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Fig. 1. Schematic diagram of wearable energy system based on triboelectric nanogenerator! =481,
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Fig. 2. The four fundamental modes of the TENG and the mechanisms of contact electrification: (a) The four fundamental modes of

the TENG; the overlapped electron-clond model proposed for explaining contact electrification (b) between solid and solid

statel’, (c) between solid and liquid statel?.
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Fig. 3. Influence of molecular structure of polymer materials on triboelectrification: (a) Schematic diagram of ion irradiation and

contact electrification of polymer materialsl®); (b) the main chain is same, the electron cloud range of different groups in the side

chainl01l,
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Fig. 4. Textile-based indirectly wearable TENG: (a) 3D double-faced interlock fabric TENG for bio-motion energy harvesting!*’);
(b) direct current fabric TENG for biomotion energy harvesting!®l; (c¢) 3D orthogonal woven TENGI0.,
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Fig. 5. Thin film-based indirectly wearable TENG: (a) An ultrathin flexible single-electrode TENGI7; (b) wearable triboelectric
generator(®); (c) gas-permeable on-skin TENG®); (d) TENG with ultrathin thickness™.
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Fig. 6. Elastomer-based indirectly wearable TENG: (a) Stretchable and waterproof TENG 9); (b) self-charging power packagel™);

(c) a bionic stretchable nanogenerator!™
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Fig. 7. Wearable TENG with special structure: (a) Wearable pouch-type TENG™; (b) TENG weaved into a coat and assembled

under shoes(™; (¢) TENG enabled body sensor network!*"l.
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Fig. 8. Textile-based directly wearable TENG: (a) A highly stretchable and washable all-yarn based self-charging knitting power

textilel

] (b) skin-touch-actuated textile-based triboelectric nanogenerator””l; (c) single-thread-based TENGI™; (d) flexible single-
strand fiber-based woven structured triboelectric nanogenerator!™..
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Fig. 9. Thin film-based directly wearable TENG: (a) Flexible and stretchable TENG[F; (b) crumpled nanofibrous membranes based
TENGP!; (c) a flexible, lightweight TENGE?; (d) a breathable and antibacterial TENGI.
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Fig. 10. Elastomer-based directly wearable TENG: (a) Ultrastretchable, transparent TENGPY; (b) electric eel-skin-inspired
TENGM; (c) a liquid PEDOT:PSS electrode-based stretchable TENGI®.
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Fig. 11. Directly wearable TENG with special structure: (a) A highly shape-adaptive TENG based on conductive liquid*’; (b) an

airtight-cavity-structural triboelectric nanogenerator(®d.
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Fig. 12. Advances in power management circuits: (a) Self-charging power systems; (b) effective energy storage from a triboelectric

nanogenerator*!; (c) a universal self-charging system!*l; (d) universal power management strategy!'?; (e) switched-capacitor-conver-

tors for output power management!s7,
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SPECIAL TOPIC—Flexible electronics

Triboelectric nanogenerator based wearable
energy harvesting devices”
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Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 100083, China)
2) (School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing 100049, China)
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Abstract

With the miniaturization and functionalization of electronic devices, wearable electronics has drawn
generally attention, but the energy supply for wearable electronics becomes one of the most burning questions.
The triboelectric nanogenerator based on the coupling effects of electrostatic induction and triboelectrification,
which has low cost and wide material selection attributes, proves to be a powerful technology for converting
low-frequency mechanical energy into electricity. In this review, the four fundamental modes of triboelectric
nanogenerator and the physical mechanism of contact-electrification are presented first. Then, we introduce the
research progress of wearable from the direct and indirect aspects. Directly wearable triboelectric nanogenerator
can be integrated into a skin while indirectly wearable device is only allowed to assemble into user’s clothing or
its appendages. In addition, the power management circuits for driving electronic devices and energy storage are
summarized. Finally, we discuss the current bottlenecks and present our perspectives on future directions in this
field.

Keywords: triboelectric nanogenerator, wearable electronics, energy harvesting technology
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