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With the energy crisis and environmental pollution becoming a growing concern worldwide, the development of clean and renewable energy from the environment has become an imperative for human survival and development. However, the equipment used to harvest clean renewable energy is large, subject to environmental impacts and regional differences (such as wind, solar and tidal energy). In this study, a biodegradable eggshell membrane triboelectric nanogenerator (EM-TENG) is introduced for the purpose of harvesting low-frequency mechanical energy. A Wireless Intelligent Motion Monitoring System (WIMMS) has been created using EM-TENG. It includes a Bluetooth sensor terminal and an intelligent processing terminal for digital signal reception on a host computer. The EM-TENG can be attached to knee and ankle joints to monitor posture. Therefore, for real-time monitoring of joint and kinetic chain changes during land training of ice dance athletes, the intelligent ice dance land training aid system is important. As a wearable motion monitoring sensor, EM-TENGs application in intelligent motion monitoring, intelligent wearable devices and big data analytics is being promoted.
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1 INTRODUCTION
Many problems such as the global energy crisis and ecological changes have been caused by the continuous consumption of fossil fuels and the massive emission of carbon dioxide (Coccia, 2020; Gurieff et al., 2020; Liu et al., 2020; Feng et al., 2021; Wang et al., 2022; Qu et al., 2023). The search for carbon emission reduction and renewable energy technologies is an imperative for the green economy and sustainable development of human civilization in response to global energy shortages and current environmental pollution problems (Zhu et al., 2020; Li Y. H. et al., 2021). Photovoltaic, thermoelectric, piezoelectric, electrostatic and electromagnetic induction-based systems are flourishing by offering a new energy harvesting strategy (Zhao J. et al., 2022). However, these system architecture applications are too com-plex and severely limited by light intensity, temperature variations, etc. Furthermore, the increasing prevalence of diverse intelligent machines and electronic devices has presented a significant challenge in ensuring an adequate supply of energy for all electronic devices and sensors. Consequently, there is a pressing necessity to harness available energy from the surrounding environment. (Li Y. H. et al., 2023; Mi et al., 2023). The tribo-electric nanogenerator (TENG), invented by Zhonglin Wang and his team in 2012, has been widely recognized as a novel, practical and effective device for harvesting energy from the environment, as evidenced by numerous studies conducted by researchers (Fan et al., 2021; Li Y. M. et al., 2023; Du et al., 2023; Li et al., 2024; Shao et al., 2024). The TENG as an innovative technology based on the coupling effects of contact electrification and electrostatic induction converts low-frequency mechanical energy into electrical energy (Yin et al., 2019; Guo and Liu, 2020; Sun et al., 2020; Pradel and Fukata, 2021; Yang et al., 2021; Hao et al., 2022; Wen et al., 2023; Zhu et al., 2023). Because of its unique advantages of self-powered, low-cost, simple structure, easy manufacturing and various material options, it has been used in various fields, such as environmental energy harvesting, medical monitoring, intelligent security systems, etc (Liang et al., 2017; Wen et al., 2018; Xie et al., 2020; Luo J. et al., 2021; Shen et al., 2022; Zeng et al., 2022; Zhu et al., 2022; Bagchi et al., 2023). Except energy harvesting, TENG can be designed as an adaptable and low-cost wearable signal transmission device, which is widely noticed in the field of motion information monitoring (Yi et al., 2019; Li R. et al., 2021; Su et al., 2021; Dudem et al., 2022; Linnamo, 2023).
Ice dance is famous for its “ballet on ice”. It combines the beauty of music, gestures and power, which is one of the most ornamental winter sports. Ice dance has a strong focus on steps and strict limitations on technical movements, emphasizing the use of movement to express music. Land-based training is an important training approach and method for the whole ice sport to perfect and improve the competitive ability (Kovacs et al., 2004). Ice dance land technique training is a special training conducted on land, which has deepening and integrating facilitating effects on the comprehensive ability of ice dance athletes and can improve their technical and performance ability. However, excessive physical load and experience inculcation in the training process are still the main ways to improve ice dance performance. Its scientific and systematic data monitoring and analysis are lacking. At present, in the field of monitoring technology, systematizing movement and improving sports training performance, artificial intelligence has a wide range of applications (Haug et al., 2019; Gang et al., 2021; Lu et al., 2021; Tomita et al., 2021). Such as wearable technology to promote real-time sports data collection, intelligent training venues and digital technology to promote functional monitoring systematization, AI and intelligent robotics to promote efficient sports training, etc (Chung et al., 2019; Xie et al., 2019; Luo Z. B. et al., 2021; Cheng et al., 2021; Zhao T. M. et al., 2022). Ice dance will also benefit from the application of artificial intelligence to further improve the ability to monitor various sport performance related parameters (Panfili et al., 2022; Cao et al., 2023). Conventional electronic devices usually require external power sources to operate, with problems such as limited battery and supercapacitor life, heavy weight, high replacement cost and potential environmental pollution. The development of an EM-TENG based Wireless Intelligent Movement Monitoring System (Wireless Intelligent Motion Monitoring System) to monitor ice dance land training is essential (Bruening et al., 2018; Kim et al., 2021; Lu et al., 2022).
This study introduces a versatile and eco-friendly EM-TENG with eggshell membrane and polytetrafluoroethylene friction layers. EM-TENG is small, light, stable, sensitive and biodegradable. To avoid sweat erosion of EM-TENG, it was encapsulated with PDMS. Subsequently, it was utilized to monitor the land technique training of ice dancers, with the collected data being analyzed to develop personalized training programs for the athletes. This information serves as a valuable resource for addressing challenges encountered during ice dance training. The EM-TENG can quickly and accurately transfer data to the terminal for visual display due to its sensitive response time (53 ms) and excellent performance. It is based on EM-TENG, the Bluetooth sensor terminal and the terminal for receiving the digital signal in the intelligent processing of the host computer. A system combines requirements and indicators of land training with ice training to im-prove the technical and performance abilities of ice dancers has been designed which can also avoids the damage caused by overtraining. Therefore, this study not only opens a broad prospect of sports monitoring applications in the field of ice and snow sports but also provides important references for achieving sustainable development of smart sports.
2 MATERIALS AND METHODS
2.1 Materials
The transparent PTFE has been purchased from the Taizhou Huafu Plastics Industry Co., LTD. (Taizhou, China). PDMS solution and hardener were purchased from Tianjin Youheng Electronic Technology Co., LTD. (Tianjin, China). The magnet wire was sourced from Wuhu Erite Electromechanical Equipment Co. (Wuhu, Anhui, China). The double-conductive aluminum foil tape was a purchase from Taobao.
2.2 Preparation of EM-TENG sensor
To make the PDMS support layer: Firstly, mix the PDMS solution and hardener at a ratio of 10:1 by weight and stir until well combined. Secondly, pour the mixed solution into the mold and heat it in an oven at 85 °C for 15 min. Finally, remove the cured PDMS from the mold and trim it to obtain the PDMS support layer.
EM Preparation: buy ostrich eggs from Taobao and make a small hole in the top. After handled the liquid, remove the eggshell with tweezers and extract membrane. After cleaed with DI water, cut the eggshell membrane and dry it in an oven at 85 °C.
Preparation of EM-TENG sensors: Initially, the PDMS support layer was cut to size, followed by the cut of the eggshell membrane, PTFE membrane and double conductive aluminum foil to match. Subsequently, the eggshell membrane and PTFE membrane were affixed to the double conductive aluminum foil to create two friction layers for the TENG. Furthermore, in the construction of the device, PTFE was employed as the negative layer, flexible PDMS served as an intermediate support layer for facilitated contact and separation between the two friction layers and eggshell was utilized as the positive layer. The three layers were arranged in a stacked configuration and affixed with tape at both extremities. Subsequently, the entire assembly was encased in PDMS to create a fully integrated device measured 7.0 cm in length, 4.0 cm in width and 0.3 cm in height.
2.3 Characterization and measurement
To simulate joint movement, the EM-TENG has been attached to a stepper motor. The stepper motor’s asynchronous pitch and frequency were adjusted to test EM-TENG performance. Waveform signals were generated by EM-TENG and recorded by oscilloscope (Sto1102c, Shenzhen, China).
3 RESULTS AND DISCUSSION
A personalized data monitoring and analysis platform has been built to monitor ice dance land training. The EM-TENG can record the movement data of the ice dancers in real time and to transmit it wirelessly to the computer at the top. Coaches can use EM-TENG data to improve athletes’ technique, create personalized training plans and address training issues. Figure 1A demonstrates that the EM-TENG can be attached to the knee and ankle joints to track changes in joint motion of ice dance athletes during land and ice training, with data transmitted wirelessly via Bluetooth for real-time monitoring. Figure 1B illustrates the process in which the biodegradable eggshell membrane was washed with DI water, dried in an oven at 85 °C for 15 min and then cut to the required dimensions to produce the positive friction material for the TENG. The eggshell membrane’s substantial specific surface area and porous structure, coupled with its inert nature that prevents interference with other substances, render it an effective carrier for the development of biosensors. Eggshell membranes are not only thin (100 µm) and rich in micro fibrous structure, but also have unique properties such as elasticity, thermal stability, chemical stability and hydrophilic surface that make them highly desirable triboelectrical materials. Figures 1C,D show the SEM images of eggshell membrane and ostrich eggshell membrane, respectively. Compared with the eggshell membrane, ostrich eggshell membrane has a richer surface fiber structure and higher surface roughness. Supplementary Figure S1 shows the voltage output of four eggshell membranes (egg, duck egg, goose egg, ostrich egg) as positive friction layers, and it is obvious that the ostrich eggshell membrane outputs the largest voltage. Additionally, this technology has the capability to provide power to portable electronic devices and facilitate self-powered data collection during ice-dancing routines. The collected data can then be analyzed through wireless transmission and utilized to generate visual images, as depicted in Figure 1E. The EM-TENG can be easily formed on demand, demonstrating its advantages in cost-effective and industrial friendly manufacturing. In addition, using EM to make sensors instead of synthetic polymers can reduce chemical waste and develop high-value products using waste agricultural by-products. Our work proposes a biodegradable EM-TENG that provides a holistic environmental design concept for self-powered wearable electronics and offers the prospect of a wide range of applications for sustainable energy systems.
[image: Figure 1]FIGURE 1 | EM-TENG application scenarios and preparation process. (A) The use of EM-TENG in ice dance training on land and on ice. (B) The preparation process of the EM-TENG friction layer. (C) SEM images of eggshell membrane. (D) SEM images of ostrich eggshell membrane. (E) Intelligent motion monitoring application of EM-TENG.
Figure 2A illustrates the manufacturing process of the EM-TENG, which begins with cleaned the eggshell membrane using DI water and dried it in an 85 °C oven. Subsequently, a PDMS solution and curing agent are combined in a 10:1 ratio by weight, allowed to stand to eliminate air bubbles and then cast. A support layer was then obtained by dried in an oven at 85 °C. Finally, a sandwich structure was created by layering the upper eggshell membrane, intermediate PDMS support layer, lower polytetrafluoroethylene (PTFE) membrane and conductive aluminum foil adhesive on top and bottom. The final step involves pouring PDMS over the entire Sensor to prevent sweating. Figure 2B shows the working mechanism of EM-TENG. The diagram (State I) depicts the initial state in which the upper and lower dielectric friction layers are adhered without the presence of external forces, suggesting the absence of charge and electrical neutrality in the electrical output. Upon application to the surface of the EM-TENG, the eggshell membrane (EM) and polytetrafluoroethylene (PTFE) undergo a gradual separation process, resulting in the generation of equal and opposite induced charges on the surface of the friction layer. The polytetrafluoroethylene (PTFE) layer exhibits a tendency to lose electrons, whereas the eggshell membrane (EM) layer demonstrates a propensity to gain electrons, resulting in the transfer of electrons from the PTFE surface to the eggshell membrane (EM) layer (state II). Upon complete removal of the external force, the process of charge transfer and electron flow ceases (state III). When the EM-TENG undergoes compression once more, the proximity of the upper and lower friction layers results in the generation of a reversed internal electric field, facilitating the transfer of electrons from the electrodes of the eggshell membrane (EM) layer to those of the polytetrafluoroethylene (PTFE) layer (state IV). When the upper and lower friction layers are in full contact, the cycle is complete. A new cycle is started by releasing and compressing the EM-TENG. The corresponding simulation of the potential distribution by COMSOL for four different states is shown in Figure 2C. The EM-TENG is well suited to various motion monitoring applications due to its unique operating principle and excellent output voltage performance.
[image: Figure 2]FIGURE 2 | Preparation and operational mechanisms of EM-TENG. (A) Fabrication of the EM-TENG. (B) The principle of operation of the EM-TENG is a schematic diagram. (C) The operating principle of the EM-TENG has been simulated by means of COMSOL software.
In its role as a motion monitoring sensor, EM-TENG must ensure its capability to cater to diverse movement requirements. Therefore, preliminary electrical performance testing has been conducted on EM-TENG before it is put into practical use. Figure 3A displays the output voltage of EM-TENG under identical bending angles and forces, but at varying frequencies. At low frequencies (1 Hz, 2 Hz, 3 Hz and 4 Hz), the outputting voltage of EM-TENG remains consistent at approximately 36 V. The sustained output voltage is since at lower frequencies, there is no accumulation of triboelectricity. This finding also serves to illustrate the stability of the EM-TENG in monitoring low-frequency motion. Ice dancing requires a motion monitor with stable performance and fast joint angle changes and EM-TENG can meet ice dancing monitoring requirements. Figure 3B shows the EM-TENG response at different frequencies calculated using the following equation:
[image: image]
[image: Figure 3]FIGURE 3 | EM-TENG electrical output performance. (A) Output voltage of EM-TENG at different frequencies. (B) The voltage response of the EM-TENG has been measured at different frequencies. (C) The relation between the angle of the EM-TENG at the same frequency and output voltage. (D) A linear relationship exists between the output voltage of the EM-TENG and the bending angle at the same frequency. (E) Output voltage of the EM-TENG under different temperature conditions. (F) The reaction time of EM-TENG is 53 ms. (G) The voltage and power of the EM-TENG were measured at different loads. (H) EM-TENG charges 1 μF, 3.3 μF, 4.7 μF and 10 μF capacitors. (I) Stability tested of EM-TENG.
In the formula, V0 and Vi are output voltages at 1 Hz and another frequency. When the frequency is 1 Hz, 2 Hz, 3 Hz and 4 Hz, the frequency response of EM-TENG is 0%, 0.05%, 0.01% and 0.02%, respectively. The data suggest that EM-TENG is a stable method for monitoring human motion. It is capable of sensitively and accurately monitoring rapid changes in joint movement and angles during ice dance competitions. A stepper motor was used to simulate changes in joint angle to measure the voltage output of the EM-TENG at different bending angles, as shown in Supplementary Figure S2 This means that it is possible to set an absolute movement value for each step, which is then used to calculate its height. The bending angle of the sensor can be calculated using the cosine function (2cosβ). The voltage output of the EM-TENG at the same frequency but with different bending angles is shown in Figure 3C. When the bending angle is 62°, 94°, 128° and 148°, the triboelectric outputting voltage is 8.1 V, 7 V, 4.2 V and 3.6 V, respectively. The EM-TENG effectively measures changes in angles by monitoring output voltage, enabling coaches to monitor angle changes at individual joints in ice dancers’ bodies and devise tailored training regimens to enhance performance. Figure 3D shows the relationship between the bending angle of the EM-TENG and the output voltage, calculated using an equation.:
[image: image]
The study found significant correlation between EM-TENG angle and voltage, with a Pearson correlation coefficient of −0.98362. Figure 3E shows the outputting voltage of EM-TENG at different temperatures. It can be seen from the figure that the maximum outputting voltage at 25.8°C, 32°C, 36.1°C and 40.8 °C is 10.2 V, 11.5 V, 11.3 V and 11.3 V, respectively. Compared with the normal human temperature of 37°C, EM-TENG has no significant changes in its outputting voltage at different temperatures, indicating that this device has good stability in the face of temperature changes. Figure 3F illustrates the charge and discharge reaction time of the EM-TENG device, with a recorded reaction time of 53 milliseconds, suggesting a notable high-pressure sensing sensitivity of the EM-TENG. The comparison of outputting voltage, outputting power and outputting current of the EM-TENG is shown in Figure 3G. From Figure 3G, the output voltage will increase as the resistance of the load increases, while the output current will decrease as the resistance of the load increases. Additionally, it is noted that EM-TENG demonstrates a peak power output of 17.92 mW when subjected to a load resistance of 7 MΩ, suggesting that the most efficient resistance for EM-TENG operation is 7 MΩ. Figure 3H shows the charging conditions of the different capacitors of the EM-TENG. At a frequency of 4 Hz, the outputting voltages of the EM-TENG at 1 μF, 3.3 μF, 4.7 μF and 10 µF capacitors charged to 28 s are 4.88 V, 4.24 V, 2.96 V and 1.39 V, respectively. The EM-TENG has the capability to function as both a sensor and an energy harvester by transforming the mechanical energy generated by human movement into electrical energy. Figure 3I shows the results of the stability test conducted on the EM-TENG. Even after 2,800 test cycles, the EM-TENG remained stable, demonstrating its excellent fatigue resistance and ability to monitor ice dancers continuously.
To assess the degradability of the eggshell films, they were buried in soil at a depth of 10 cm and maintained at room temperature for a period of 40 days, with the soil being kept adequately moist. Observations of decomposition were conducted on the first, 10th, 30th and 40th days of the experiment. After 40 days, most of the eggshell films had degraded, as shown in Supplementary Figure S3.
EM-TENG has the capability to capture the mechanical energy generated by the movement of the human body and transform it into an electrical signal for providing feedback. To investigate the functionality of EM-TENG as a power source, we tested its practical application by using the harvested energy to charge various commercial electronic products. The pulse current output from the TENG is typically rectified and stored in energy storage devices such as batteries or capacitors, which then supply power to electronic devices. Figure 4A shows the equivalent circuit diagram of EM-TENG, which includes capacitors, rectifier bridges and loads. The rectifier bridge converts the alternating current generated by the EM-TENG as it moves into direct current, which is then stored in the capacitor. The electrical energy produced by the act of touched and pressed the EM-TENG has the capability to immediately illuminate 63 commercial green LEDs, as demonstrated in Figure 4B and Supplementary Video S1. This serves as evidence of the exceptional electrical performance of the EM-TENG and its ability to consistently supply power to the device. The actual charged and discharged conditions of the electronic watch and calculator (Supplementary Video S2) are shown in Figures 4C, D, respectively. Initially, the EM-TENG was tapped manually to charge the capacitor for a specified duration, followed by the activation of the power switch to provide power to both the calculator and electronic watch. Subsequently, successful illumination of the electronic calculator and watch was observed during the experimental trial, as depicted in Figures 4C, D. These practices have demonstrated that EM-TENG exhibits significant potential for use in sustainable clean energy applications.
[image: Figure 4]FIGURE 4 | EM-TENG performance test. (A) Equivalent circuit diagram for charged and discharged in EM-TENG. (B) EM-TENG has the capability to illuminate 63 green LEDs and is utilized as a power source. (C) EM-TENG charges the electric watch. (D) Charged the calculator.
Ice Dance is a performance of dancing steps and sliding movements on the ice with the rhythm of music. The imitation of the movement on land is an essential basic method of practice for the ice dance. A solid foundation for competitive performance and improved fitness is achieved through proper and effective land training. In the training process, the land training movements designed based on the technical characteristics of ice dance can deepen and integrate the comprehensive ability of ice dancer athletes. For example, conducting basic step, Mohawk step and twist step imitation exercises on land. In this work, our focus is to monitor the training of these ice dance step exercises on land. The voltage output of the knee and ankle joints of two athletes during basic step exercises is depicted in Figure 5A. The smoothness of the curve correlates with improved stability in the knee and ankle joints. Athlete 1 exhibits a smoother voltage output curve compared to Athlete 2, suggesting superior knee and ankle stability in Athlete 1. Under high-speed ice dance movements, the stability of the knee and ankle joints ensures that the body is in a low center of gravity state, which helps to reduce wind resistance during movement. Figure 5B shows knee joint angle variation for two athletes in mohawk stride training. By comparing the two, the outputting voltage of Athlete 1 is more stable, while the outputting voltage of Athlete 2 is more fluctuating and unstable. The reason for this is that before and after the mohawk, the knee and ankle of the gliding foot must be bent and pushed downwards, requiring high stability of the knee and ankle. EM-TENG’s simulation training is a crucial component in sports training, particularly in assisting ice skaters with the development of their technical skills. By monitoring movement signals, athletes can receive guidance in practicing the mohawk and progress from generalization to automatization in their skill execution. Ensure that they have better stability in competitions to achieve higher athletic results. Twist step is a continuous twisting movement that requires sufficient speed to complete and sufficient sliding speed will make it easier for athletes to perform the twist step. The fluctuations in output voltage of the knee joint during the twist step of the athletes are illustrated in Figure 5C. Athlete 1 exhibits a notably more consistent output voltage compared to Athlete 2, as depicted in Figure 5C. This is because the twist step is completed through very precise lifting and rapid turning of the foot, with very small and delicate movements. The unstable outputting voltage of Athlete 2 may be due to the inability to control their own speed, resulting in unstable twisting. It is important to watch the center of gravity and avoid swaying back and forth. Therefore, using EM-TENG can help athletes find a suitable speed and rhythm to complete ice dance movements better. The operation of the wireless intelligent land training system based on EM-TENG is shown in Figure 5D. The EM-TENG is used to monitor ice dancers during trained on the ice by attached to their ankle and knee joints. As the athlete performs exercises on land, the angle of the ankle and knee changes with the athlete’s range of motion and the EM-TENG device monitors and collects movement data during the exercise. The system then transmits the collected motion data via radio to a receiving device for processed in real time. Finally, the ice dancer’s movement performance can be scored in the form of a visualization interface. It also effectively helps athletes and coaches to understand sports performance in real-time, so that they can plan appropriate training plans.
[image: Figure 5]FIGURE 5 | Application of EM-TENG in ice dance Land training. (A) Outputting voltage diagram for basic steps trained. (B) Outputting voltage diagram of Mohawk steps training. (C) Outputting voltage diagram of twisting steps training. (D) The operating diagram of the ice dance land training assistance system.
4 CONCLUSION
In summary, a biodegradable eggshell membrane triboelectric nanogenerator was designed and fabricated for energy harvest and ice dance land training monitoring. The system uses eggshell diaphragms, PTFE film, PDMS support layer and aluminum foil electrodes to create an EM-TENG with a 300 V open circuit voltage. It also has a sensitive response time (53 ms). The flexibility, light weight and pliability of the material facilitate easy attachment to the ankles and knees of athletes. During the dancer’s movement, the EM-TENG undergoes deformation, leading to the generation of electrical power through the interaction of friction and electrostatic forces. Serving as a data transmitter, the EM-TENG wirelessly sends real-time data from ice dance training to a host computer for processing, enabling accurate recording and evaluation of technical movements, which are then displayed on a terminal device. This research will provide an effective method for the next-generation of portable and wearable applications that are environmentally friendly. Furthermore, digitalizing sports training is important for the development of sports.
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