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Introduction

In order to further promote miniaturization, convenience and intelligence of sleep monitoring devices, a novel method using triboelectric nanogenerator (TENG) for sleep monitoring and analysis has attracted attention gradually (1–9). TENG is an energy collection technology (10–12), which based on coupling of triboelectric electrification and electrostatic induction during the conversion of mechanical energy to electrical energy (13). with advantages of low cost, diverse structure, stable output, high energy conversion efficiency, strong shape adaptability, eco-friendly (14, 15), TENG can harvest mechanical energy from water waves, vibration, raindrops, wind and other environments (16). Its unique working modes also enables TENG to obtain biomechanical energy under sports and physiological conditions (17), including body movement, respiration, and heartbeat, which enables sleep monitoring free from the lack of batteries with a smaller volume and better use experience.

At present, sleep monitoring based on TENG mainly focuses on respiratory rate, head movement, eye changes and limb movements, which are important parameters related to sleep quality. For example, Yue et al. (1) prepared a self-powered all-nanofiber electronic skin based on TENG, which integrates a series of complex flexible sensors to analyze sleep quality by detecting respiratory rate and carotid signal frequency. However, the preparation process is relatively complex. Zhang et al. (5) fabricate a self-powered waist wearable respiratory monitoring device by taking advantage of the characteristics that the abdomen will deform during breathing. The respiratory information is retrieved by detecting the changes in abdominal circumference during human respiration to monitor sleep status. In addition, the energy generated by clearing abdominal deformation during breathing can also provide energy for the sensor. Kou et al. (9) prepared an intelligent pillow based on a flexible and breathable triboelectric nanogenerator (FB-TENG) sensor array, and evaluated the sleep quality by detecting the real-time head movement trajectory during sleep by the self-powered pressure sensor array, as shown in Figure 1a. On the other hand, Cao et al. (18) proposed a free deformable tribo-sensor (FDTS) based on nanofiber reinforced ultra-thin elastomer. After integrating the FDTS with the eye mask, the sleep state is evaluated by sensing the blinking action of the human body during sleep. In the research of limb motion, there are many sensitive and TENG-based limb motion sensors (7, 8). By monitoring the voltage output signal generated by the relative motion of the triboelectric layer in the device caused by human body movement in sleep, the time and number of human body movements in sleep can be collected and recorded in real time. The monitoring of sleep quality is mainly realized by pressure sensors, but the existing monitoring system still needs to improve the
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FIGURE 1
 (a) Self-powered intelligent pillow based on TENG monitors head movement track (9). (b) An example of hypnogram (21). (c) Self-powered mask shape wearable device based on TENG (28). (d) Schematic diagram of breathing mode (28). (e) Test process of sleep monitoring belt made by porous TENG self-powered tactile sensor with CNT doping (3).


sensitivity and stability of detection and faces challenges such as complex structure, high manufacturing cost, and difficulty in washing, which limits the application in real-time sleep posture detection and physiological analysis.

This paper analyzes the work of current researchers in respiratory rate, head movement, eye changes and limb movements, which are important parameters related to sleep quality. At the same time, it also analyzes the development direction of emerging electronic devices for sleep monitoring and analysis in the future, which has certain reference significance.



TENG and sleep disorders

Due to the accelerated pace of modern life, more and more people are experiencing sleep disorders such as insomnia, obstructive sleep apnea-hypopnea syndrome (OSAHS), and circadian rhythm disorders, often caused by increased work pressure and irregular lifestyles (19, 20). Effective sleep monitoring and analysis are crucial in identifying sleep quality problems promptly, adjusting health habits, and seeking medical advice in a timely manner (21, 22). Figure 1b displays a typical sleep architecture, which represents the cyclic pattern of sleep (21). Numerous energy harvesters were developed in the past decades (23). Wherein TENGs can convert mechanical energy in the environment into electrical energy for self-power supply, and obtain information regarding environmental changes by analyzing the generated electrical signals (24, 25), even improve the overall performance of the system (26). In addition, these sleep monitoring devices generally use a sensitive motion sensor based on TENG. The relative movement of the triboelectric layer in the device which is caused by the tiny movements of the human body during sleep can generate a voltage output signal of up to tens of volts, thus reflecting the sleep situation in real time. For instance, we can analyze the signal frequency to determine wakefulness, shallow sleep, and deep sleep stages, as well as use the recorded time to determine the sleep duration and time taken to fall asleep.



High sensitive triboelectric nanogenerator wearable devices

To facilitate and quickly implement sleep monitoring, TENGs are usually fabricated as various wearable devices, such as electronic skin patches (7), belts (5), goggles (18), which can analyze sleep behavior by monitoring limb movements, breathing or eye movements. In recent years, there has been a lot of research on the performance improvement and function optimization of wearable devices for TENG. For example, Chen et al. (27) vertically integrated the single-electrode TENG and the fiber-based piezoelectric nanogenerators (PENG) to further improve the self-power efficiency of wearable devices. At the same time, the piezoelectric nanofibers are used to monitor human physiological signals quantitatively and realize sleep monitoring. Salauddin et al. (6) combined MXene/Ecoflex nanocomposites with fabric to build a waterproof triboelectric nanogenerator device (FW-TENG) with advantages of self-powering and mechanical comfortable. Besides, it is also very reliable and stable underwater, which is an important feature for next generation of wearable/portable technology. On the optimization of data processing based on TENG wearable devices, Yun et al. (28) proposed a mask-shaped triboelectric nanogenerator (M-TENG) using mechanical energy generated by respiratory airflow, as shown in Figure 1c. This wearable device can detect the electrical signals generated by the breathing patterns in different sleep stages (as shown in Figure 1d). These electrical signals can be classified with the assistance of machine learning. Considering the optimization of sensor preparation methods for wearable devices, Ding et al. (3) designed a self-powered tactile sensor with CNT-doped porous TENG. This self-powered sensor has low cost, high durability and good sensitivity. In the test, the sleep monitoring belt prepared by this sensor can obtain accurate data about real-time heartbeat and respiration, as shown in Figure 1e.

Although wearable devices based on TENGs have achieved great progress in recent years, it is inevitable that wearable devices will affect the natural sleep state of the human body to some extent during use. In this regard, many researchers start with intelligent textiles based on TENG, and prepare them into more comfortable bedding to maximize the restoration of the natural sleep state of the human body.



Washable intelligent mattress for sleep monitoring

A non-invasive sleep monitoring scheme that does not need to attach any sensor or transducer to the human body has been proposed. The method is to use large pressure-sensitive and washable smart textiles based on TENG array to make them into smart mattresses, which can detect sleep behavior in real time. This smart mattress is mainly composed of three layers: the top layer and the bottom layer are composed of cross and vertical conductive layers, and the middle of the two conductive layers is a wavy polyethylene terephthalate (PET) film interlayer. When external pressure is applied to the smart mattress, the structural change of the middle PET layer will lead to the change of its contact area with the two conductive layers, thus producing potential difference. In current work, the intelligent mattress which proposed by Lin et al. (4) has excellent pressure sensitivity (0.77 V/Pa), fast response time (80 ms), and can still generate stable external pressure signal after washing in tap water. However, the wave-shaped structure embedded in its mattress lacks comfortable materials, which can bring a certain sense of discomfort. Moreover, the size magnitude of the array element is 10 × 10 cm2, resulting in low resolution. Further, Zhou et al. (2) proposed a single layer soft intelligent textile that can be used for mattresses has solved the issue of comfort in terms of material selection, but its resolution remains the same. Intelligent mattress devices generally offer the advantages of low cost, fast response time, and deep stability. However, their sleep monitoring detection methods are relatively simple, which makes it difficult to accurately reflect specific sleep statuses.



Head movement monitoring during sleep

Considering the relationship between head posture changes and sleep state during sleep, an intelligent pillow which based on a flexible and breathable triboelectric nanogenerator (FB-TENG) sensor array was developed (9). This method uses intelligent pillow to realize sleep state monitoring with characteristics of high resolution, pressure sensitivity, non-intrusive, comfort and breathability. Each FB-TENG sensor unit that touched by the human head will output a voltage signal during sleep, and the output voltage signal which is generated by each FB-TENG sensor unit is different due to the different touching force. It can monitor and record the movement track of the human head by sorting each voltage output signal in chronological order. These changes are mainly caused by body turnover, and then these can be used to analyze the change of sleeping posture and reflect the sleep situation directly. In addition, the intelligent pillow does not need to wear any wearable electronic equipment during use, which can greatly reduce the impact of monitoring equipment on the human body's natural sleep state.



Discussion

Through the coupling effect of triboelectric electrification and electrostatic induction, TENG is not only a low-cost and reliable energy collection technology, but also a combination of self-driving pressure sensing technology to achieve the monitoring of sleep quality. The only restriction on its application is the anti-cleaning performance of materials. Some of the sleep monitors need to be worn by users, which can't maintain the most natural state of sleep. And the use of patches or electronic skin with poor permeability may also cause skin itching, inflammation and other uncomfortable symptoms. In this regard, a large pressure-sensitive and washable smart textile which based on the TENG array can be used to make intelligent instruments, it can detect sleep behavior in real time, such as smart mattresses, smart pillows, etc. Among them, the TENG unit is made of conductive material and elastomer material of waveguide structure, with excellent characteristics such as high sensitivity, fast response time, durability and water resistance, and is connected to form a self-driving pressure sensor array. At the same time, it is equipped with an additional integrated data acquisition, processing and wireless transmission system, which can realize real-time sleep behavior monitoring and sleep quality evaluation. Therefore, the application of nano-triboelectric generator in the field of bedding is more feasible and available than the solution of using wearable devices.

On the other hand, to further improve the accuracy and specificity of sleep monitoring, an interesting idea is to use TENG based smart textiles with smart pillows in conjunction, and comprehensive analysis of sleep data with machine learning which is obtained from multiple intelligent bedding products, so as to provide targeted recommendations for different sleep behaviors of different patients. Further, because of the real-time collection of patients sleeping posture through intelligent bedding, it is possible to achieve poor sleeping posture reminders. For infants and incapacitated patients, smart textiles and smart pillows can add certain control programs to prevent falling out of bed issues. For example, an alarm function can be added to the TENG arrays in the row closest to the edge of the bed for smart pillows or smart textiles, and trigger the alarm function when they are contacted simultaneously.

Moreover, TENG can harvest mechanical energy from body organs (heart beating, muscle contraction and gastrointestinal peristalsis) to form electric field and generate electricity to realize electrical stimulation, which can help regulate the heartbeat, relieve muscle atrophy and promote wound healing. At the same time, the electricity which generated by TENG can be used to stimulate cells, tissues and organs directly (29). This shows the potential application in rehabilitation and treatment. Secondly, different external stimulation may lead to different output signals of TENG, which can work as self-powered sensors to monitor real-time physiological signals. In addition, in order to improve stability and provide more choices of triboelectric materials, TENG is integrated with other sensors to form an impedance matching system or hybrid system. TENG has great potential in the field of medical care, but it still has a certain distance between experiment and practical application.
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