmission is
achieved with the help of the LPS-TENG and AD module. Visual feedback is provided by the upper
computer system in the process of processing data. The wireless intelligent motion correction system
is composed of an LPS-TENG, an AD module and a back-end computer. It can clearly analyze the
changes between different frequencies and forces during skating. Results showed that the signal of
tester’s high-frequency and great-force motion, was transmitted to the computer, and its feedback
was given after analysis and processing successfully. The system may help coaches develop training
methods, means and tactics to increase athletes” performance and competitive level in athletic sport.
The purpose of this study is to provide new ideas for monitoring skaters’ sport techniques, promote
the use of force sensors in the monitoring of sport and develop intelligent assistant training systems.

Keywords: triboelectric; sports monitoring; self-powered; wireless transmission

1. Introduction

The Beijing Winter Olympics has provided a new impetus for the development of
ice sports [1]. Speed skating is highly regarded because of its high-intensity competitive
performance [2]. Considering that it has become increasingly difficult for professional
speed skaters to improve their athletic performance [3], it is necessary to resort to relevant
scientific tools in training [4,5], which are essential to improve the quality of athletes’
training. The force and frequency of the athlete’s pedaling have a great impact on the
athlete’s performance [6], and effective monitoring is very important to improve their
performance [7]. However, traditional monitoring means mak it difficult to monitor the
changes of the athletes’ pedaling force and frequency in real-time [8], which means that
the training and sports monitoring cannot be synchronized, and the training efficiency
and pace slows down. At the same time, traditional monitoring means are not able to
express the required motion data quantitatively. For example, morning pulse assessment [9],
camera filming [10] and monitoring heart rate index, etc. are not conducive to real-time
and refined training [11]. In addition, traditional testing equipment is heavy in mass, less
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flexible and not portable enough to use [12-14]. In order to build the required database
for athletes, a lot of analysis and calculations must be performed, which greatly increases
the cost of purchasing and maintaining the equipment [15,16]. When commercial sensors
are used for monitoring, the durability of battery also becomes an obstacle to its further
application [17-20]. Piezoelectric has the advantages of being flexible and portable [21],
but it is difficult to manufacture the piezoelectric film [22]. Therefore, it is necessary to
develop a portable, self-powered and durable sensing device to monitor athletes’ skating
process to enhance training rhythm and speed and further improve training quality.

Academic Zhonglin Wang successfully developed the triboelectric nanogenerator
(TENG) in 2012 [23-26]. TENG is a new type of energy-harvesting technology which can
collect signals such as acceleration and pressure in the irregular low-frequency human
body [27,28]. As a sensor, it can be designed with thin-layer electrodes to achieve the effec-
tive output of current. TENG is inexpensive, simple, self-powered and available in a wide
range of materials compared to conventional sensors [29-31], and these advantages are very
important for sensors. At the same time, interdisciplinary cooperation is more conducive
to the development and innovation of sports [32]. TENG has good application prospects
in the field of intelligent sports, and it will become a new technology for sports monitor-
ing [33-36]. In addition, the force sensor based on TENG has been able to achieve various
applications such as gait recognition [37,38], monitoring the comfort of sports shoes [39]
and restoring the human body’s sense of touch [40,41], etc. The application of force sensors
in these areas has certain significance for research in the field of sports monitoring.

This paper presents a lightweight, portable and self-powered triboelectric nanogenera-
tor (LPS-TENG) as a skating monitoring sensor. It is installed on the back of the heel of the
Klap skates to monitor the motion frequency and force of the athletes. The sensor consists
of a common copper sheet as the electrode, polytetrafluoroethylene (PTFE) and nylon as
the friction layer, and the substrate is made by 3D printing. The LPS-TENG is cost effective
in material, lightweight and portable. The voltage signal is generated by body motion and
wirelessly transmits the generated voltage signal through an AD module to monitor ath-
letes” motion in real time. In addition, we designed a wireless intelligent motion correction
system that can monitor the frequency and force of the pedaling and give feedback. This
system can help coaches to optimize athletes’ starting and sprinting techniques, formulate
correct training methods and means and thus improve athletes” sports performance and
competitive level. This work aims at providing new ideas for monitoring skaters’ sports
techniques, promoting the application force sensors in the field of sports monitoring and
promoting the development of intelligent assistant training systems.

2. Materials and Methods
2.1. Materials

PTEFE film (0.03 mm) was purchased from Taobao. Polyamide-66 (PA-66) film was
purchased from Dongguan Yixuan Plastic Co, Ltd. (Dongguan, China). The substrate was
fabricated by a 3D printer. The model of the 3D printer is JGAURORA-AG6. Polylactic acid
(PLA) is the 3D printing material. The parameters of the 3D printer are as follows: the layer
height is 0.1 mm; the thickness of shell is 1.2mm; the packed density is 100%; the printing
temperature is 200 degrees Celsius; the hot bed temperature is 50 degrees Celsius and the
printing speed is 50 mm/s. The 3D substrate with a radius of 0.5 mm is printed for 15 min.

2.2. Method

Firstly, a cylindrical substrate was made by 3D printer. Secondly, PTFE film, nylon
film and copper foil were cut into appropriate size circles. Finally, PTFE film, nylon film
and copper foil were pasted on the surface of the cylindrical substrate.

2.3. Testing

An oscilloscope (sto1102¢c, micsig) made in China was used to test the LPS-TENG
output performance and practical applications. The output performance of the device was
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tested using a stepper motor. In the actual test, the LPS-TENG was installed on the back of
the heel of the Klap skates and the performance was tested. In addition, a wireless data
acquisition module was designed, and the integration of the LPS-TENG and the wireless
AD module enables the wireless transmission of signals. The principle of the AD module is
that the AD module converts the electric signal into a digital signal. Then, the Bluetooth
transmits the digital signal to the receiver module. Finally, the computer displays the
results. The chip of the AD module is stm32 and the model of Bluetooth is HC-05. The
actual picture of the AD module is shown in Figure S1, and the circuit diagram of the AD
module is shown in Figure S2.

3. Results

In this paper, a self-powered sensor is designed to monitor the frequency and force
of skating in real-time. Based on the output of the signal, coaches can understand and
observe the dynamic changes of athletic performance during training and competition in
real-time, so as to find out the problems existing in the training and help athletes improve
the training effect and sports performance. A schematic of the self-powered sensor used
to monitor skating technology and collect motion data is shown in Figure 1. Figure 1a
shows a schematic of the pedaling force and frequency of skating. We can obtain the
sports data during the skating process by monitoring the Klap skates. The LPS-TENG
converts the mechanical movement of the human body into electrical signals which enter
the computer through wireless transmission. Through analysis of the electronic signal,
we learned the information of the pedaling frequency and force in the skating process.
Klap skates were selected due to their unique characteristics. Klap skates are unique in
that the front bracket of the skates is connected to the skates through hinges, and the rear
bracket can be separated from the skates at any time. The self-powered sensor (r = 5 mm) is
integrated into the heel of the Klap skates; it can monitor changes in the skater’s motion
parameters, such as frequency and force, in real-time. In this process, the sensors work
without the support of an external power source and are able to transmit wirelessly to
build sports data. Coaches and athletes use this data for technical and tactical analysis
and development, providing more possibilities for sports monitoring. Figure 1b shows the
optical image of the sensor and the 3D structure of the device. The sensor, having light
weight, light volume and no damage to the original structure of skates can minimize the
interference to athletes. Therefore, nylon and PTFE are used as friction layers of sensors
because of their excellent sensing performance, and copper foils on the upper and lower
sides are used as electrodes. Figure 1c is the system block diagram of the sensor work.
Firstly, the sensor collects the biomechanical energy, converts it into an electrical signal and
outputs it in the form of alternating current. Secondly, the sensor accomplishes wireless
data transmission through the AD module. Finally, coaches monitor and analyze athletes’
training data in real-time.

The detailed working mechanism of the sensor and the potential distribution during
operation COMSOL simulation are shown in Figure 2. Figure 2a shows the working
mechanism of the LPS-TENG. The vertical contact separation mode is adopted. At stage I,
the athletes are in a standing position. Under the influence of the athlete’s gravity, the two
friction layers contact each other, and the surfaces of the two friction layers produce equal
and opposite induced charges. At stage II, when the athletes pedal, the two friction layers
begin to separate. A small distance is generated between the friction layers and an induced
potential difference is generated between the two electrodes. Electrons flow from the PTFE
to the nylon, resulting in a downward current. At stage IlII, the pedal action is finished,
the two friction layers are completely separated, and the electrostatic field is balanced.
At stage 1V, due to the influence of the rebound force of the Klap skates, the two friction
layers are close. The electrons return, producing an upward current. When the upper and
lower friction layers fully contact, a cycle is completed. In order to further understand
the working mechanism of the LPS-TENG, a simulation of potential distribution was
performed in COMSOL software (Figure 2b). The potential difference between the upper
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and lower electrodes changes with the change of the friction layer distance, showing an
increasing trend.
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Figure 1. Experimental design of a self-powered motion sensor for skating technology monitoring.
(a) Schematic diagram for monitoring frequency and force of skating pedaling. (b) Optical image and

structure of the sensor. (c) Block diagram of the system showing energy collection, signal transmission
and wireless monitoring.
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Figure 2. The LPS-TENG working mechanism and COMSOL potential distribution simulation.

(a) Schematic diagram of the working mechanism of the LPS-TENG. (b) COMSOL simulation of the
potential distribution of the LPS-TENG.

The selection of materials plays a pioneering role in the process of making sensor
devices [42,43]. The output performance of the LPS-TENG demonstrated under differ-
ent experimental conditions is shown in Figure 3. Figure 3a demonstrates the output
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performance of various different friction layer materials. The voltage generated by the
combination of nylon and PTFE can reach 28.65 V, which is superior to other materials.
Therefore, nylon and PTFE are used as triboelectric materials for the LPS-TENG. Excellent
electrical performance is an important index of sensor devices [44]. Figure 3b shows the
output voltage of the LPS-TENG at different frequencies. When testing frequency, we tested
77 sets of data. When the frequency is 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz, respectively, the
average output voltages are 11.88 V, 11V, 12.61 V, and 12.03 V. It can be seen that the output
voltage of the LPS-TENG is basically constant at different frequencies. The blue line is the
linear fit (Figure S3) and the linear fit of Equation (1) is as follows:

V =11.36 + 0.41 x Hz 1)

where V represents the output voltage (V) and Hz represents the pedaling frequency (Hz).
The linearity value of 0.39936 is a weak correlation. Figure 3c shows the relationship
between frequency and output voltage. The device response can be calculated by the
following Equation (2):
Vo—Vi
R% =
o= ¥

0

x 100% )

where V) represents the output voltage at 0.5 Hz and V; represents the output voltage
at an other frequency. When the LPS-TENG works at 0.5 Hz, 1 Hz, 1.5 Hz and 2 Hz
under fixed force, the corresponding output voltage response is 0%, 8%, 5.8% and 1.2%,
respectively. It shows that the output voltage of the LPS-TENG hardly changes with the
motion frequency. From the above results, it can be concluded that the output frequency of
voltage increases with the increase in pedaling frequency, so the LPS-TENG can be used
to monitor the change of pedaling frequency during skating. By monitoring the speed of
the pedaling frequency of skating, coaches can know the weak points of athletes” sports
skills and can reasonably arrange their skills and tactics in skating competitions. Figure 3d
shows the output voltage of the LPS-TENG at different forces (1 Hz). When testing force,
we tested 100 sets of data. When the force is 16.03 N, 20.14 N, 27.9 N, and 34.29 N, the
LPS-TENG's average output voltage is 13.24 V, 16.42 V, 21.5 V, and 27.96 V, respectively.
It can be seen that under different forces, the output voltage of the LPS-TENG increases
with the increase in force. The red line is the linear fit (Figure S4), and the linear fit of
Equation (3) is as follows:

V =042+ 0.79 x N )

where V represents the output voltage (V) and N represents the pedal force (N). The
linearity value reached 0.99539 with a strong correlation. Figure 3e shows the relationship
between force and output voltage. It can be seen that the higher the force, the higher output
voltage. Additionally, the LPS-TENG output voltage response is proportional to force.
Vp represents the voltage at a force of 16.03 N, and V; represents the voltage at another
force. The response of the LPS-TENG under 16.03 N, 20.14 N, 27.90 N and 34.29 N force
corresponds to 0%, 24%, 38% and 53%. From the above results, it can be concluded that the
output voltage increases with the force, so the LPS-TENG can be used to monitor change of
pedaling force during the skating motion. Figure 3f-g shows the changes of voltage, current
and power of the sensor at different resistances. We use external resistance to calculate the
current [45]. When the resistance increases, the voltage increases and the current decreases.
The power reaches its maximum value when the resistance is 6 M(). The maximum voltage,
current and power is 0.934 V, 0.178 1A and 0.088 uW, respectively. Figure 3h,i shows the
durability test of the LPS-TENG after 1400 s of continuous operation. From the figure, it can
be concluded that the output voltage of the LPS-TENG can be stabilized at 14 V after 1400 s
of continuous operation. The results show that the LPS-TENG can be used to monitor the
athletes’ motion information during the skating routine training.
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Figure 3. Output voltage performance of the LPS-TENG. (a) Output voltage combined with different
materials. (b) Output voltage of the LPS-TENG at different frequencies. (c) Output voltage and
response of the LPS-TENG at different frequencies. (d) Output voltage of the LPS-TENG at different
forces. (e) Output voltage and response of the LPS-TENG at different forces. (f) Power of the
LPS-TENG at different load resistances. (g) Output voltage and output current of the LPS-TENG at
different load resistances. (h) Durability test of the LPS-TENG. (i) Endurance details.

In sports monitoring, wireless transmission of sports data can minimize the inter-
ference of sensors on athletes’ training [46]. The combination of the LPS-TENG and AD
module can accomplish this very well. Additionally, the AD module circuit is shown in
Figure S1. The LPS-TENG signal wireless transmission system is shown in Figure 4a. The
data information of the athletes’” pedaling frequency and force are transmitted in real-time
by the AD module, and the training data is analyzed and presented by the computer to
provide a reference for the coaches. Figure 4b shows the voltage signal generated by the
LPS-TENG in real-time when the tester is exercising. The computer terminal displays the
sensing signal (Video S1) in real-time when the athlete performs a stroking motion. The
signals generated by the LPS-TENG correspond to the frequency and force of pedaling
accurately, which is convenient for real-time monitoring of athletes. Figure 4c-g shows the
normalized voltage generated by the LPS-TENG under different pedaling frequencies and
forces. Figure 4d shows the normalized voltage obtained by the tester at low-frequency
motion with different pedaling forces. From the graph it can be seen that at lower frequency,
the LPS-TENG can clearly monitor the force of the pedaling. Figure 4e shows the normal-
ized voltages obtained with different pedaling forces at high-frequency motion. Under the
condition of high frequency, the change of pedaling force can also be clearly monitored by
the LPS-TENG. Although there is a slight difference between the frequencies in Figure 4d,e,
from the perspective of human movement, this slight difference will determine whether
one can win the competition or not [47]. The comparison of Figure 4d,e shows that the
LPS-TENG can collect data for different pedaling forces at different pedaling frequencies.
Figure 4f shows the normalized voltage for different pedaling frequencies at small pedaling
forces, and the graph shows that the LPS-TENG can clearly monitor the change in frequency
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at small force. Figure 4g shows the normalized voltage for different pedaling frequencies at
great pedaling forces. Under the condition of great pedaling force, the speed of frequency
can also be clearly monitored by the LPS-TENG. In comparing Figure 4f,g, it can be seen
that the LPS-TENG can collect the motion data of different pedaling frequencies under
different pedaling force conditions of the tester. To sum up, the LPS-TENG can clearly
analyze the changes between different frequencies and forces during athletes” motion. The
data sports information enables motion intensity to be quantified. The coaches can detect
the athletes’ fatigue in a timely manner, adjust the training plan in time and reduce the
motion intensity. Therefore, the LPS-TENG can be applied to the daily training of skaters,
assisting coaches to analyze and make decisions on technical and tactical levels.
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Figure 4. Actual test of the LPS-TENG signal wireless transmission system. (a) The working process
of the wireless transmission system of the LPS-TENG signal. (b) The LPS-TENG generates voltage
signal in real-time when the tester is exercising. (c-g) Normalized voltage generated by the LPS-TENG
under different pedaling frequencies and pedaling forces.

In order to better monitor the pedaling frequency and force to assist athletes’ training,
a wireless intelligent motion correction system based on the LPS-TENG is designed in this
paper. Figure 5a shows the workflow of the wireless intelligent motion correction system.
The LPS-TENG wirelessly transmits the voltage signal to the computer through AD module.
The computer analyzes and presents the data in real-time and gives feedback to the analysis
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and processing of athletes’ pedaling frequency and force. Figure 5b shows the specific pro-
cess of wireless intelligent motion correction system. Here, we use fast Fourier transform.
When the signal is input, the frequency and amplitude are accurately transformed; this
can accomplish the recognition of people. The upper computer acquires and processes the
data, visualizes the presentation and provides real-time feedback (Video S52). When the
tester is performing high-frequency and great-force motion, the signal is transmitted to
the computer, which is analyzed and processed to produce successful feedback. When the
tester is performing low-frequency and small-force motion, the signal is transmitted to the
computer, which is analyzed and processed to produce failed feedback. The wireless intelli-
gent motion correction system can find out the defects the pedaling force and frequency
in the skating process in a timely manner and avoid irreparable losses in future training.
It can also help coaches to formulate targeted training methods and tactics which play an
important role in improving athletes’” sports performance and competitive level.

a
Motion signal Sports data ° \
Wireless transmission @ e é"
- e o o ®
Rl E— R |-time analysis LS ; I s
Pressure o
Frequency

Wireless
intelligent sports

correction system
Input Output o Input Output

[ ]
@ ¢ Feedback: Successful * Feedback: Failed

Figure 5. Application of the LPS-TENG in a wireless intelligent motion correction system.
(a) Workflow of the wireless intelligent motion correction system. (b) The specific process of the

wireless intelligent motion correction system.

4. Conclusions

In summary, we have made a lightweight, portable and self-powered TENG (LPS-
TENG), which is mainly used to monitor the frequency and force of athletes” pedaling
during skating. It uses PTFE and nylon as friction layers and copper foil as electrodes,
and the substrate is made using 3D-printing technology. The LPS-TENG converts the
mechanical motion of human body in to electrical signals through the working mechanism
of contact-separation. The frequency and force of pedaling are important factors that affect
athletes” performance. Coaches can analyze the dynamic information of each skating stage
through electrical signals of pedaling frequency and pedaling force. This can help coaches
to formulate correct training methods, optimize skaters’ skating skills and thus improve
athletes’ sports performance and competitive level. Moreover, in order to make the sports
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data of athletes more intuitive to be mastered by coaches, we designed a wireless intelligent
motion correction system, including the LPS-TENG, AD module and back-end computer.
The combination of the sensors and AD module accomplishes the real-time monitoring
and wireless transmission of motion data. The back-end computer makes the motion data
more intuitive. The wireless intelligent motion correction system can clearly analyze the
changes in different frequencies and forces in the skating process and give successful or
failed feedback according to the electronic signals of frequencies and forces. This system
can provide a more intuitive reference for coaches to judge athletes” sports state. This work
provides a new idea for monitoring skaters” sports techniques, promotes the application of
force sensors in sports monitoring and plays a positive role in promoting the development
of intelligent assisted-training systems and building sports big data.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ electronics12020320/s1. Figure S1: The actual diagram of AD
module; Figure S2: The circuit diagram of AD module; Figure S3: Output voltage and linear relation-
ship of LPS-TENG under the same force and different frequencies; Figure S4: Output voltage and
linear relationship of LPS-TENG under the same frequency and different forces; Video S2: Different
feedback results of wireless intelligent motion correction system.
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