[image: image1]Coaxial Spring-Like Stretchable Triboelectric Nanogenerator Toward Personal Healthcare Monitoring

		ORIGINAL RESEARCH
published: 13 April 2022
doi: 10.3389/fbioe.2022.889364


[image: image2]
Coaxial Spring-Like Stretchable Triboelectric Nanogenerator Toward Personal Healthcare Monitoring
Jinmei Liu, Saixuan Li, Maosen Yang, Yuxin Wang, Nuanyang Cui and Long Gu*
School of Advanced Materials and Nanotechnology, Xidian University, Xi’an, China
Edited by:
Qitong Huang, Gannan Medical University, China
Reviewed by:
Guangqin Gu, Henan University, China
Ruoxing Wang, University of Wisconsin-Madison, United States
* Correspondence: Long Gu, lgu@xidian.edu.cn
Specialty section: This article was submitted to Nanobiotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 04 March 2022
Accepted: 21 March 2022
Published: 13 April 2022
Citation: Liu J, Li S, Yang M, Wang Y, Cui N and Gu L (2022) Coaxial Spring-Like Stretchable Triboelectric Nanogenerator Toward Personal Healthcare Monitoring. Front. Bioeng. Biotechnol. 10:889364. doi: 10.3389/fbioe.2022.889364

Stretchable triboelectric nanogenerators have attracted increasing interests in the field of Internet of Things and sensor network. Therefore, great efforts have been made to realize the stretchability of electronic devices via elaborated material configurations and ingenious device designs. In this work, a flexible and stretchable TENG is developed with a coaxial spring-like structure. The unique structure allows it to generate electrical energy for different degrees of stretching deformations. Its output demonstrates good response to the strain and frequency of the mechanical deformation. At the same time, it exhibits excellent stability and washability. The TENG can be worn on the human fingers, elbow, and knee to monitor the body activities. Furthermore, a self-powered temperature sensor system is fabricated by integrating the TENG with a temperature sensor to identify the operating ambient temperature in real time. A combination of this flexible and stretchable TENG with body motions and a temperature sensor brings a novel insight into wearable functional electronics and user-friendly health monitoring, which has an important basic research significance and practical application value in biometric systems.
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INTRODUCTION
Due to the rapid advances in electronics, computing, and integration technologies over the past decade, electronic devices have been trending toward becoming lighter, thinner, smaller, and softer. Since 2012, triboelectric nanogenerators (TENGs) have been developing with the ability of harvesting mechanical energies from the working environment and converting them into electrical energy based on coupling between triboelectrification and electrostatic induction effect (Fan et al., 2012; Zhu et al., 2012; Wang and Wang, 2019; Zhang et al., 2020a; Zhang et al., 2021). With both excellent energy conversion efficiency and possibility of using diverse materials, TENGs have been utilized in a wide range of applications such as wearable electronics, human–machine interfaces, and self-powered sensors (Lai et al., 2016; Li et al., 2016; Park et al., 2016; Bai et al., 2018; Wu et al., 2019; Zhang et al., 2020b; Li et al., 2021). The wearable TENGs can be attached or even wore on the human body to implement the biomedical health monitoring and human motions sensing through harvesting energy generated by human motions, such as walking, running, jumping, tapping, and swinging or bending the arm (Cui et al., 2015; Niu et al., 2015; Pu et al., 2016; Liu et al., 2019; Qi et al., 2020; Cheng et al., 2021). However, intimately involved in the human-body movement response, the wearable TENGs lack high-performance elasticity to properly self-expand and self-loosen. Therefore, flexible and stretchable TENGs are being one of the research hotpots to develop their potential applications in healthcare, energy, and military purposes (Lin et al., 2017; Parida et al., 2019a; Sheng et al., 2021).
Generally, a TENG is composed of three parts: the triboelectric layers to generate triboelectric charges, electrodes to extract charges, and the spacer to separate the triboelectric layers. So, to prepare the stretchable TENGs, a lot of work focused on embedding electronic conductors, such as conductive polymers, silver nanowires, carbon black/nanotubes, graphite spray, and liquid metals, into extendible matrixes to provide the elasticity as the electrode materials and electrification materials (Wang et al., 2016; Dickey, 2017; Yang et al., 2018; Parida et al., 2019b; Han et al., 2020). Under local deformation and stretching condition, these soft conductive composite materials could effectively respond to the external force, but it seems to be powerless under large deformation with irreversible damage due to uneven mixing and poor compatibility (Fang et al., 2016; Mu et al., 2016; Guo et al., 2017). Relatively speaking, the ionic conductor transfers charges through ions, which can be transported using deformable soft polymeric materials. Consequently, the stretchable and conductive hydrogel electrolyte attracted a lot of attentions with its capacity of high flexibility and high elasticity (Fang et al., 2016; Pu et al., 2017; Wang et al., 2018; Sun et al., 2019; Wang et al., 2020a; Wang et al., 2020b; Kim et al., 2020). However, in most of the reported hydrogel-based TENGs, excellent stretching, mechanical toughness, and electrical conductivity cannot be achieved at the same time due to the dehydration or evaporation of the liquid solvent, which largely limits their applications (Niu et al., 2013; Xu et al., 2013; Shuai et al., 2020). In addition to thinking from the materials’ point of view, researchers also worked hard to develop new manufacturing processes to design stretchable and deformable TENGs that integrate the structure and function simultaneously. With innate tensile properties, traditional origami and kirigami patterns have been used to fabricate the stretchable TENG, which has provided a structure design strategy using a simple and mature processing technology to make the essentially inelastic material to be available for TENGs. However, their stretchability was quite limited compared with other methods, and Young’s modulus of the paper is quite high and easily damaged by reciprocating stretching, resulting in unstable output performance (Yang et al., 2015; Guo et al., 2016; Wu et al., 2016; Lu et al., 2018).In addition, traditional sewing technologies based on textiles and fabrics, such as weaving, knitting, serpentine sewing, and spiral winding, also have advantages in texturing the stretchable structures. Thus, many kinds of two-dimensional (2D) and three-dimensional (3D) orthogonally woven TENGs have been developed to be flexible, stretchable, and comfortable using fabric fibers and conductive fibers (Kim et al., 2015; Zhao et al., 2016; Dong et al., 2017; Gong et al., 2019; Zhu et al., 2019; Cong et al., 2020). Although these TENGs are flexible and stretchable to some extent, the inherent strain constraints between the electrode materials and the electrification materials prevent them from achieving the maximum stretchability. To investigate the fundamental problems, the difficulty lies in the stretchable TENG’s working requirements to endure deformation not only in each component but also in the entire TENGs. Therefore, to design a geometric structural with high stretchability, structural integrity, and conformability plays an important role in flexible and stretchable TENGs research imposed by the increasing application requirements.
Here, we introduce a stretchable TENG with a coaxial spring-like structure via a simple and effective route, which could be utilized in personal healthcare monitoring. This TENG has excellent flexibility and stretchability and can be folded and bended into different shapes and stretched to different lengths, while it has good stability and washability. It can generate electrical energy under different external mechanical deformation. When worn on the four fingers, it could identify the finger motions. Furthermore, when worn on the elbow and knee, it could respond to the arm and leg activities. At the same time, an output voltage of 0.6 and 1.7 V, and an output current of 10.6 and 25.0 nA can be detected, respectively. Moreover, a temperature sensor is employed to build a self-powered system with the TENG, which could successfully identify the temperature under the working condition. This work may not only promote human biomechanical energy harvesting but also provide a novel design concept of the fiber-based TENG and expand their scope for wearable electronics application in the era of IoT.
RESULTS AND DISCUSSION
Figure 1A is the structural diagram of the TENG in a multi-dimensional core–shell structure. At first, an inner core is designed using four rubber fibers, which is made up of many fine fibers as shown in Figure 1B. Then, two kinds of composite fibers in the core–shell structure are enwound around the rubber fibers side by side. As for the two composite fibers, one is a nylon-coated copper wire, and another is a PTFE-coated enameled copper wire, whose detailed experimental process can be referred to our previous work (Liu et al., 2019). The two copper wires in the two composite fibers act as the positive and negative electrodes, respectively. The surface topography of the nylon fiber and the PTFE fiber that we used are observed by SEM as shown in Figures 1C,D. In this way, the elastic core substrate structure and the helical surrounding triboelectric layers structure together form the spring-like coaxial energy fiber. As demonstrated in Figures 1E–G, it can be bent into various shapes, knotted, and stretched, exhibiting excellent flexibility and stretchability, which makes it adaptable to irregular surfaces and appropriate in different human body motion situations. The operating principle of the TENG is briefly described in Figure 1H. As we all know, the electron affinity of the PTFE is higher than that of the rubber. Meanwhile, the electron affinity of the rubber is higher than that of the nylon. Under tensile force, the inner rubber fiber and the helical surrounding triboelectric layers structure are stretched, in which the surface of the PTFE and nylon fiber will be closely in contact with the rubber surface, and the electrons will transfer from rubber to PTFE on the interface of these two materials, while the electrons transfer from nylon to rubber on their interface. Therefore, the PTFE surface will become negatively charged, and the nylon surface will become positively charged eventually. Then, when the tensile force is removed, the inner rubber fiber and the helical surrounding triboelectric layers structure will shrink, in which the surface of the PTFE and nylon fibers will separate from the rubber surface, and the electron will transfer from the electrode of PTFE to the electrode of nylon to balance the electric potential. Therefore, the TENG generates electricity under this working cycle. Furthermore, COMSOL software is used to simulate the electric potential on the PTFE and the nylon fibers (Figure 1I), which is consistent with the mechanism description for electricity generation. To work steadily over time, the TENG should have high mechanical strength. Thus, the tensile strength of the TENG is studied, and the stress–strain curves of the four identical TENGs are collected in the tensile-loading test. As shown in Figure 1J, the TENG exhibits a strength of 25 MPa with a tension strain of more than 1700%, which effectively proved that the TENG has good tensile properties and great capacity to maintain long-term reliability.
[image: Figure 1]FIGURE 1 | Structure and working mechanism of the TENG. (A) Structural diagram of the TENG. (B–D) SEM images of the rubber fiber, the nylon fiber, and the PTFE fiber, respectively. Scalebar in (B–D) is 500 μm. (E–G) Photograph of the flexible and stretchable TENG in different shapes. (H) Working principle of the TENG. (I) Numerical calculation of the corresponding electrical potential distribution by COMSOL software. (J) Stress–strain curve of the four identical TENGs.
To test the output performance of the TENG, its one end is fixed at the measurement platform, and the other end is connected with the linear motor. When starting the linear motor to move back and forth at a working frequency of 0.28 Hz and displacement of 6 cm, the TENG will be stretched and loosened regularly, which generates an output voltage of 2.4 V and output current of 40.1 nA as shown in Figures 2A,B. In order to analyze the energy conversion ability toward the tensile force, the TENG is tested at a stretching frequency of 0.28 Hz. At the same time, the displacement of the TENG is adjusted to stretch the TENG to different strain lengths. As shown in Figure 2C, it can be found that under the tensile force of the linear motor, the TENG is persistently stretched. Also, when the strain increases from 10 to 100%, the current raises from −1 nA to −49 nA, the voltage raises from −0.11 V to −2.67 V, and the charge quantity raises from 0.9 to 23.3 nC, which can be attributed by the enhancement of an effective triboelectric effect. Also, when the strain increases from 10 to 60%, the output signals increase quite slowly. Further increasing the strain from 60 to 100%, the output signals increase by a greater margin, which can be attributed to a stronger triboelectric effect in a closer contact under larger strain. The tension–relaxation frequency may make a great effect on the output performance of the TENG, so we adjust the working parameters of the linear motor to stretch and release the TENG under different frequencies with a fixed tensile strain of 60%. As displayed in Figure 2D, when the tension–relaxation frequency increases from 0.035 to 0.177 Hz, the current raises from −5.8 nA to −12.6 nA due to the increase of the triboelectric charge separation rate. The voltage and the charge quantity raise quite slowly, which is mainly determined by the structure and materials of the TENG.
[image: Figure 2]FIGURE 2 | Output performance of the TENG under different conditions. (A,B) Voltage and current curves at 90% strain and 0.28 Hz. (C) Current, voltage, and charge quantity value with different strains at 0.28 Hz. (D) Current, voltage, and charge quantity value with different frequencies at 60% strain.
Mechanical endurance is very important for the supplication of the TENG, so we conducted three groups of experiments. At first, the TENG is stretched to 90% strain and then kept for a certain time (10, 20, 30, 40, 50, and 60 min). When the designed time is up, the TENG starts to work in loosing and stretching at 90% strain and 0.28 Hz driven by the linear motor. The voltage and current curves corresponding to different time periods in the 90% strain stretching state are measured and demonstrated in Figures 3A,B, which shows good resistance to mechanical tensile loading. Then, the TENG is continuously driven by the linear motor at 70% strain and 0.14 Hz for 10 h to measure if it is in a good condition. The voltage and current curves are measured every hour and displayed in Figures 3C,D, in which negligible attenuation is found and exhibits a highly stable working performance. As shown in Figure 3E, the TENG is immersed into the water, and the glass container is placed in a magnetic stirring apparatus after adding into a magneton. In this way, the TENG can be well washed. After washing and drying, the working performance of the TENG is also measured. Figures 3F,G show the voltage and current curves measured at 70% strain and 0.14 Hz after washing for six cycles. We can find that there is no reduction in the output performance after each washing, thus displaying good washing durability.
[image: Figure 3]FIGURE 3 | Mechanical endurance of the TENG. (A,B) Voltage and current curves measured at 90% strain and 0.28 Hz after holding the TENG stretching at 90% strain for different time periods. (C,D) Voltage and current curves measured with the TENG that was kept working at 70% strain and 0.14 Hz for 10 h. (E) Photograph of the TENG while washing. (F–G) Voltage and current curves measured at 70% strain and 0.14 Hz after washing the TENG for different cycles.
As can be seen from the aforementioned experimental results, the TENG possesses good mechanical properties, especially tensile properties. Therefore, the TENG can be used to monitor hand finger movements. As shown in Figure 4A, four TENGs are attached to the index finger, middle finger, ring finger, and little finger, respectively. Every time the finger bends and stretches, the TENG fixed on it is also bent and stretched. The corresponding voltage and current signals generated by the four TENGs are detected and collected by bending these four fingers in turn from the index to the little finger as shown in Figures 4B,C. When each of the middle three fingers (index, middle, and ring fingers) is in the process of bending and straightening, the adjacent two fingers on both sides also follow slight reactions, resulting in a quite wide baseline. But the motion of the designated finger is rather stronger, so the output signals can be clearly distinguished in the real-time voltage and current signals, indicating promising applications in self-powered smart gesture recognition. Furthermore, its application in monitoring human body motions is achieved by attaching the three TENGs to the elbow and the knee. When people’s arms and legs bend, the TENGs are stretched, and electrical signals can be collected. As shown in Figures 4D,E (the left), there is one up and one down output peak every time the arm bends up to an angle of about 90°. At the same time, the output voltage and current reach 0.6 V and 10.6 nA, respectively. As for the TENG attached to the knee, it also responds well to the leg activity, and each time the leg bends backward to about 90° an output voltage of 1.7 V and current of 25.0 nA can be generated as demonstrated in Figures 4D,E (the right). This result proves that this TENG has great ability in converting human body motion into electrical energy as well as monitoring the human activities.
[image: Figure 4]FIGURE 4 | Sensing features to the human-body motions. (A) Photograph of a hand with four TENGs fixed on its four fingers from the index finger to the little finger. (B,C) Voltage and current curves of the four TENGs fixed on the four fingers. (D,E) Voltage and current curves of the TENG fixed on the elbow and knee.
People may work in different scenes, and the ambient temperature may vary greatly. Taking that into account, we assemble a self-powered temperature sensing system using this TENG and a temperature sensor. The connection circuit is depicted in Figure 5A. In this system, the TENG acts as the power supply for the temperature sensor. Also, when the temperature to be measured varies, the voltage between the two ends of the temperature sensor follows the change. At first, we tested the voltage on the temperature sensor at a temperature of 36.5°C. As shown in Figure 5B, it can be found that the voltage and current stay steady at 0.37 V under this condition. Then, to explore its detection range, the working condition is changed continuously from 15 to 60°C. Figures 5C,D give the voltage on the temperature sensor at different temperatures. We can find that the voltage signal decreases with the increase of the temperature, which can be attributed to the decrease of the internal resistance of the temperature sensor under higher conditions. It can be seen that this TENG, as a power supply unit, can effectively supply energy to the temperature sensor to ensure that it works properly without other power supplies. Furthermore, this test lays the foundation of this TENG in providing power to more sensors in the future.
[image: Figure 5]FIGURE 5 | TENG-based self-powered temperature sensor. (A) Schematic diagram of the connecting circuit. (B) Stable voltage curves of the self-powered temperature sensor system working at 36.5°C. (C,D) Stable voltage of the self-powered temperature sensor at different temperatures.
CONCLUSION
In summary, we have fabricated a fiber-based TENG with excellent flexibility and stretchability, which can be folded into different shapes and stretched to different lengths. Benefiting from the ingenious structure design composed of the elastic core fiber and helically surrounding triboelectric layers, it responds well to different strains and driven frequencies. Also, its stability and washability are measured to be good. Furthermore, it can be attached to the human body to monitor the finger, arm, and leg activities. At the same time, it can be used as the power supply to drive a temperature sensor in a self-powered sensing system. This work provides great application potential in multifunctional motion sensors and user-friendly health monitoring.
EXPERIMENTAL SECTION
Measurement: a linear motor (LinMot E1100) is used to periodically drive the TENGs, and low-noise preamplifiers (SR570 and SR560) are used to measure the output voltage and current. PCI-6259 (National Instruments) is used for data collection. A software platform based on LabVIEW is used to realize real-time data acquisition and analysis. A strain gauge (Zhiqu, ZQ-990A) is used to test the stress–strain curve.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
JL and LG conceived the research. JL, SL, and MY with assistance from LG conducted the experiments, and NC and YW analyzed the results. All authors contributed to the discussion and interpretation of the results.
FUNDING
This research was supported by the Natural Science Basic Research Plan in Shaanxi Province of China (Nos.2021JQ-200 and 2020JM-182) and the Fundamental Research Funds for the Central Universities, China, under Nos. JB211401 and QTZX2183.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bai, Y., Han, C. B., He, C., Gu, G. Q., Nie, J. H., Shao, J. J., et al. (2018). Washable Multilayer Triboelectric Air Filter for Efficient Particulate Matter PM2.5 Removal. Adv. Funct. Mater. 15 (28), 1706680. doi:10.1002/adfm.201706680
 Cheng, R., Dong, K., Chen, P., Ning, C., Peng, X., Zhang, Y., et al. (2021). High Output Direct-Current Power Fabrics Based on the Air Breakdown Effect. Energy Environ. Sci. 14, 2460–2471. doi:10.1039/d1ee00059d
 Cong, Z., Guo, W., Guo, Z., Chen, Y., Liu, M., Hou, T., et al. (2020). Stretchable Coplanar Self-Charging Power Textile with Resist-Dyeing Triboelectric Nanogenerators and Microsupercapacitors. ACS Nano 14, 5590–5599. doi:10.1021/acsnano.9b09994
 Cui, N., Liu, J., Gu, L., Bai, S., Chen, X., and Qin, Y. (2015). Wearable Triboelectric Generator for Powering the Portable Electronic Devices. ACS Appl. Mater. Inter. 7, 18225–18230. doi:10.1021/am5071688
 Dickey, M. D. (2017). Stretchable and Soft Electronics Using Liquid Metals. Adv. Mater. 29, 1606425. doi:10.1002/adma.201606425
 Dong, K., Deng, J., Zi, Y., Wang, Y.-C., Xu, C., Zou, H., et al. (2017). 3D Orthogonal Woven Triboelectric Nanogenerator for Effective Biomechanical Energy Harvesting and as Self-Powered Active Motion Sensors. Adv. Mater. 29, 1702648. doi:10.1002/adma.201702648
 Fan, F.-R., Tian, Z.-Q., and Lin Wang, Z. (2012). Flexible Triboelectric Generator. Nano Energy 1, 328–334. doi:10.1016/j.nanoen.2012.01.004
 Fang, H., Wang, X., Li, Q., Peng, D., Yan, Q., and Pan, C. (2016). A Stretchable Nanogenerator with Electric/Light Dual-Mode Energy Conversion. Adv. Energ. Mater. 6, 1600829. doi:10.1002/aenm.201600829
 Gong, W., Hou, C., Zhou, J., Guo, Y., Zhang, W., Li, Y., et al. (2019). Continuous and Scalable Manufacture of Amphibious Energy Yarns and Textiles. Nat. Commun. 10, 868. doi:10.1038/s41467-019-08846-2
 Guo, H., Yeh, M.-H., Lai, Y.-C., Zi, Y., Wu, C., Wen, Z., et al. (2016). All-in-One Shape-Adaptive Self-Charging Power Package for Wearable Electronics. ACS Nano 10 (11), 10580–10588. doi:10.1021/acsnano.6b06621
 Guo, H., Yeh, M.-H., Zi, Y., Wen, Z., Chen, J., Liu, G., et al. (2017). Ultralight Cut-Paper-Based Self-Charging Power Unit for Self-Powered Portable Electronic and Medical Systems. ACS Nano 11, 4475–4482. doi:10.1021/acsnano.7b00866
 Han, S., Lee, E. J., Kim, B., Jung, S., Jeong, S., Kim, S.-W., et al. (2020). High-Performance Dual-Mode Triboelectric Nanogenerator Based on Hierarchical Auxetic Structure. ACS Energ. Lett. 5, 3507–3513. doi:10.1021/acsenergylett.0c01909
 Kim, J. N., Lee, J., Lee, H., and KwonOh, I. (2020). Stretchable and Self-Healable Catechol-Chitosan-Diatom Hydrogel for Triboelectric Generator and Self-Powered Tremor Sensor Targeting at Parkinson Disease. Nano Energy 82, 105705. doi:10.1016/j.nanoen.2020.105705
 Kim, K. N., Chun, J., Kim, J. W., Lee, K. Y., Park, J.-U., Kim, S.-W., et al. (2015). Highly Stretchable 2D Fabrics for Wearable Triboelectric Nanogenerator under Harsh Environments. ACS Nano 9, 6394–6400. doi:10.1021/acsnano.5b02010
 Lai, Y. C., Deng, J. N., Zhang, S. L., Niu, S. M., Guo, H. Y., and Wang, Z. L. (2016). Single-Thread-Based Wearable and Highly Stretchable Triboelectric Nanogenerators and Their Applications in Cloth-Based Self-Powered Human-Interactive and Biomedical Sensing. Adv. Funct. Mater. 1 (27), 1604462. doi:10.1002/adfm.201604462
 Li, R., Wei, X., Xu, J., Chen, J., Li, B., Wu, Z., et al. (2021). Smart Wearable Sensors Based on Triboelectric Nanogenerator for Personal Healthcare Monitoring. Micromachines 12, 352. doi:10.3390/mi12040352
 Li, S., Peng, W., Wang, J., Lin, L., Zi, Y., Zhang, G., et al. (2016). All-Elastomer-Based Triboelectric Nanogenerator as a Keyboard Cover to Harvest Typing Energy. ACS Nano 10 (8), 7973–7981. doi:10.1021/acsnano.6b03926
 Lin, Z., Yang, J., Li, X., Wu, Y., Wei, W., Liu, J., et al. (2017). Large-Scale and Washable Smart Textiles Based on Triboelectric Nanogenerator Arrays for Self-Powered Sleeping Monitoring. Adv. Funct. Mater. 28, 1704112. doi:10.1002/adfm.201704112
 Liu, J., Gu, L., Cui, N., Bai, S., Liu, S., Xu, Q., et al. (2019). Core-Shell Fiber-Based 2D Woven Triboelectric Nanogenerator for Effective Motion Energy Harvesting. Nanoscale Res. Lett. 14, 311. doi:10.1186/s11671-019-3144-2
 Lu, C., Chen, J., Jiang, T., Gu, G., Tang, W., and Wang, Z. L. (2018). A Stretchable, Flexible Triboelectric Nanogenerator for Self-Powered Real-Time Motion Monitoring. Adv. Mater. Technol. 3, 1800021. doi:10.1002/admt.201800021
 Mu, J., Hou, C., Wang, G., Wang, X., Zhang, Q., Li, Y., et al. (2016). An Elastic Transparent Conductor Based on Hierarchically Wrinkled Reduced Graphene Oxide for Artificial Muscles and Sensors. Adv. Mater. 28, 9491–9497. doi:10.1002/adma.201603395
 Niu, S., Wang, X., Yi, F., Zhou, Y. S., and Wang, Z. L. (2015). A Universal Self-Charging System Driven by Random Biomechanical Energy for Sustainable Operation of mobile Electronics. Nat. Commun. 6, 8975. doi:10.1038/ncomms9975
 Niu, Z., Dong, H., Zhu, B., Li, J., Hng, H. H., Zhou, W., et al. (2013). Highly Stretchable, Integrated Supercapacitors Based on Single-Walled Carbon Nanotube Films with Continuous Reticulate Architecture. Adv. Mater. 25, 1058–1064. doi:10.1002/adma.201204003
 Parida, K., Thangavel, G., Cai, G., Zhou, X., Park, S., Xiong, J., et al. (2019). Extremely Stretchable and Self-Healing Conductor Based on Thermoplastic Elastomer for All-Three-Dimensional Printed Triboelectric Nanogenerator. Nat. Commun. 10, 2158. doi:10.1038/s41467-019-10061-y
 Parida, K., Xiong, J., Zhou, X., and Lee, P. S. (2019). Progress on Triboelectric Nanogenerator with Stretchability, Self-Healability and Bio-Compatibility. Nano Energy 59, 237–257. doi:10.1016/j.nanoen.2019.01.077
 Park, J., Lee, Y., Ha, M., Cho, S., and Ko, H. (2016). Micro/nanostructured Surfaces for Self-Powered and Multifunctional Electronic Skins. J. Mater. Chem. B 4 (18), 2999–3018. doi:10.1039/c5tb02483h
 Pu, X., Liu, M., Chen, X., Sun, J., Du, C., Zhang, Y., et al. (2017). Ultra-Stretchable, Transparent Triboelectric Nanogenerator as Electronic Skin for Biomechanical Energy Harvesting and Tactile Sensing. Sci. Adv. 3, e1700015. doi:10.1126/sciadv.1700015
 Pu, X., Song, W., Liu, M., Sun, C., Du, C., Jiang, C., et al. (2016). Wearable Power-Textiles by Integrating Fabric Triboelectric Nanogenerators and Fiber-Shaped Dye-Sensitized Solar Cells. Adv. Energ. Mater. 6 (20), 1601048. doi:10.1002/aenm.201601048
 Qi, J., Wang, A. C., Yang, W., Zhang, M., Hou, C., Zhang, Q., et al. (2020). Hydrogel-Based Hierarchically Wrinkled Stretchable Nanofibrous Membrane for High Performance Wearable Triboelectric Nanogenerator. Nano Energy 67, 104206. doi:10.1016/j.nanoen.2019.104206
 Sheng, F., Yi, J., Shen, S., Cheng, R., Ning, C., Ma, L., et al. (2021). Self-Powered Smart Arm Training Band Sensor Based on Extremely Stretchable Hydrogel Conductors. ACS Appl. Mater. Inter. 13 (37), 44868–44877. doi:10.1021/acsami.1c12378
 Shuai, L., Guo, Z. H., Zhang, P., Wan, J., Pu, X., and Wang, Z. L. (2020). Stretchable, Self-Healing, Conductive Hydrogel Fibers for Strain Sensing and Triboelectric Energy-Harvesting Smart Textiles. Nano Energy 78, 105389. doi:10.1016/j.nanoen.2020.105389
 Sun, L., Chen, S., Guo, Y., Song, J., Zhang, L., Xiao, L., et al. (2019). Ionogel-Based, Highly Stretchable, Transparent, Durable Triboelectric Nanogenerators for Energy Harvesting and Motion Sensing over A Wide Temperature Range. Nano Energy 63, 103847. doi:10.1016/j.nanoen.2019.06.043
 Wang, J., Li, S., Yi, F., Zi, Y., Lin, J., Wang, X., et al. (2016). Sustainably Powering Wearable Electronics Solely by Biomechanical Energy. Nat. Commun. 7, 12744. doi:10.1038/ncomms12744
 Wang, L., Liu, W., Yan, Z., Wang, F., and Wang, X. (2020). Stretchable and Shape‐Adaptable Triboelectric Nanogenerator Based on Biocompatible Liquid Electrolyte for Biomechanical Energy Harvesting and Wearable Human-Machine Interaction. Adv. Funct. Mater. 31, 2007221. doi:10.1002/adfm.202007221
 Wang, T., Zhang, Y., Liu, Q., Cheng, W., Wang, X., Pan, L., et al. (2018). A Self-Healable, Highly Stretchable, and Solution Processable Conductive Polymer Composite for Ultrasensitive Strain and Pressure Sensing. Adv. Funct. Mater. 28, 1705551. doi:10.1002/adfm.201705551
 Wang, Y., Zhang, L., and Lu, A. (2020). Highly Stretchable, Transparent Cellulose/PVA Composite Hydrogel for Multiple Sensing and Triboelectric Nanogenerators. J. Mater. Chem. A. 8, 13935–13941. doi:10.1039/d0ta02010a
 Wang, Z. L., and Wang, A. C. (2019). On the Origin of Contact-Electrification. Mater. Today 30, 34–51. doi:10.1016/j.mattod.2019.05.016
 Wu, C., Jiang, P., Li, W., Guo, H., Wang, J., Chen, J., et al. (2019). Self‐Powered Iontophoretic Transdermal Drug Delivery System Driven and Regulated by Biomechanical Motions. Adv. Funct. Mater. 30 (3), 1907378. doi:10.1002/adfm.201907378
 Wu, C., Wang, X., Lin, L., Guo, H., and Wang, Z. L. (2016). Paper-Based Triboelectric Nanogenerators Made of Stretchable Interlocking Kirigami Patterns. ACS Nano 10 (4), 4652–4659. doi:10.1021/acsnano.6b00949
 Xu, S., Zhang, Y., Cho, J., Lee, J., Huang, X., Jia, L., et al. (2013). Stretchable Batteries with Self-Similar Serpentine Interconnects and Integrated Wireless Recharging Systems. Nat. Commun. 4, 1543. doi:10.1038/ncomms2553
 Yang, P.-K., Lin, L., Yi, F., Li, X., Pradel, K. C., Zi, Y., et al. (2015). A Flexible, Stretchable and Shape-Adaptive Approach for Versatile Energy Conversion and Self-Powered Biomedical Monitoring. Adv. Mater. 27, 3817–3824. doi:10.1002/adma.201500652
 Yang, Y., Sun, N., Wen, Z., Cheng, P., Zheng, H., Shao, H., et al. (2018). Liquid-Metal-Based Super-stretchable and Structure-Designable Triboelectric Nanogenerator for Wearable Electronics. ACS Nano 12, 2027–2034. doi:10.1021/acsnano.8b00147
 Zhang, W., Deng, L., Yang, L., Yang, P., Diao, D., Wang, P., et al. (2020). Multilanguage-Handwriting Self-Powered Recognition Based on Triboelectric Nanogenerator Enabled Machine Learning. Nano Energy 77, 105174. doi:10.1016/j.nanoen.2020.105174
 Zhang, W., Gu, G., Qin, H., Li, S., Shang, W., Wang, T., et al. (2020). Measuring the Actual Voltage of a Triboelectric Nanogenerator Using the Non-grounded Method. Nano Energy 77, 105108. doi:10.1016/j.nanoen.2020.105108
 Zhang, W., Gu, G., Shang, W., Luo, H., Wang, T., Zhang, B., et al. (2021). A General Charge Compensation Strategy for Calibrating the Voltage of a Triboelectric Nanogenerator Measured by a Capacitive Circuit. Nano Energy 86, 106056. doi:10.1016/j.nanoen.2021.106056
 Zhao, Z., Yan, C., Liu, Z., Fu, X., Peng, L.-M., Hu, Y., et al. (2016). Machine-Washable Textile Triboelectric Nanogenerators for Effective Human Respiratory Monitoring through Loom Weaving of Metallic Yarns. Adv. Mater. 28, 10267–10274. doi:10.1002/adma.201603679
 Zhu, G., Pan, C., Guo, W., Chen, C.-Y., Zhou, Y., Yu, R., et al. (2012). Triboelectric-Generator-Driven Pulse Electrodeposition for Micropatterning. Nano Lett. 12, 4960–4965. doi:10.1021/nl302560k
 Zhu, J., Wang, X., Xing, Y., and Li, J. (2019). Highly Stretchable All-Rubber-Based Thread-Shaped Wearable Electronics for Human Motion Energy-Harvesting and Self-Powered Biomechanical Tracking. Nanoscale Res. Lett. 14, 247. doi:10.1186/s11671-019-3085-9
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Li, Yang, Wang, Cui and Gu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-889364-g005.gif





OPS/images/fbioe-10-889364-g003.gif





OPS/images/fbioe-10-889364-g004.gif
TG st

e

® ity
vw | v

LI

[





OPS/xhtml/nav.xhtml
Contents

		Cover

		Coaxial Spring-Like Stretchable Triboelectric Nanogenerator Toward Personal Healthcare Monitoring		Introduction

		Results and Discussion

		Conclusion

		Experimental Section

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-889364-g001.gif





OPS/images/fbioe-10-889364-g002.gif
ime ()










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





