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Abstract

:

With progress in fifth-generation techniques, more advanced techniques are available for disabled people. Disability table tennis has also benefited from the new technology. In this paper, a portable and low-cost triboelectric nanogenerator for wheelchair table tennis monitoring systems is proposed. It was applied for wheelchair table tennis athletes’ monitoring. The portable and low-cost triboelectric nanogenerator consists of Kapton, polyurethane triboelectric films, and a foam supporting layer. The materials have flexible and low-cost characteristics. Therefore, the device has no influence on exercise performance. Due to triboelectric and electrostatic induction, the portable and low-cost triboelectric nanogenerator can convert biomechanical signals into electric signals. The electric signal is used as a sensing signal and is transformed in a computer by an Analog-to-Digital acquisition module. The coach acquires motion information in real time from a terminal device regarding force, exercise amplitude, and stability of the athlete. Meanwhile, the electric signal provides also sustainable energy for the microelectronic device. It can light 20 LEDs easily and power a calculator and a watch. This portable and low-cost self-powered triboelectric nanogenerator offers a new approach to the field of motion monitoring for disabled people.
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1. Introduction


The Tokyo Summer Paralympic Games and Beijing Winter Paralympic Games gave the opportunity to the disabled to show their courage and competitive spirit [1]. The society came to realize the power of sports in changing the lives of people with disabilities [2]. Wheelchair table tennis is one of the popular sports in the Paralympic Games [3]. Wheelchair table tennis differs from table tennis in that wheelchair table tennis players need to maintain greater balance when batting [4]. Real-time monitoring of athletes’ balance while playing can provide data to support athletes’ technical improvement. The traditional sports monitoring equipment is bulky and inflexible [5]; therefore, it is difficult to monitor the movement of wheelchair table tennis players in real time. In addition, the traditional monitoring equipment needs an external battery. Frequent battery replacement will pollute the environment. It is thus necessary to find a kind of portable, multifunctional, and safe sensing equipment for monitoring wheelchair table tennis.



The triboelectric nanogenerator (TENG) was first invented by Zhonglin Wang and his colleagues [6,7,8,9,10]. Based on the coupling effect of triboelectric and electrostatic induction, the TENG can output external mechanical stimuli as electrical signals [11,12]. TENG-based sensors work without an external power supply or batteries [13,14,15,16,17,18]. The TENG provides a new prospect for motion monitoring based on its own advantages of portability and environmental protection [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. In addition, due to its characteristics of high voltage and low current, the TENG can be used for human body monitoring [37,38]. TENG technology can be used for motion monitoring to meet the need for flexibility and convenience in wheelchair table tennis. An intelligent training aid system consisting of the TENG allows athletes to perform technically during motion monitoring independent of the monitoring equipment. The four operating modes of the TENG are the vertical contact-separation (CS) mode, the lateral sliding (LS) mode, the single-electrode (SE) mode, and the independent triboelectric-layer (FT) mode [39,40,41]. The main TENG used for human activity monitoring in current research is the LS-TENG [42,43,44], which provides energy for the monitoring equipment through the reciprocating motion of the human body. However, constant rubbing leads to a high loss of equipment [45]. This mode of operation, which relies on reciprocal motion to provide energy, is not suitable for monitoring changes in an athlete’s trunk center of gravity. Therefore, there is still a need to design a flexible TENG suitable for the long-term continuous monitoring of trunk stability to meet the needs of wheelchair table tennis monitoring.



In this paper, a portable and low-cost triboelectric nanogenerator (PL-TENG) was designed. The PL-TENG is made of flexible PU and Kapton as a triboelectric layer, foam glue as a substrate, and copper foil as the conductive electrode. Its production process is simple, with a low material cost, and easy to achieve. It can be used as an energy harvesting implement to supply power to small electronic devices without causing environmental pollution. In practical applications, the PL-TENG can be used for monitoring wheelchair table tennis sports without the support of an external power source. The PL-TENG is easily fixed to the athlete’s wheelchair by means of flexible tape. Because of its small size, the PL-TENG interferes little with the athlete. Based on this, the PL-TENG allows miniature electronic devices to achieve wireless data transmission and real-time monitoring of movement. The intuitive analysis of biomechanical movements by the sensing equipment with the PL-TENG promotes the application of small electronic sensing devices, led by the TENG, in the field of sports monitoring. The development of the PL-TENG intelligent training aid system opens new directions in sports monitoring for people with disabilities.




2. Materials and Methods


2.1. Materials


The polyurethane (PU) film and foam glue were purchased from Dongguan Jinda Plastic Insulation Material Shop (Dongguan, China). Kapton was purchased from Beijing Lancheng Feifan Technology Co., LTD. (Beijing, China). Enameled wire was purchased from Wuhu Eriter Electromechanical Equipment Co., LTD. (Wuhu, China). The one-sided matte copper foil was purchased from Taizhou Beiling Strength Store (Taizhou, China).




2.2. Methods


Firstly, Kapton and PU were cut into two rectangles with a length of 8.5 cm and a width of 4 cm. Secondly, the foam glue was cut into a rectangular frame according to the size of the triboelectric material. The frame was 8.5 cm long and 4 cm wide. The foam glue was tightly bonded between the Kapton and the PU layers as a support layer. The copper foil was cut into two rectangles of length and width of 7 cm and 2.8 cm and tightly bonded to the Kapton and PU surfaces [46]. Finally, the Kapton and PU layers of the same size were glued on the exposed surface of the copper foil as the substrate. Figure 1b shows the shape of the constituent materials and the bonding position. The material is easy to obtain, and its price is low. Compared with the traditional monitoring equipment, this equipment is less expensive and can be widely used in human motion monitoring.




2.3. Characterization and Measurements


The PL-TENG was fixed on the stepping motor frame with adhesive tape. The linear motor was set to output motion with different amplitudes and frequencies that simulated human motion through the control system. The PL-TENG generated triboelectric signals through repeated and periodic impacts of the stepping motor. An oscilloscope (sto1102c, Shenzhen, China) was used to collect the electrical signals generated by the PL-TENG located on the human body or stepping motor. The STM32 was adopted as the master control, and the hardware acquisition frequency was 200 Hz. The model of Bluetooth was HC-05.





3. Results and Discussion


The ability to control the body balance is one of the most important factors in wheelchair table tennis. The PL-TENG designed in this study can be mainly used for the monitoring of wheelchair table tennis. It can transmit posture balance information of athletes in real time. The legs of the player cannot transfer the body, in contrast to what occurs with table tennis players. In wheelchair table tennis, the transfer of the center of gravity of the body depends on the trunk strength transfer. The PL-TENG-L and PL-TENG-R were installed on the wheelchair seat (Figure S1). An athlete’s center of gravity changes with the movement of his body. Different actions exert unequal pressures on the PL-TENG-L and PL-TENG-R. The mechanical stimulation generated by the pressure change acts on the PL-TENG. Different movements lead the PL-TENG to produce different electrical signals. Coaches and athletes can improve the movement technique according to the signals transmitted by the PL-TENG. Figure 1 shows the production and application of the PL-TENG. As shown in Figure 1a, the PL-TENG can monitor the movement techniques and movement changes of athletes in real time. The production process of the PL-TENG is shown in Figure 1b. The physical diagram and 3d simulation structure of the PL-TENG are shown in Figure 1c.



Figure 2a shows the working mechanism of the PL-TENG in CS mode. In the initial state, the two triboelectric layers come in contact with an external force. The positive and the negative triboelectric layers generate equal and opposite charges; therefore, the charges do not transfer (state i). When the external force disappears or decreases, the two triboelectric layers gradually separate, and the electrons are repelled away by the negative charge in the bottom triboelectric layer. The electrons will move from the bottom electrode to the top electrode through the external conductive path (state ii), until the two triboelectric layers are completely separated, and the charge reaches the equilibrium state (state iii). When the two triboelectric layers are close to each other again, the upper and lower triboelectric layers approach each other to generate a reverse internal electric field, and the electrons flow from the upper electrode to the lower electrode through the conductive path (state iv). When the upper and lower triboelectric layers are completely in contact, a cycle will be completed. With the continuous application and release of an external force, the PL-TENG will repeatedly complete the cycle shown in Figure 2. Finite element simulation software was used to simulate the electrostatic field distribution under four different open-circuit conditions, and the results are shown in Figure 2b.



In order to accurately monitor the fast changes while playing wheelchair table tennis, the PL-TENG needs to transmit the movement data in real time. This allows the accurate integration and analysis of technical information. The PL-TENG output electric signal is the basis for analyzing the athlete’s movement. An excellent signal response is fundamental as a motion monitoring tool. Considering the possible influence of external factors on the PL-TENG during movement, the performance of the PL-TEN was tested before the technical monitoring and analysis. A stepper motor was used to simulate the playing action at different pressures and frequencies. The equipment was fixed on the stepper motor with a transparent tape. The output performance of the equipment was tested by controlling the stepper motor to provide periodic contact separation. The distance and frequency of the stepper motor were adjusted to simulate the different states of an athlete in a competition. Figure 3a shows the output voltage at the same frequency under different pressures. When the pressure was 5 N, 10 N, 15 N, 20 N, 25 N, the output voltage was 0.36 V, 1.41 V, 2 V, and 2.7 V, respectively. The output voltage of the TENG increased significantly as the pressure increased. It responded well to changes in different pressures. Figure 3b shows the linear relationship between pressure and output voltage. It can be seen that there is a significant linear relationship between pressure and voltage; the Pearson correlation coefficient was 0.97, and the formula is:


  V = 0.08 + 0.11 × N  



(1)







Since the movement of the gravity center causes pressure changes, the different voltages represent an athlete’s different movement states and the body’s control over the center of gravity. Coaches can accurately analyze an athlete’ s technical performance during training or competition according to the voltage signal emanating from the PL-TENG. Figure 3c shows the output voltage of the PL-TENG at different frequencies. When the frequency was 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz, the output voltage was 1.2 V, 1.3 V, 1.2 V, 1.04 V, respectively. The results showed that the output voltage of the PL-TENG was stable at different frequencies. Figure 3d shows the output voltage response at different frequencies, and the calculation formula is:


  R % =    V 0  −  V i     V i    × 100 %  



(2)







Here, V0 is the output voltage at 0.5 Hz, and Vi is the output voltage at other frequencies. Table tennis involves drastic movements. The metabolic rate of the human body is accelerated under continuous high-intensity exercise. Inevitably, for stabilizing the body temperature, the body will emit more heat and sweat during competition. The PL-TENG is in direct contact with the human body as it is fixed on it by adhesive tape. The temperature of the body and the sweat produced by the movement may affect the performance of the equipment.



The equipment was sealed during the experiments and applications. The PL-TENG output voltage before and after sweat-wetting at the same pressure and frequency, respectively, is shown in Figure 3e and Figure 3f. The output voltage of the PL-TENG was 1.516 V before wetting and 1.516 V after wetting. The results showed that sweat had almost no effect on the output voltage of the PL-TENG. The effects of human body temperature changes should be considered. We performed output stability tests at different temperatures. Figure 3g shows the high stability of the PL-TENG output at different temperatures. It proves that the PL-TENG can be used for wheelchair table tennis monitoring. The durability of the PL-TENG ensures a long-term monitoring. Figure 3h shows the durability of the PL-TENG. The results showed that the PL-TENG could still ensure a stable output after a long working time.



The PL-TENG can be applied to electrical energy harvesting. The energy generated during human movement can be collected and reused by the PL-TENG. The PL-TENG was installed using the circuit in Figure 4a. The 20 green LEDS in Figure 4b were lit by the tapping energy collected by the PL-TENG (Video S1). The electrical energy collected and stored by the PL-TENG can be used by small electronic devices. The current generated by the PL-TENG is AC. A rectifier bridge was installed in the circuit so that the AC current was converted to DC current to charge a capacitor of 4.7 μF. After charging was completed, the switch in the circuit was turned on to supply power to small electronic devices (Figure S4). Figure 4c shows a schematic of the PL-TENG installed in the same circuit as the rectifier. The energy accumulated by the PL-TENG during human activities was used to power calculators and electronic watches, as shown in Figure 4d,e (Videos S2 and S3).



Body control is important for both offense and defense in table tennis. Wheelchair table tennis athletes mainly rely on the torso to control the distance of the upper limbs to attack and defend. Reducing the movement of the wheelchair as much as possible will help athletes to make fast breaks and return to defense. An athlete’s trunk control ability can be shown in the length of time necessary to complete a certain movement. A complete batting movement includes not only a ready position movement and a batting movement but also a body motion adjustment at the end of a stroke. Figure 5 shows the application of the PL-TENG in training. The PL-TENG was mounted on the seat of the wheelchair. The motion data were transmitted wirelessly to a computer (Figure S4) through an AD module and a Bluetooth module (Figure S5). Coaches can analyze the data on the computer to give specific instructions to athletes. Table tennis athletes face balls from different directions in a match. The athlete is required to constantly change the center of gravity to accommodate the changing direction of the ball. An athletes’ body barycenter changes following the batting direction. As shown in Figure 5a, an athlete holding the racket in his right hand has his body barycenter tilted to the right when hitting a forehand. The barycenter is on the left when hitting a backhand. Figure 5b shows the electric signal output of the R-PL-TENG on the center of gravity side of the athlete when the player hit a short ball three times with his forehand. The output voltage of the PL-TENG increased when the center of gravity of the athlete’s body moved away from the central axis of the body along the direction of batting. Athletes need a great trunk control for balance and accuracy. Different signals can be produced by an athlete’s performing three forehand shots, which would show that the athlete is not accurate enough [47] when batting balls in the same position. Athletes need to increase the number of practicing sessions [48]. Figure 5c shows the L-PL-TENG electrical signal output on the center of gravity side of an athlete hitting a backhand short ball three times. Comparing Figure 5b and Figure 5c, it can be seen that the output voltage of the backhand shots was higher than that of the forehand shots, because the athlete needs more support strength to maintain his body balance when hitting a backhand short ball. In this case, compared to the ipsilateral support of the forehand, the torso adds a torsion motion. The trunk torsion force increases the batting power and also the difficulty of the torso to control the balance of the body. The athlete needs more strength control for the torso to overcome the inertia associated with the torsion. Therefore, a backhand short ball requires more trunk control than a forehand short ball. Strengthening the body core stability when playing a backhand can enhance the skill level of athletes. The athlete can judge the efficiency of a movement according to the completion time of a signal. The shorter the signal, the faster the action, which will allow the athlete to better prepare for the next attack. By comparing the completion times of the first signals in Figure 5b, c, it can be concluded that the backhand short ball of the athlete took a longer time. These data can be fed into the training exercise plan, to work on adding speed to the athlete’s backhand. In a competition, the coach can put forward specific tactics for athletes according to the output voltage signals and the completion times of the signals. With more time to face the incoming ball, the athlete can hit the ball with more power thanks to the improved backhand. This will occur in a situation in which the player has to face a forehand attack with a counter-attack, making a quick return. When the opponent’s ball is fast, the athlete can use a forehand shot to save time and adjust the movement. The output signal of the PL-TENG can be used to judge the attack and counter-attack movements of an athlete. The coach can analyze the athlete’s performance according to the output signals. In order to explore whether the output of the TENG was affected by different arm haul distances, the output signals of the PL-TENG were compared by selecting shots with different arm haul distances. Figure 5d,e shows the output voltage comparison of the PL-TENG when hitting the ball with different arm haul angles. Figure 5d shows the influence of different arm haul distances of forehand shots on the output voltage of the PL-TENG. The arm haul distance with a shoulder abduction angle of about 45° and the arm haul distance with a shoulder abduction angle of about of 80° were compared [49]. The abduction angle of the shoulder affects the racket lead distance when hitting a forehand. A greater shoulder abduction angle for the same forehand shots will make the racket lead distance longer. Taking the central axis of the human body as the central axis of rotation, the length of the racket swing distance increases the moment arm, and the moment of inertia increases. The formula is as follows:


  I = m  r 2   



(3)




where r is the distance from the table tennis racket to the athlete’s center axis, and m refers to the mass of the athlete’s body. As the moment of inertia increases, more force is required from the torso to maintain balance at the end of the movement. The PL-TENG showed an increase in output voltage. During wheelchair table tennis backhand shots achieved mainly through the wheelchair movement, the athlete torsion rotates, followed by shoulder joint adduction and internal rotation. The wheelchair movement should be minimized during the game to prevent passive situations. Figure 5e shows the signal output of the PL-TENG backhand shot from different angles. An athlete’s torsional angle and shoulder joint rotation and adduction are important influencing factors in hitting backhands. The functional axial rotation angle of the lumbar spine is between 2° and 7° [50]. A long-haul backhand shot obviously produces a higher electrical signal. Because of the limitation of the angle of motion of the joint, athletes usually increase the range of motion by lateral bending of the pelvis. This also increases the time to complete the overall movement. The complexity of the body motion involves a high number of muscle groups. The more complex the athlete’s movement, the better the muscle control ability the athlete requires. By comparing the completion time of two identical movements it is possible to estimate the muscle control ability of an athlete. The data in Figure 5e prove that the athlete had optimal control over the muscles. The PL-TENG can be applied to monitor the motion data of wheelchair table tennis athletes. It captures and visualizes subtle changes in an athlete’s body movements while playing. Coaches and athletes can more easily identify deficiencies during movement by using sensing devices with the PL-TENG. Sensing equipment with the PL-TENG provides the support of scientific and intuitive for athletes’ technical training.




4. Conclusions


In conclusion, a new portable and comfortable TENG was developed for motion monitoring. A PU film and a Kapton film constitute the triboelectric layer, and the foam glue is combined as the support layer. This avoids expensive and time-consuming processing, which makes the PL-TENG easy to manufacture and low-cost. The PL-TENG powers microelectronics by harvesting the energy of movement. The use of the PL-TENG can reduce the environmental pollution caused by conventional batteries. Sensing equipment with the PL-TENG can be used while playing sports in place of traditional motion monitoring equipment. The PL-TENG was developed to solve the problem of inflexible motion monitoring devices. It provides a low-cost solution for real-time motion monitoring. It opens new perspectives for sports intelligence.
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Figure 1. Experimental design for wheelchair table tennis balance monitoring and composition of the PL-TENG. (a) Working scenario of the PL-TENG. (b) Fabrication process of the PL-TENG. (c) Structure and 3D simulation of the PL-TENG. 
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Figure 2. Working mechanism of the TENG (a) Working principle of the TENG. (i) The PL-TENG is compressed. (ii) The triboelectric layer of the PL-TENG gradually separates. (iii) The triboelectric layer of the PL-TENG is completely separated. (iv) The PL-TENG is compressed, and its triboelectric layer is gradually approached. (b) COMSOL software demonstrates the working principle of the PL-TENG. (i) the PL-TENG is compressed. (ii) The triboelectric layer of the PL-TENG gradually separates. (iii) The triboelectric layer of the PL-TENG is completely separated. (iv) Under an external force, the friction layer of the PL-TENG moves close again. 
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Figure 3. The output performance of the PL-TENG. (a) PL-TENG output voltage comparison under different pressures. (b) Linearity of the PL-TENG output voltage under different pressures. (c) PL-TENG output voltage comparison under different frequencies. (d) PL-TENG output voltage response under different frequencies. (e) PL-TENG output in dry conditions (voltage). (f) Output voltage of the PL-TENG after wetting. (g) Output voltage of the PL-TENG at different temperatures. (h) Durability test of the PL-TENG. 
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Figure 4. Application of the PL-TENG as a power supply. (a) Diagram of the PL-TENG lighting an LED circuit. (b) PL-TENG powering LEDs. (c) PL-TENG in the rectifier circuit. (d) PL-TENG as a calculator power supply. (e) PL-TENG as an electronic watch power supply. 
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Figure 5. (a) Using the PL-TENG wireless transmission of motion data and guidance analysis. (b) Output voltage signals of three forehand short balls. (c) Output voltage signals of three backhand short balls. (d) Comparison of the PL-TENG output voltages when hitting forehand balls at different distances. (e) Comparison of the PL-TENG output voltage when hitting backhand balls at different distances. 
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