
IMMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 6 (2024) 062003 (30pp) https://doi.org/10.1088/2631-7990/ad65cc

Topical Review

Recent advances in nature inspired
triboelectric nanogenerators for
self-powered systems

Baosen Zhang1,∗, Yunchong Jiang1, Tianci Ren1, Baojin Chen2, Renyun Zhang3

and Yanchao Mao2,∗

1 Henan Energy Conversion and Storage Materials Engineering Center, College of Science, Henan
University of Engineering, Zhengzhou 451191, People’s Republic of China
2 Key Laboratory of Materials Physics of Ministry of Education, School of Physics, Zhengzhou
University, Zhengzhou 450001, People’s Republic of China
3 Department of Engineering, Mathematics, and Science Education, Mid Sweden University, Holmgatan
10, Sundsvall, SE 85170, Sweden

E-mail: zhangbaosen20@mails.ucas.ac.cn and ymao@zzu.edu.cn

Received 15 March 2024, revised 10 April 2024
Accepted for publication 19 July 2024
Published 1 August 2024

Abstract
Triboelectric nanogenerators (TENGs) stand at the forefront of energy harvesting innovation,
transforming mechanical energy into electrical power through triboelectrification and
electrostatic induction. This groundbreaking technology addresses the urgent need for
sustainable and renewable energy solutions, opening new avenues for self-powered systems.
Despite their potential, TENGs face challenges such as material optimization for enhanced
triboelectric effects, scalability, and improving conversion efficiency under varied conditions.
Durability and environmental stability also pose significant hurdles, necessitating further
research towards more resilient systems. Nature inspired TENG designs offer promising
solutions by emulating biological processes and structures, such as the energy mechanisms of
plants and the textured surfaces of animal skins. This biomimetic approach has led to notable
improvements in material properties, structural designs, and overall TENG performance,
including enhanced energy conversion efficiency and environmental robustness. The exploration
into bio-inspired TENGs has unlocked new possibilities in energy harvesting, self-powered
sensing, and wearable electronics, emphasizing reduced energy consumption and increased
efficiency through innovative design. This review encapsulates the challenges and
advancements in nature inspired TENGs, highlighting the integration of biomimetic principles
to overcome current limitations. By focusing on augmented electrical properties,
biodegradability, and self-healing capabilities, nature inspired TENGs pave the way for more
sustainable and versatile energy solutions.
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1. Introduction

Triboelectric nanogenerators (TENGs) have emerged as a
groundbreaking technology in the field of energy harvest-
ing, exploiting the coupling effects of triboelectrification and
electrostatic induction to convert mechanical energy into
electricity [1–6]. This innovative approach has opened new
vistas for self-powered systems and sustainable energy solu-
tions, addressing the growing demand for clean and renewable
energy sources [7–9]. Despite their significant advancements,
TENG research confronts several challenges that hinder their
broader application and efficiency [10–13]. These challenges
include the optimization of material properties to enhance tri-
boelectric effects, the scalability of TENG devices for large-
scale energy production, and the improvement of energy con-
version efficiency under variable operational conditions [14–
17]. Additionally, the durability and stability of TENGs under
different environmental conditions remain critical issues,
necessitating further research to develop more robust and
adaptable TENG systems.

The concept of nature inspired TENG design offers prom-
ising avenues to address these challenges, drawing inspira-
tion from the intricate mechanisms and structures found in
the natural world [18–23]. By mimicking biological entities
and processes, such as the efficient energy conversion mech-
anisms of plants and the unique surface textures of animal
skins, researchers have begun to improve the material prop-
erties and structural designs of TENGs [24–29]. This bionic
approach not only enhances the triboelectric performance
through optimized surface properties and contact mechan-
ics but also contributes to the development of more durable
and adaptable TENG systems [30–32]. The positive effects
of bionics on TENG technology are multifaceted, includ-
ing improved energy conversion efficiencies, enhanced envir-
onmental stability, and the potential for novel application
areas [33–35]. For instance, bio-inspired TENGs with self-
cleaning and water-repellent surfaces can maintain high per-
formance in harsh conditions, while structures mimicking the
efficient energy transfer systems of plants can lead to more
effective mechanical-to-electrical energy conversion [36–39].
Ultimately, the integration of bionic principles into TENG
research holds the promise of overcoming current limitations
and propelling the technology towards more sustainable and
versatile energy harvesting solutions.

In this review, we provide an exhaustive discussion on
the cutting-edge advancements in nature inspired TENGs,
beginning with an introduction to the fundamental work-
ing mechanism of TENGs. It transitions into the realm of
biomimetic TENGs by delving into their structure, thereby
pioneering new pathways in material biomimicry and func-
tional material innovation inspired by the natural models of

animals and plants. Subsequently, it outlines the applica-
tion of biomimetic TENGs in self-powered systems, high-
lighting their capability to harness diverse forms of energy
and their utility in sensing applications. Illustrative of the
exciting outcomes in self-powered systems driven by nature
inspired TENGs, this discussion underlines the enhanced per-
formance attributes such as improved efficiency and reduced
energy consumption achieved through biomimetic design.
Particularly emphasized are the applications in wearable elec-
tronics, energy harvesting and monitoring, and smart agricul-
ture, showcasing the practical implications of these advance-
ments (figure 1). Through comprehensive analysis, this review
encapsulates the current challenges and future directions of
nature inspired TENGs, focusing on aspects such as augmen-
ted electrical properties, biodegradability, and self-healing
capabilities.

2. The principle of TENG

TENGs have garnered substantial attention since inception
in 2012 due to the capability to convert mechanical energy
into electrical energy through the coupling of triboelectrific-
ation and electrostatic induction [40–43]. TENGs operate on
the foundational principles of contact electrification and elec-
trostatic induction. The core mechanism involves the gener-
ation of an electric charge through the physical interaction
between two distinct materials, which are carefully chosen to
be on opposite ends of the triboelectric series [44–46]. When
two such materials come into contact and are then separated,
one material becomes negatively charged by gaining elec-
trons, while the other becomes positively charged by losing
electrons. This process of charge generation through contact
and separation is known as contact electrification. Following
this, the generated charge induces an electrostatic field, which,
when connected through an external circuit, drives an elec-
tric current. This process of utilizing mechanical motion
to generate electricity encapsulates the essence of TENGs’
operation [3, 47, 48]. The working principle of TENGs
involves four primary modes based on the relative motion of
the triboelectric materials: vertical contact-separation mode
(CS mode) [49, 50], lateral sliding mode (LS mode) [51,
52], single-electrode mode (SE mode) [18, 24, 53–59], and
freestanding triboelectric-layer mode (FT mode) [60–63]
(table 1).

Each mode offers unique advantages and is suited to dif-
ferent applications. The CS mode is direct contact and sub-
sequent separation through the triboelectric layer. Through
the circulation and principle of these triboelectric layers,
mechanical energy is converted into electrical energy. Chen
et al developed a bionic-jellyfish TENG based on CS mode.
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Table 1. Summary of TENG in different working modes.

Working mode Devices Bionic objects QSC ISC VOC /V References

SE mode

TENG Rose petal 8.5 µC — — [57]
SBF-TENG Fishtail — — 7.21 [18]
BSK-TENG Scales 2.6 [19]
DMWES Skin 49 nC 1.6 µA 62 [64]
WS-TENG Lawn structure — 12 µA 250 [65]
TEHS-TENG Honeycomb structure — — — [61]
TENG Human skin — 26.29 nA 3.14 [66]
TENG Human skin — 3 µA 50 [67]
GN-CNT Organizational structure 50 nC 5 µA 80 [68]
BRMS Human skin — — — [69]
TENG Human skin — — — [70]

FT mode

TE-SFT Fishtail 0.17 µC 3.18 µA 313 [71]
FE-TENG Fish fin 340 nC 6.8 µA 520 [72]
TENG Snake scales — — 45 [63]
SDTENG Biological auditory — 14 µA 38 [73]
Pem-iTENG Lotus leaf — — 124.2 [74]
SFW-TENG Flapping wing 0.45 µC 48.70 µA 2 200 [75]
HT-TENG Falcon airfoil 169 nC 29.5 µA 470 [62]
BSNG Electric eel cell membrane 2 nC 36.5 nA 10 [76]
BBW-TENG Butterfly wing 0.34 µC 4 µA 460 [77]
HT-TENG Falcon airfoil 169 nC 29.5 µA 470 [62]
SF-TEG Fish fin 79 nC 1.69 µA 203 [78]
BF-TENG Fish [79]

CS mode

TENG-Robot Slug — 6 µA 160 [80]
PVA/MXene-PVDF-based TENG Leaves — 36.6 µA 1 056 [81]
S-TENG Seaweed 43.2 nC — 24.8 [82]
TENG Skin — — — [83]
LL-TENG Leaf 165 nC 8.2 µA 257 [84]
TENG Tree 63 nC 26 µA 270 [85]
bjTENG Jellyfish. — — 143 [49]
C-TENG Calyx 29 nC 7.5 lA 259 [33]

LS mode
FSL-TENG Fish scale — 6.2 µA 63 [51]
T-TENG Animal fur 59 nC 179 nA 150 [52]

inspired by snake scales. The TENG can be integrated into a
bicycle to achieve biomechanical energy harvesting. TENGs
with bionic composite materials have excellent characterist-
ics of high charge transfer, low friction and good long-term
stability [63]. TENGs have found applications in a myriad of
scenarios, ranging from self-powered sensors and wearable
electronics to energy harvesting from environmental sources
like wind, rain, and human motion. Their ability to operate in
diverse environments, coupled with their advantages of being
lightweight, low cost, and capable of generating electricity
from low-frequency energy sources, makes them an ideal can-
didate for powering small electronic devices and sensors in
remote or inaccessible locations.

Inspired by nature, researchers have begun to explore bio-
mimicry in the design and material selection for TENGs, aim-
ing to further enhance their efficiency and adaptability [74,
86–88]. Nature inspired TENGs inspiration from the natural
world, where mechanisms of energy conversion and efficiency
optimization have been refined through millions of years of
evolution. For example, the surfaces of certain plants and

animals exhibit specialized textures that enhance their interac-
tion with the environment, which can be mimicked to improve
the triboelectric properties and overall performance of TENGs
[89–91]. Such bio-inspired designs not only lead to improve-
ments in energy harvesting efficiency but also open new aven-
ues for TENG applications, including in areas that mimic the
self-cleaning properties of lotus leaves or the sensitive sensing
of animal tentacles [92–94].

3. Nature inspired TENGs

Nature inspired TENGs represent a pioneering leap in the
realm of energy harvesting technologies, inspired by the intric-
ate mechanisms and phenomena observed in nature [77, 95,
96]. These innovative devices harness the principle of tribo-
electricity, a type of electric charge generated through tribo-
electrification effect and electrostatic induction between two
dissimilar materials, mimicking the energy conversion pro-
cesses found in biological entities. By leveraging the diverse
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snake scale-like structures and droplet-like structures in ker-
atin/PVA films, the contribution of snake scale microstruc-
tures to electrical output was validated. Droplet-like structures
enhanced the TENG’s electrical output by increasing surface
area and charge density. Experimental results indicated that
snake scale-like structures significantly impact the properties
of keratin/PVA films. The BC film, made from a blend of ker-
atin and PVA with a serrated microstructure, possesses excep-
tional mechanical strength and addresses the issue of material
wear in TENG devices under high-frequency operation.

The stretchability, elasticity, biocompatibility and degrad-
ability of traditional TENG materials are low, Li et al pro-
posed a full-protein fibroin bionic skin (SFBS) that simu-
lates both fast-adaptive receptors and slow-adaptive recept-
ors (figure 3(d)) [106]. Mechanically distinct filaments and
hydrogels with stretchability (>140%), elasticity, low mod-
ulus (<10 kPa), biocompatibility and degradability were pre-
pared by mesoscopic reconstruction engineering to simulate
the epidermis and dermis. Due to the capacitive and triboelec-
tric properties of the protein material, their SFBS has a high
precision pressure sensitivity of 1.083 kPa−1. In addition, it is
self-powered and can be used for vibration (50 Hz ∼ 400 Hz)
and slip sensing, enabling sound detection texture recognition.

�������� �#�J�P�N�J�N�F�U�J�D �E�F�T�J�H�O �P�G �5�&�/�(�T

Biomimetic design constitutes a methodology that draws
inspiration from biological systems, applying biological prin-
ciples within the realms of engineering and design. Its aim is
to emulate the structures, functions, and strategies observed in
nature, thereby forging solutions that are more effective, flex-
ible, and sustainable. This approach facilitates innovation in
TENG design through the emulation of exemplary character-
istics of biological entities [107]. It can be categorized into
animal biomimicry and plant biomimicry, involving the study
of structural, functional, and physiological traits of flora and
fauna from the natural world and their application in the engin-
eering and design sectors. This design methodology spans
various domains, including architecture, industrial design, and
robotics, showcasing the extensive applicability and versatility
of biomimetic principles in enhancing TENG design towards
innovation and sustainability.

������������ �5�&�/�(�T �J�O�T�Q�J�S�F�E �C�Z �B�O�J�N�B�M�T��TENGs inspired by
animals are designed by drawing inspiration from the struc-
tural, functional, and physiological features of animals found
in nature, creating more effective, intelligent, and sustain-
able TENGs [106, 108–110]. Biomimetic design leverages
these advantages to enhance the efficiency of products, sys-
tems, or processes. It enhances the stability of products across
different environments and conditions, boosting adaptability
under various natural circumstances. Animal-inspired biomi-
metic design contributes to more environmentally friendly
and sustainable solutions, reducing resource consumption and
environmental impact, enhancing TENG performance, and

improving energy utilization efficiency. Overall, animal-
inspired biomimetic TENG design introduces new perspect-
ives to TENG design by emulating certain traits of natural
fauna.

TENG cannot effectively collect low-speed water flow
energy to monitor water flow status. Gao et al proposed a bio-
mimetic fish-shaped triboelectric-electromagnetic hybrid gen-
erator (BF-TEHG) that collects hydrodynamic energy through
a dual swinging mechanism (figure 4(a)) [79]. The BF-TEHG
is primarily aimed at potential applications in capturing hydro-
dynamic energy in riverine environments. The device consists
of a biomimetic shell, biomimetic fins, and two generating
units, including conductive electrodes and dielectric layers. To
improve generation efficiency, commercially available nylon
balls with a higher electronegativity were chosen to contact
or friction with PTFE surfaces. Moreover, the article intro-
duces the principles of the dual swinging mechanism, emphas-
izing the importance of material selection in balancing man-
ufacturability, output performance, and the ability to with-
stand aquatic environments, as well as the choice of materi-
als such as PTFE and nylon balls for ensuring device stabil-
ity and enhancing charge density generation. This work pion-
eers a newmethod for low-speed hydrodynamic energy collec-
tion and status monitoring, with potential applications in rivers
in rural and suburban areas where traditional power networks
may be limited by environmental conditions.

Traditional TENG can only obtain underwater energy in
one direction, but cannot obtain it in multiple directions. Wang
et al presented a biomimetic butterfly wing TENG (BBW-
TENG) for multidirectional wave energy collection from
underwater environments (figure 4(b)) [77]. This nanogener-
ator, composed of a shell with biomimetic blades and a gen-
erating group, first converts unstable wave energy into stable
mechanical energy through biomimetic design. Subsequently,
this mechanical energy is transformed into electrical energy,
which is then transferred to electronic devices in need of power
through an external circuit. The described structure of BBW-
TENG includes a shell with five pairs of biomimetic blades
and an internal multi-track generating unit, where each pair
of blades, consisting of an upper and a lower blade, forms a
36◦ angle. The generating group comprises PTFE balls, copper
electrodes, and a substrate. PTFE balls are placed on each arc-
shaped track. The multi-track design aims to optimize space
usage while guiding PTFE balls to avoid random movements
when externally stimulated, thereby enhancing generation effi-
ciency. This work not only plays a significant role in underwa-
ter wave energy collection for TENGs but also holds important
applications for self-powered underwater sensor networks.

The combination of bionics and TENG technology can
solve the problem of sensing small muscle fluctuations, and
replace traditional EMG equipment. Zhou et al developed a
bionic TENG-based ultra-sensitive self-powered electromech-
anical (BTUSE) sensor inspired by the unique croaking mech-
anism of frogs, offering not just a clever mimicry of natural
biological mechanisms but also an innovative expansion of
sensor technology (figure 4(c)) [99]. This sensor integrates
a motion module and a TENG module. The motion module
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attached to the vibrating membrane. Scanning electron micro-
scopy images showcase the surface morphology of each layer.
The sensor’s design effectively utilizes the mechanism of frog
croaks, demonstrating flexibility and innovation.

TENGs based on specially structured electrodes are always
unable to collect energy in specific directions due to their strict
symmetry. Ma et al showcased a biomimetic TENG based
on fish scale structure, inspired by the attention TENGs have
garnered in energy harvesting, autonomic sensing, and biomi-
metic applications (figure 4(d)) [51]. By ingeniously integrat-
ing the natural form of fish scales with the manufacturing prin-
ciples of TENGs, a biomimetic fish scale with unique struc-
ture and functionality was created. The manufacturing process
involved drawing three identical circles with a radius of 0.5 cm
using the vertex of an isosceles right triangle as the center,
subtracting the overlapping areas to form the fish scale struc-
ture of the electrodes. The diagram shows the principle of the
biomimetic fish scale TENG, including the fish scale structure
electrodes and the slider. The entire fish scale-shaped electrode
structure is encapsulated in polyethylene terephthalate (PET),
endowing the TENG with foldable characteristics.

There are no research results combining traditional TENGs
with seal whiskers. Wang et al, inspired by seal whiskers,
designed an underwater biomimetic whisker sensor (UBWS)
(figure 4(e)) [26]. Emphasizing how seals use their specially
structured whiskers to sense changes in the flow field vor-
tices to identify and locate prey during the tracking of swim-
ming fish. Seal whiskers feature a wavy characteristic that
reduces vortex-induced vibrations caused by the seal’s own
movement. The whiskers are used for passive sensing of vor-
tices from underwater motion targets. The structure of UBWS
mainly consists of an internal TENG sensing unit, flexible sil-
icone hair follicles (Dragonskin 00–20), and artificial whiskers
(PDMS), using the difference in elastic modulus between the
upper and lower materials to cause the main bending point to
be over the sensing unit area. The sensing unit is composed
of various materials, including aluminum-coated polyethyl-
ene terephthalate/cast polypropylene (A-PET/CPP), ethylene
propylene fluoride (FEP), and conductive ink. The increased
roughness of the ink surface aids in enhancing the output
voltage of UBWS.A-PET/CPP is used as the packagingmater-
ial for the sensing unit, showing good performance in under-
water environments.

The structural design of traditional TENG cannot obtain
energy from low-speed water flow. Zhang et al proposed a
biomimetic fish tail structure TENG (SBF-TENG) sealed with
anticorrosive coating (figure 4(f)) [18]. SBF-TENG demon-
strates good operability, stability, and capability in harvest-
ing blue energy. A systematic study of the material charac-
teristics of SBF-TENG was conducted to optimize triboelec-
tric charging and collect wave energy from the environment.
SBF-TENG can isolate corrosive substances through the anti-
corrosive coating, effectively protecting the metal surface. It
is also applied in constructing a self-powered cathodic protec-
tion system, converting AC to DC to connect to Q235 steel
to slow down the corrosion process. Experiments comparing
Q235 steel with and without cathodic protection in NaCl solu-
tion demonstrate the effectiveness of cathodic protection. The

potential applications of SBF-TENG in underwater explor-
ation are also highlighted, offering new avenues for TENG
applications in metal corrosion prevention and marine sensor
systems.

������������ �5�&�/�(�T �J�O�T�Q�J�S�F�E �C�Z �Q�M�B�O�U�T��Plant biomimetic design
involves emulating the structure, growth mechanisms, and
physiological characteristics of plants and applying them to
engineering and design [59, 65]. This design approach draws
inspiration from the structural or material properties of plants
to create more efficient, sustainable, and adaptable TENGs
with high performance and adaptability, creating adaptive
TENGs. Plant biomimetic design offers a novel perspect-
ive for the innovative design of TENGs, aligning TENGs
more closely with the principles of nature’s wisdom and
sustainability.

Different modes of TENG can improve adaptability, but
the more important advantage of TENG is the rich selec-
tion of materials. Jie et al designed a natural leaf assembled
TENG (Leaf-TENG) using green leaves as the electrifica-
tion layer and electrode (figure 5(a)) [111]. Leaf-TENG can
power Internet of Things (IoT) nodes in self-powered systems
and sensors. A linear motor provided mechanical energy to
Leaf-TENG, directly powering LEDs. Due to the randomness
and fluctuation of environmental mechanical energy, Leaf-
TENG’s electrical output can be regulated and stored in capa-
citors or batteries. Leaf-TENG can charge commercial capa-
citors of different capacities, powering devices such as elec-
tronic temperature sensors. This system offers sustainable
power and environmental adaptability. Natural Leaf-TENG
can illuminate with a simple touch, driving advertising LED
boards and providing sustainable power. Additionally, Leaf-
TENG can work independently or be expanded through par-
allel connection. This design allows Leaf-TENG to be suit-
able for more complex tree designs and drive multiple LED
devices, further expanding its application range.

This phenomenon has been intensively explored and stud-
ied following the electrification of discrete liquid-solid con-
tacts within polymer pipette tips and the resulting charges.
Choi et al manufactured a natural lotus leaf-TENG, termed
LL-TENG, using naturally occurring surfaces (figures 5(b)
and (c)) [112]. They revealed the presence of discrete solid-
liquid contact electrification phenomena and subsequent net
charge generation on the natural lotus leaf surface. The nat-
ural lotus leaf surface exhibits discrete solid-liquid contact
electrification phenomena and subsequent net charge gen-
eration. The rolling water on the natural lotus leaf sur-
face does not easily wet the surface due to the solid-liquid
contact electrification phenomena. This rolling water under-
goes continuous contact and separation processes, satisfying
the conditions for discrete solid-liquid contact electrification.
Scanning Kelvin probe microscopy (SKPM) measured the
potential of the lotus leaf surface, finding that the surface’s
average potential changed from 129 mV to 284 mV in the
sequence of contact and separation with water. TENG, with
its excellent ‘lotus effect’, shows promising energy collection
technology.
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Figure 5. Biomimetic TENGs designed inspired by plants. (a) Leaf-TENG for mechanical energy collection and electronic charging
inspired by biomimetic tree leaves. [111] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b), (c)
LL-TENG inspired by the surface of lotus leaves. Reprinted from [112], © 2017 Published by Elsevier Ltd. (d) Leaf-like TENG. [84] John
Wiley & Sons. © 2023 Wiley-VCH GmbH (e) C-TENG inspired by the calliopsis. Reprinted from [33], © 2022 The Authors. Published by
Elsevier Ltd.
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Through optimized device structures and triboelectric
materials, various TENG prototypes for harvesting different
wind energy speeds were developed. Li et al invented a leaf-
like TENG (LL-TENG) capable of efficiently collecting wind
energy (figure 5(d)) [84]. A distributed power network based
on LL-TENG arrays can collect gentle wind energy to power
electronic devices in deserts. LL-TENG adopts a topology-
optimized structure of flexible blades, vein-bearing plates,
and counterweights, collecting energy through contact elec-
trification caused by damped forced vibration. Materials used
include 430 stainless steel sheets, FEP film, aluminum (Al)
film, and polyvinyl chloride (PVC) film. LL-TENG’s working
principle is based on the coupling of electrification and elec-
trostatic induction, using a contact-separationmode. Under the
action of wind, the surface of the blades is subjected to wind
force and damping force from the top counterbalance, causing
LL-TENG to vibrate through periodic external driving forces.
This way, the Al film and FEP film periodically contact and
separate, generating electrical energy. The entire design aims
to efficiently collect gentle wind energy to power electronic
devices in desert areas.

Traditional TENG has problems such as energy conver-
sion efficiency, serious equipment wear, and short working
life. Zhao et al mimicked the calyx structure of calliopsis
to design a calliopsis-inspired biomimetic TENG (C-TENG)
(figure 5(e)) [33]. Its structure includes 8 flexible bodies and 8
regularly interlocking stators, a design that is not only aesthet-
ically pleasing but also practical. The main frame material is
expandable polyethylene (EPE), characterized by low density,
flexibility, and anti-aging properties. Inspired by the calyx, C-
TENG can easily detect airflow from different wind directions.
The arch design of the flexible body blocks effectively collects
wind energy, utilizing a contact point separation mode, com-
posed of two acrylic sheets attached between the wide side
of the flexible blocks and stators. The working mechanism
involves the coupling of the triboelectric effect and electro-
static induction, causing a potential difference by the wind’s
sway, generating alternating current in the external circuit. C-
TENG, by mimicking the calyx structure, achieves efficient
wind energy collection.

4. Energy harvesting in self-powered systems

Research on self-powered systems is propelled by the devel-
opment of nature inspired TENGs [113]. Mimicking natural
organisms, nature inspired TENGs enhance electrical signal-
ing, thereby optimizing energy collection from natural sources
such as wind and hydro power, as well as converting human
mechanical energy into electricity. This conversion process
serves as a power supply for portable devices or medical
implants, promoting efficient and environmentally friendly
energy utilization. Coupled with power management circuits,
these systems can significantly improve energy efficiency and
storage capabilities, ensuring stable operation. Looking ahead,
nature inspired TENGs hold the promise of providing an

efficient energy source for self-powered systems, fostering
sustainable development.

�������� �/�B�U�V�S�F �J�O�T�Q�J�S�F�E �5�&�/�(�T �G�P�S �X�J�O�E �F�O�F�S�H�Z �D�P�M�M�F�D�U�J�P�O

Wind energy, as a clean and renewable source of power,
garners attention with biomimetic TENGs emerging as innov-
ative collection technologies [33, 49, 62, 114]. Mimicking
natural biological TENG and utilizing the friction between
nanomaterials, these devices efficiently convert wind energy.
Through experimental optimization, their conversion effi-
ciency, stability, and durability have significantly improved,
adapting to variable wind conditions, and providing power
for remote areas and small electronic devices. Despite their
compact size, lightweight, and ease of integration offering
new solutions for wind energy collection, challenges in mater-
ial stability, energy density, and scalability persist. Future
research aims to address these issues, expanding their applica-
tion range. In summary, biomimetic TENGs show broad pro-
spects in wind energy collection but require further study and
refinement. This technology holds promise to invigorate the
renewable energy sector and promote the continued develop-
ment of wind power utilization.

Traditional TENGs have poor resistance to damage and
impact. Liu et al innovatively combined a honeycomb struc-
ture with three conductive layers to form an independent tribo-
electric layer mode, developing a novel triple-electrode honey-
comb structured TENG (TEHS-TENG) (figure 6(a)) [61]. The
TEHS-TENG, with power management, increased the out-
put current by 42.1% and produced brighter LED displays.
Moreover, the novel TEHS-TENG reached a power density
of 291.5 W·m−3, proving its high-power density. At low rota-
tion speeds, TEHS-TENG successfully chargedmultiple capa-
citors to 3 V and powered multiple LEDs and commercial
lamps, demonstrating its efficiency in energy conversion at
low speeds. These achievements provide new energy solutions
for micro-devices, smart IoT, low-power consumer electron-
ics, wireless sensor networks, and potentially in aerospace and
human implant devices. Additionally, the team developed a
wireless wind speed detection system, achieving smart sens-
ing. Together with TEHS-TENG, this offers a reliable, power-
ful, easy-to-integrate, and efficient solution for wind energy
collection.

Self-powered wind sensors can be made from biode-
gradable and environmentally friendly materials. Ma et al
ingeniously designed a wheat straw TENG (WS-TENG) with
windmill and biomimetic grass structures (figure 6(b)) [65].
Positioned atop a linear motor, WS-TENG efficiently captures
and converts mechanical energy into electrical energy as the
motor vibrates. This conversion not only successfully illumin-
ated over 60 LEDs but also charged commercial capacitors.
Experimental data show that at a vibration frequency of 3 Hz,
WS-TENG’s average charging rates for different capacitors
were 0.016V·s−1, 9.33× 10−3 V·s−1, and 5.63× 10−3 V·s−1.
This achievement indicates WS-TENG’s broad application
prospects in wearable electronics, biomedical sensors, and
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Figure 6. Biomimetic TENGs for wind energy collection. (a) TEHS-TENG inspired by honeycomb structures for wind energy collection.
Reprinted from [61], © 2023 Elsevier Ltd All rights reserved. (b) WS-TENG inspired by lawn structures for wind energy collection.
Reprinted from [65], © 2021 Published by Elsevier Ltd. (c) Biomimetic bird HT-TENG for wind energy collection. [62] John Wiley &
Sons. © 2023 Wiley-VCH GmbH.

environmental monitoring. To adapt to various complex scen-
arios, WS-TENG can be improved by refining the design and
manufacturing process, introducing new materials and struc-
tures, or integrating with other energy conversion technologies
like solar cells and thermoelectric technology to enhance effi-
ciency and stability.

To better combine the advantages of TENG and EMG
in wind energy collection at different frequencies, a new
hybrid wind energy collection scheme needs to be proposed
to achieve effective utilization of broadband wind energy.
Zhu et al introduced the design of hybrid turbine-driven
triboelectric-electromagnetic hybrid generator (HT-TEHG),
a system that converts natural wind energy into electrical
energy, providing continuous and stable power for meteoro-
logical stations [62]. Figure 6(c) showcases the entire system
and its design optimization process. The core components of
HT-TEHG include a wind energy collector and generator, with
the generator comprising TENG-i, TENG-ii, and EMG com-
ponents. The use of drag-type blades, low wind speed startup,
and biomimetic lift-type blade design optimize electricity gen-
eration efficiency and torque. Performance testing data indic-
ate that under a load torque of 10 mN·m−1, LDHT blades’
rotation speeds surpassed other blades at various wind speeds.

Compared to NACA 0018 blades, lift-type blades experienced
a speed increase of about 11%, and drag-type blades saw
a 5.8% improvement. This system not only offers practical
solutions for self-powered online monitoring of meteorolo-
gical data but also shows tremendous potential across various
application scenarios. With continuous design optimization,
such as exploring new materials, upgrading control systems,
and adding multifunctionality, HT-TEHG is poised to evolve
into a smarter, more reliable, and high-performing wireless
power system, meeting diverse future energy needs.
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Water energy, as a widely distributed and renewable resource,
has garnered attention for its environmental friendliness and
minimal impact on the external environment. Nature inspired
TENGs, as novel water energy harvesting devices, utilize
TENG technology for efficient water energy conversion [18,
82, 115–117]. Compared to traditional methods, they are more
efficient, eco-friendly, sustainable, and offer self-powering
possibilities for small devices. TENGs have shown signific-
ant achievements in hydroelectric and hydrodynamic power
generation, providing new pathways for the long-term stable
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Figure 7. Biomimetic TENGs for water energy collection. (a) Increased water energy conversion rate with biomimetic PVDF electrodes
combined with composite films. Reprinted from [81], © 2023 Elsevier Ltd All rights reserved. (b) SF-TENG collecting water energy with a
biomimetic fin-type soft body. Reprinted with permission from [78]. Copyright (2022) American Chemical Society. Copyright © 2022,
American Chemical Society. (c) Enhanced power generation rate of FE-TENG with a biomimetic fish-like structure. Reproduced from [72],
with permission from Springer Nature. Copyright © 2022, Tsinghua University Press. (d) Unique six-degree-of-freedom flower-shaped
FL-TENG inspired by lotus for water energy conversion. Reprinted from [118], © 2021 Elsevier Ltd All rights reserved. (e) Efficient
conversion of wave energy into electrical energy through a biomimetic flexible seaweed TENG. Reprinted with permission from [82].
Copyright (2021) American Chemical Society. Copyright © 2021, American Chemical Society.

operation of wearable devices, environmental monitoring
instruments, and other small devices. In summary, nature
inspired TENGs hold tremendous developmental potential in
water energy harvesting, with more innovative applications
expected to emerge in the future.

TENGs show great potential in marine resource develop-
ment and environmental governance such as water disinfec-
tion, cathodic protection, and marine pollutant monitoring
and treatment. Sun et al proposed biomimetic PVDF elec-
trodes inspired by the hydrophobic mechanism of leaves, com-
bining the composite membrane with electrodes for efficient
power generation (figure 7(a)) [81]. MXENE, an excellent
two-dimensional inorganic material, features high conductiv-
ity, strength, and large surface area. The atomic arrangement

of MXENE on the surface, rich in functional groups,
provides abundant binding sites for crosslinking between
MXENE and PVA. The preparation of PVA/MXENE com-
posite films and their crosslinking mechanism are detailed.
Upon contact with water, PVA absorbs water molecules
and swells, while MXENE interacts with water molecules.
Due to MXENE’s high conductivity, it can quickly trans-
fer the charges in water molecules to generate electri-
city. This power can be collected and utilized through an
external circuit to convert water energy into electrical energy.
Additionally, the PVA/MXENE composite film exhibits good
mechanical properties and chemical stability, maintaining
long-term performance stability in complex hydroelectric
environments.
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TENGs have excellent energy collection capabilities in
water flow environments. TENGs with different structural
designs are used to collect water flow energy. The combin-
ation of bionics and TENG technology helps improve the
energy collection effect of low-speed water flow. Inspired by
the vortex effect produced by fish fins, Zhang et al proposed an
innovative energy conversion solution (figure 7(b)) [78]. This
flexible biomimetic fin structure triboelectric-electromagnetic
generator (SF-TEG) features a swing-rotation mechanism.
The generator consists of three parts: biomimetic soft fins, a
TENG, and an electromagnetic generator (EMG). As water
passes by, the soft fins undulate under the vortex effect. This
movement is captured by the integrated TENG, causing it
to oscillate. The fin’s motion converts mechanical energy
into electrical energy, providing possibilities for subsequent
energy collection and utilization. An inertia pendulum har-
vester is also introduced to further improve energy conver-
sion efficiency, driving the EMG during oscillation. EMG con-
verts mechanical energy into electrical energy through electro-
magnetic induction, efficiently collecting water flow energy.
SF-TEG features a specially designed rotation mechanism
for low-speed water flow conditions. The introduction of this
technology not only enhances energy conversion efficiency
and reduces energy loss but also achieves sustainable energy
utilization.

Various TENGs are designed to harvest water kinetic
energy, but it is difficult to harvest the hydrokinetic energy of
river water under low flow rate conditions. Jing et al presen-
ted the working principle of FE-TENG. The three work states
of the fully-enclosed triboelectric nanogenerator (FE-TENG)
half-cycle are depicted in the figure 7(c) [72]. Under the impact
of river water, the biomimetic fish-like fin generates a vertical
downward force, driving the device to swing sideways. When
the device swings to its maximum angle position, it oscil-
lates to the other side due to the torsion of spring M1. Due to
inertia and force, it reaches the same position as before. The
working principle of the triboelectric generator is also intro-
duced. Based on the principle of electrostatic induction, PTFE
balls contact copper electrodes with different electronegativit-
ies, acquiring negative and positive charges, respectively. As
PTFE balls move from left to right, positive charges on the
right electrode are gradually induced by negative electrons,
while negative electrons flow to the left copper electrode, gen-
erating a current in the circuit. When PTFE balls accumulate
on the right corner, positive charges gather on the right cop-
per electrode. Therefore, the generation of alternating current
is due to the reciprocating periodic movement of PTFE balls.

Many TENGs cannot maintain high output under mul-
tiple degrees of freedom. Due to the diversity and irregular-
ity of wave motion, devices suited for complex movements
are ideal for efficient water energy collection. Wen et al spe-
cifically designed a six-degree-of-freedom flower-like TENG
(FL-TENG) (figure 7(d)) [118]. This unique design consists
of 6 petal sub-TENGs and two core sub-TENGs operating
in contact-separation mode. The detailed structural design of
the flower-shaped TENG is introduced, along with schematic
diagrams of flower-petal TENGs and flower-core TENGs. As
waves move, these devices convert the kinetic energy in the

waves into electrical energy. The petals primarily collect hori-
zontal and rotational kinetic energy, while the core parts col-
lect energy from vertical planar movements caused by waves.
This design is inspired by the lotus flower in nature, which also
efficiently utilises sustainable energy. This design not only
has broad development prospects in the marine field but also
reduces the use of marine resources, making a significant con-
tribution to protecting the marine ecosystem.

Most wave energy TENGs are designed to harvest energy
from ocean surface waves, and it would be even more com-
pelling if wave energy TENGs could be easily integrated
with offshore equipment. Observing the vibration of seaweed,
Wang et al proposed a flexible seaweed TENG (S-TENG)
(figure 7(e)) [82]. The internal structure of S-TENG is made
of FEP, PET, and two layers of PTFE film coated with con-
ductive ink.When incident waves are present, the excitation of
the wave relates to the contact area between the two triboelec-
tric layers. As S-TENG is excited by the next cycle of waves,
the FEP film periodically contacts and separates from the PET
film. When S-TENG bends, electrons flow from the electrode
connected to FEP through the external circuit to the electrode
connected to PET, generating a temporary current. Then, FEP
and the ink electrode separate, and positive charges return to
the upper electrode. S-TENG technology uses the triboelec-
trification effect and electrostatic induction between materi-
als to convert micro-mechanical energy into electrical energy.
In marine environments, the undulations and fluctuations of
waves provide a rich source of power for S-TENG.
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Biomimetic TENGs are an emerging energy technology
with significant advantages such as high efficiency, eco-
friendliness, and sustainability, revolutionizing the energy sec-
tor. This technology can effectively harvest humanmechanical
energy to provide stable power for wearable devices [50, 119,
120], medical rehabilitation, and more, contributing to energy
solutions [52, 121–123]. With advancements in material sci-
ence and nanotechnology, its performance and applications are
expected to expand, though challenges such as energy collec-
tion efficiency and stability remain. In-depth research into new
materials, structures, and processes is necessary to optimize
performance and contribute to solving energy issues.

Current bionic electronic skins are usually made of mater-
ials that are incompatible with human skin and cannot meet
the high softness, ductility and plasticity of biological soft tis-
sues, causing difficulties in monitoring and sensing human
biological signals. Song et al innovated a PCOBE organic
hydrogel bioelectrical sensing device inspired by the internal
tissue structure of organisms, utilizing components like col-
lagen and silver nanoparticles for efficient bioelectrical sig-
nal collection and analysis (figure 8(a)) [68]. Its advantages
include excellent mechanical durability, environmental stabil-
ity, and low contact resistance, suitable for human motion
and physiological monitoring. PCOBE’s working principle is
based on bioelectrical signals generated during human muscle
activity. When muscles relax, ion imbalance across the cell
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Figure 8. TENGs for collecting biomechanical energy from the human body. (a) GN-CNT inspired by the internal tissue structure of
biological entities for collecting biomechanical energy. Reproduced from [68].© 2023 Elsevier B.V. All rights reserved. (b) Precision
handshake sensing achieved with a biomimetic hand integrated with TENG electronic skin sensors. [66] John Wiley & Sons. © 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Application of BRMS flexible electrodes in the field of medical
electrocardiography monitoring, proposed by biomimetic human skin. Reprinted with permission from [124]. Copyright (2024) American
Chemical Society. Copyright © 2024, American Chemical Society.
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membrane forms a resting potential; muscle activity generates
action potentials, causing the hydrogel electrode to produce
current. PCOBE records human motion and physiological
activities, including subtle signals like muscle movements
and heartbeat rhythms, showing stability in different environ-
ments. Compared to commercial electrodes, PCOBE not only
matches their performance but also offers better mechanical
properties and environmental adaptability. Its multifunction-
ality includes self-adhesiveness and antibacterial activity, pav-
ing a new avenue for flexible electronic skin. Overall, PCOBE,
as an efficient and stable bioelectrical sensing device, holds
significant prospects for bio-mechanical energy harvesting and
data analysis, offering novel solutions for health monitoring
and medical diagnostics.

Electronic skin has attracted attention due to its broad
application prospects, and triboelectric nanogenerators
provide an effective method to replace external power sources
for self-powered electronic skin sensors. Yao et al proposed a
biomimetic hand-mounted visual sensing triboelectric sensor.
In the field of robotic tactile perception, TENG electronic skin
sensors are integrated into a biomimetic hand to demonstrate
their application, with handshaking as a representative scen-
ario for human-machine interface, as shown in figure 8(b) [66].
TENG electronic skin sensors, with their low thickness and
flexibility, easily connect and measure the pressure of hand-
shakes and the bending angles of each finger. Figure 8(b) also
shows two 3× 3 electronic skin sensor arrays and five sensors
installed on the palm and fingers of the biomimetic hand to
measure handshake pressure and finger joint bending angles.
Using the output of the array sensors, the ∆VOC contour map
of maximum grip strength can be calculated. The pressure
map under the palm shows higher contact pressure, consistent
with measurements from commercial pressure sensors. The
correlation between finger joint bending angle and maximum
∆VOC was also measured. Based on the maximum ∆VOC for
each finger, the bending angles during a handshake can be
estimated for the thumb, index finger, middle finger, ring fin-
ger, and little finger at 56◦, 2◦, 17◦, 45◦, and 58◦, respectively.

Since existing sensors cannot test high-sensitivity
responses within a wide sensing range, to overcome the key
challenge of requiring an external power supply during use,
the sensor needs to be connected to a power source. Wang
et al used bionic round-leaf motherwort structure (BRMS)
technology to collect electrocardiogram signals from vari-
ous parts of the body, focusing on the practicality of BRMS
flexible electrodes in wearable electrocardiography monit-
oring (figure 8(c)) [124]. To verify this, extensive experi-
ments were conducted. Initially, electrodes were securely
attached to volunteers’ chests, closely monitoring the feed-
back of electrocardiogram signals. Comparing the signal-to-
noise ratio (SNR) among three different electrodes—BRMS
flexible electrodes, traditional rigid electrodes, and medical
wet electrodes—the BRMS flexible electrodes achieved an
SNR of 30.83 dB, significantly surpassing the other two types
at 23.73 dB and 29.60 dB. Further, when electrodes were
fixed on volunteers’ fingertips and wrists, the research team
similarly captured and analyzed electrocardiogram signals.
According to the data, whether at the fingertip or wrist, the

captured electrocardiogram signals were within the normal
medical reference range. Specifically, the average R-R inter-
vals between the fingertip and wrist were 0.861 s and 0.895 s,
corresponding to heart rates of 70 beats per minute and 67
beats per minute, respectively. Based on these findings, Wang
and colleagues are confident that this system not only pos-
sesses excellent physiological signal transmission capabilities
but also has broad application prospects in the field of medical
electrocardiography monitoring.
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The integration of nature inspired TENGs with power man-
agement circuits demonstrates remarkable efficiency and sta-
bility in the energy collection methods of self-powered sys-
tems. Nature inspired TENGs, with their unique characterist-
ics, successfully convert mechanical energy from the envir-
onment into electrical energy, powering self-driven systems
[125–128]. However, the electrical energy generated in this
conversion process often exhibits instability and fluctuations,
making the role of power management circuits particularly
crucial. They allow for refined management of the electrical
energy output from nature inspired TENGs. Through various
technological means, power management circuits can elim-
inate instability factors in electrical energy, ensuring stable
output. They also continuously monitor the system’s energy
state, quickly taking appropriate measures if anomalies are
detected, ensuring stable system operation. The combination
of nature inspired TENGs and power management circuits
provides an efficient and stable solution for energy collection
in self-powered systems.

Although TENG energy harvesting has made significant
progress in recent years, practical applications are still lim-
ited by problems such as incomplete conversion of poten-
tial energy stored in elastic materials into electrical energy.
Zhu et al proposed a biomimetic self-powered antenna (SBA)
that has brought significant breakthroughs to robotics tech-
nology (figure 9(a)) [102]. Utilizing TENG technology, SBA
achieves energy conversion from mechanical stimulation to
electrical signals without an external power source, provid-
ing robots with a sustained and stable power supply. This not
only makes robots self-sufficient in energy use but also signi-
ficantly improves their efficiency and autonomy. Remarkably,
SBA can collect external information through its tactile sys-
tem, identifying various contact materials. This feature allows
robots to obtain richer and more detailed information when
interacting with the environment, making more precise judg-
ments. Additionally, SBA’s lightweight design means it can
be installed in various structures of a robot without greatly
affecting the robot’s overall performance. Despite some dis-
advantages, such as relatively lower energy conversion effi-
ciency, this technology still opens limitless possibilities for
future robot development.

Bionic micro soft robots are more like animals and need
to integrate functions such as self-sensing, power storage and
charging. However, existing power modules are limited by the
stiffness mismatch between rigid energy storage components
and soft robots. It is still difficult to achieve this goal. Inspired
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Figure 9. Power management circuits for refined management of electrical energy output from biomimetic TENGs. (a) Biomimetic
self-powered antenna (SBA) providing lasting and stable electric power for robots. Reprinted from [102], © 2023 Elsevier Ltd All rights
reserved. (b) Sensor and self-powered robot inspired by slugs (TENG-Robot). Reprinted from [80], © 2022 Elsevier Ltd All rights reserved.
(c) Biomimetic photovoltaic-electromechanical integrated device (Pem-iTENG) combining solar and tidal energy. Reproduced from [74].
CC BY 4.0. (d) Biomimetic jellyfish TENG (bj-TENG) with outstanding electrical output performance. Reprinted from [49], © 2017
Published by Elsevier Ltd.

by the gray field slug, Peng et al developed a fully integ-
rated TENG-powered soft microrobot (TENG-Robot) with
notable onboard sensing and self-powering functions, provid-
ing an important technical foundation for highly biomimetic
soft microrobots (figure 9(b)) [80]. Driven by a rotating mag-
netic field, TENG-Robot generates pedal wave sequences
through periodic undulations from tail to head, enabling
efficient movement across various terrains. This design not
only improves the robot’s mobility efficiency but also sig-
nificantly enhances its adaptability to various environments.
Importantly, TENG-Robot utilizes the triboelectric effect for
self-powering during movement, a clever design allowing the
robot to work continuously and efficiently without an external
power source. Furthermore, the integration of flexible circuits
allows the robot to glow, charge, and respond to various envir-
onmental stimuli such as high temperatures, bringing it closer
to the characteristics of real biological entities. Overall, the
robot shows significant advantages in environmental adapt-
ability, energy absorption and utilization, biomimetic prop-
erties, and self-powering, with broad application prospects.

As technology advances, we anticipate developing even more
advanced robots.

Although triboelectric nanogenerators (TENGs), as an
innovative energy conversion and sensing technology, have
shown great application potential, increasing their surface
charge density is still a key challenge that needs to be solved.
Liu et al developed an innovative biomimetic photo-electro-
mechanical integrated device (Pem-iTENG) (figure 9(c)) [74].
This device ingeniously combines solar and tidal energy,
significantly increasing surface charge density through pho-
tocatalysis and contact electrification effects, thereby enhan-
cing energy conversion efficiency. Under the dual action of
sunlight and tides, Pem-Iteng’s performance is efficiently
enhanced, with an energy conversion efficiency reaching an
impressive 16.72%, much higher than traditional TENGs.
Thanks to its unique photo-electro-mechanical integration
system, natural energy can be utilized efficiently. Pem-
iTENG also exhibits excellent flexibility and practicality. Its
self-powered wireless environmental monitoring system fea-
tures pave the way for Pem-iTENG applications in ocean
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different sleep stages (REM, NREM, awakening) and before
sleep phases to assess sleep quality, the electronic skin
matches or even surpasses commercial sensors in sensitivity
and accuracy. Offering an innovative method to address wide-
spread sleep issues in modern life, this research promises to
provide more accurate and convenient tools for sleep medicine
and health management, aiding in improving sleep quality and
overall health.

Flexible strain sensors must work in high water content
environments or underwater, but underwater wearable elec-
tronic monitoring products have poor waterproofing capab-
ilities, are prone to failure when encountering water, and
have low sensitivity. Therefore, these problems need to be
solved urgently. In figure 10(d), Liu et al designed a ground-
breaking micro-nanostructured strain sensor by studying the
special functions of biological organisms, inspired by the
slit sensilla of scorpions, a unique biological sensing organ
evolved to compensate for scorpions’ relatively degenerated
visual system [141]. Scorpion slit sensilla possess extraordin-
ary sensing abilities, and are primarily used to sense and loc-
ate weak vibration sources. Scorpions rely on this sense for
predation and avoiding predators, showcasing high sensitivity
in their slit sensilla. Liu’s team transformed this into innov-
ative inspiration in the technological field. They designed a
micro-nanostructured strain sensor, mimicking the efficient
sensing and locating mechanism of scorpion slit sensilla. This
sensor exhibits ultra-high sensitivity, and is capable of detect-
ing minute structural changes and vibrations. Its potential
application areas include but are not limited to structural health
monitoring, biomedical engineering, and robotics. This tech-
nological innovation provides scientists with a new approach,
combining biology with engineering, and propelling sensor
technology to the forefront.
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In self-powered systems, environmental monitoring refers to
the system’s use of various sensors and technologies to sense
and identify the environmental conditions surrounding it, such
as water and wind speeds, enabling interaction with the sur-
rounding environment and intelligent responses [44, 142–
145]. Incorporating nature inspired TENGs into self-powered
systems can improve performance and adaptability beyond tra-
ditional self-powered systems. Compared to the environmental
limitations of traditional environmental monitoring, systems
based on nature inspired TENGs better utilize energy and,
through biomimetic integration, align more closely with nat-
ural environments, achieving safe and efficient operation.

Hydrodynamic energy has wide availability and high
energy density as a renewable energy source, but energy
harvesting from low-speed water flows in natural environ-
ments is still challenging. Zhang et al proposed an innovat-
ive water flow energy collection device, the Savonius flapping
triboelectric-electromagnetic hybrid generator (SFW-TEHG)
(figure 11(a)) [75]. This generator effectively collects low-
speed water flow energy through the reciprocating flapping
of Savonius blades, aimed at providing sustainable power for
environmental monitoring sensors in agricultural waterways.

SFW-TEHG comprises flapping blades, a pitching mechan-
ism, a transmission mechanism, energy conversion compon-
ents, brakes, and a frame. The pitching mechanism controls
the pitch angle of the blades, and the transmission mechan-
ism converts the reciprocating motion of the blades into uni-
directional rotation of the shaft. The energy conversion part
efficiently transforms the rotational kinetic energy of the shaft
into electrical energy. SFW-TEHG achieves the collection and
conversion of hydrodynamic energy through complex motion
state transitions and movement up and down the frame. The
rotation of the shaft drives the TENG and electromagnetic
generator (EMG), successfully converting the kinetic energy
of water flow into electrical energy. This innovative design
offers a new pathway for the efficient collection of low-speed
fluid kinetic energy, particularly suitable for self-powered sys-
tems of distributed microsensors. The introduction of SFW-
TEHG provides a feasible solution for energy needs in remote
areas or resource-limited environments, injecting new vigor
into the development of environmental monitoring and smart
agriculture.

Rotary TENG uses wind cups or windmills to collect wind
energy, but the starting wind speed is relatively high. To
more effectively utilize broadband wind energy, a new hybrid
wind energy collection solution needs to be proposed based
on the advantages of TENG and EMG. Zhu et al innovat-
ively designed a biomimetic leaf-blade hybrid-power turbine-
driven triboelectric-electromagnetic hybrid generator (HT-
TEHG) for wide-band wind energy collection (figure 11(b))
[62]. Powered by natural wind, the system autonomously
powers wireless meteorological stations, facilitating online
weather data monitoring. HT-TEHG employs a graded and
hybrid-power generation strategy to adapt to lower natural
wind speeds on the ground. The system includes an improved
drag-type blade turbine and a lift-type blade turbine wind col-
lector, and a generator containing two TENG units and one
EMG unit. This design cleverly combines the advantages of
resistance-type blades and biomimetic lift-type blades, achiev-
ing reliable startup and high torque generation at low wind
speeds. The lift-type blades are designed with biomimetic
falcon-wing shapes to enhance aerodynamic performance.
Experiments demonstrated that the designed LDHT blades,
compared to other blades, significantly increased rotational
speed under the same load torque. Mingkang Zhu’s HT-TEHG
system not only performs excellently under low wind speed
conditions but also improves wind energy collection efficiency
through the ingenious design of lift-type blades. This innov-
ation is expected to advance the application of renewable
energy, especially in the wide-band wind energy collection
field, providing a viable and efficient solution for self-powered
meteorological stations.

River flow can serve as an important renewable clean
energy source and play an important role in large-scale avail-
able electricity, but harvesting this energy under low flow
conditions remains challenging. Gao et al demonstrated the
potential use of BF-TEHG in river environments for captur-
ing hydrodynamic energy (figure 11(c)) [79]. BF-TEHG, con-
sisting of a biomimetic shell, biomimetic fins, and two gener-
ating units, uses commercial polytetrafluoroethylene (PTFE)
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Figure 11. TENGs for monitoring wind and water flow speeds. (a) A biomimetic bird flapping generator (SFW-TENG) for powering
sensors. Reprinted from [75], © 2023 Elsevier Ltd All rights reserved. (b) A biomimetic leaf generator (HT-TENG) for detecting wind
speed. [62] John Wiley & Sons. © 2023 Wiley-VCH GmbH. (c) A biomimetic shell generator (BF-TENG) for monitoring water flow
conditions. Reprinted with permission from [79]. Copyright (2024) American Chemical Society. Copyright © 2024, American Chemical
Society. (d) A biomimetic TE-SFT inspired by fish tails for monitoring water flow speeds. Reproduced from [71], with permission from
Springer Nature. Copyright © 2022, Tsinghua University Press.

as the dielectric layer, featuring smooth surface, electroneg-
ativity, hydrophobicity, and corrosion resistance. To enhance
charge density, commercially available nylon balls with high
electronegativity were chosen, generating electricity through

periodic rolling and friction. This design balances manufac-
turability, output performance, and water environment resist-
ance, providing an innovative solution for powering electronic
devices and water flow monitoring in river environments. The
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diagram shows the principle of the two-stage swinging mech-
anism, producing a swinging angle through the biomimetic
shell connected to the linkage unit, enabling electricity gener-
ation. BF-TEHG not only provides a renewable self-powered
solution for electronic devices but also, through real-time
monitoring of water flow conditions, offers a sustainable and
intelligent energy solution for environmental monitoring, met-
eorology, and water resource management. This innovative
design holds potential in practical applications for integrating
renewable energy and smart monitoring technologies.

At present, the collection of water flow energy by elec-
tromyographic signals usually requires complex mechanical
structures, and the establishment of hydropower stations may
have a negative impact on the ecological environment. At the
same time, it has certain requirements on the speed of water
flow. Zhang et al designed a bluff body with a fish-tail cross-
section (figure 11(d)) [71]. Researchers conducted a series of
fluid simulations, demonstrating good vortex effects through
fluid simulation. By simulating different flow velocities with
a water pump, electrical output performance tests on TE-SFT
were conducted, showing that with increasing flow velocity,
TE-SFT’s electrical output performance gradually increased,
reaching an open-circuit voltage of 313 V. This proves TE-
SFT’s excellent performance in the field of hydroelectric gen-
eration, successfully charging a 100 µf capacitor to 2.0 V
within 9 min at a flow speed of 0.89 m·s−1, powering a humid-
ity sensor. Using a rectifier and commercial LEDs, TE-SFT lit
up LEDs at a flow speed of 0.89m·s−1. The diagram shows the
prospects of the TE-SFT self-powered system in smart fish-
eries applications. Specifically, inspired by fish caudal fins, a
bluff body with a fish-tail cross-section was designed, show-
ing good vortex effects through fluid-structure coupling sim-
ulation. In the generating part, the inertial pendulum structure
of the triboelectric generating unit was designed using geo-
metric methods, allowing TE-SFT to produce stable oscilla-
tions under the action of water flow, thereby achieving effi-
cient energy conversion.

�������� �/�B�U�V�S�F �J�O�T�Q�J�S�F�E �5�&�/�(�T �G�P�S �T�N�B�S�U �B�H�S�J�D�V�M�U�V�S�F �B�O�E �T�N�B�S�U
�D�J�U�J�F�T

With the rapid advancement of IoT technologies, smart cit-
ies and smart agriculture have become focal points of devel-
opment. Biomimetic TENGs, inspired by natural organisms,
achieve efficient and stable energy conversion while also
providing a reliable energy source for IoT devices. In smart cit-
ies, these generators utilize natural energies to reduce depend-
ence on conventional power grids, offering stable electri-
city for transportation, environmental monitoring systems, and
more. In smart agriculture, they assist in farm monitoring and
optimize the growth environments for crops. Overall, biomi-
metic TENGs propel the advancement of IoT technologies,
providing robust support for the development of smart cit-
ies and agriculture, with expectations to play a key role in
various fields in the future, fostering the process of societal
intelligence.

The application environment of smart agriculture is relat-
ively complex and harsh. Triboelectric nanogenerators used

for conversion between electricity and wind energy still have
challenges such as being unable to withstand extreme external
forces, being unable to drive daily lighting equipment, and
not being able to withstand damage and impact. Inspired
by honeycomb structures, Liu et al proposed a tri-electrode
honeycomb structure TENG (TEHS-TENG) for use in nat-
ural environments as structural and functional components
(figure 12(a)) [61]. Its honeycomb-like structure offers dam-
age resistance and impact resilience, while the tri-electrode
connection ensures continuous and strong conversion between
electric and wind energy, enabling TEHS-TENG to withstand
extreme external forces and power daily lighting devices. A
power management strategy operated by two rotating external
electrodes avoids direct planar friction wear, enhancing output
current. An integrated wireless wind speed detection system
developed based on TEHS-TENG, incorporating key compon-
ents such as wind speed sensors, microcontrollers, Bluetooth
modules, and displays, achieves self-excited sensing and per-
ception based on TEHS-TENG. This deepens the understand-
ing of TEHS-TENG’s functional diversity, laying a solid
foundation for its widespread application in smart agriculture
and demonstrating its significant value in promoting modern
agricultural development.

With the growing global demand for clean energy and
sustainable transportation, to enable sustainable monitoring
of transportation using clean energy supplies. Zheng et al
proposed a self-powered smart traffic infrastructure skin
(SSTIS) that integrates TENG technology, 5G, and IoT tech-
nology, providing smart, clean solutions for digital smart cit-
ies (figure 12(b)) [70]. The long-term, low-cost, and non-
invasive monitoring advantages of TENG sensors supply a
stable energy source for the SSTIS system. By affixing TENG
sensors on road surfaces, vehicle signals are collected and
transmitted. These data can be wirelessly transmitted to the
central brain of smart cities via 4G/5G/6G systems. Using arti-
ficial intelligence-based deep learning methods, the brain pro-
cesses and analyzes data, providing real-time traffic inform-
ation to road users. Tested on highways, SSTIS successfully
collected a substantial amount of vehicle signal data, which
was analyzed and classified by deep learning models with
an accuracy rate of 81.06%. The developed mobile monit-
oring system effectively assists in traffic decision-making,
warns of infrastructure damage, and improves traffic flow.
This innovation marks an important step in the develop-
ment of intelligent transportation and smart cities, offering
new directions for future urban planning and traffic manage-
ment. Moreover, with the powerful computational capabil-
ities of cloud platforms, city operations will become more
intelligent.

Nowadays, sound urban management is required in many
fields, and sound sensor networks are eager to be applied
to urban sound management. However, existing sensor net-
works are expensive and difficult to popularize on a large
scale, which limits the scope of functional measurement. Yao
et al introduced a sound-driven biomimetic auditory percep-
tion TENG (SDTENG) self-powered sensor, combined with
deep learning technology to build an intelligent sound mon-
itoring and recognition system (figure 12(c)) [73]. SDTENG,
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Figure 12. Biomimetic TENGs for smart cities and smart agriculture. (a) A biomimetic TEHS-TENG inspired by honeycomb structures for
smart agriculture. Reprinted from [61], © 2023 Elsevier Ltd All rights reserved. (b) A TENG system for traffic monitoring infrastructure
with biomimetic skin (SSTIS). Reprinted from [70], © 2022 Elsevier Ltd All rights reserved. (c) A biomimetic auditory sensing SDTENG
for smart cities. [73] John Wiley & Sons. © 2022 Wiley-VCH GmbH. (d) A biomimetic tree-shaped TENG offering new possibilities for
subway tunnel lighting. [85] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

made of ethylene-propylene-diene monomer membrane, con-
ductive fabric, acrylic shell, and Kapton spacer, can real-time
map sound signals to output voltage. Using deep neural net-
work technology for sound signal classification and recogni-
tion, the system achieves up to 99% accuracy. It can identify
common road sounds, such as vehicle noise, dog barking,
emergency alarms, children playing, and street music, show-
casing the potential for efficiently recognizing a variety of
sounds. A wireless acoustic sensor network (WASN) based
on SDTENG has broad application prospects in urban man-
agement and transportation, especially significant for traffic
accident monitoring and vehicle state recognition. When a
traffic accident occurs, SDTENG sensors capture collision
sounds and transmit the generated electrical signal in real-
time to the cloud, where the vehicle’s current state is identified
through deep learning technology. The SDTENG-based intel-
ligent sound monitoring and recognition system, with efficient
computational methods, achieves real-time rapid processing
and remote transmission. While further research is needed for

sensor development, the potential, and prospects of SDTENG
in intelligent sensor networks are demonstrated.

In long tunnels, mobile-induced wind energy is abund-
ant and power demand is huge. Bulb lighting and billboard
lighting consume a lot of power. In order to use TENG to
collect wind energy for power supply, it can achieve self-
power supply and reduce energy consumption. Bian et al pro-
posed a flexible tree-shaped TENG, not only innovating in
energy collection technology but also offering new possibil-
ities for self-sufficient lighting and energy in subway tunnels
(figure 12(d)) [85]. Traditional subway tunnel lighting relies
on stable grid power, significantly increasing energy consump-
tion and environmental burden. However, by utilizing natur-
ally generated wind energy in subway tunnels, converted into
electrical energy through this design, the reliance on tradi-
tional electrical energy is greatly reduced, achieving effective
use of clean energy. The design of multiple parallel combined
units significantly enhances the peak power output of the entire
structure, further increasing its practicality. Additionally, the
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device can drive multiple LED lights, not only meeting the
basic lighting needs of subway tunnels but also providing pos-
sibilities for additional lighting such as billboards. This con-
tinuous, stable lighting effect ensures the safety.

6. Conclusion and perspectives

In this review, we have extensively explored the innovat-
ive landscape of nature inspired triboelectric nanogenerat-
ors (TENGs), emphasizing their pivotal role in advancing
self-powered systems. By delving into the integration of bio-
inspired materials and structures alongside the design and
implementation of TENGs across diverse application scen-
arios, we highlight the convergence of biomimicry and energy
harvesting technologies. The exploration of nature inspired
TENGs, bridging the gap between materials science, mech-
anical engineering, biology, and environmental science. This
synergy is paving the way for groundbreaking advancements
in energy harvesting and sensor applications. Despite signific-
ant advancements, the quest for optimizing triboelectric mater-
ials and structures to enhance efficiency and durability remains
formidable. Research is imperative to continue exploring
novel materials and innovative structural designs that mimic
the high efficiency of natural systems. Furthermore, scaling
nature inspired TENGs from laboratory prototypes to com-
mercially viable products presents challenges in terms of man-
ufacturing processes, cost-effectiveness, and integration into
existing systems. Another critical aspect is efficiently stor-
ing and managing the energy harvested by TENGs, which is
crucial for their practical application. Developing advanced
energy storage solutions and smart power management sys-
tems that can integrate seamlessly with TENGs is essential.

Continued exploration and innovation in biomimetic mater-
ials can lead to breakthroughs in TENG performance, includ-
ing enhanced triboelectric properties, biodegradability, and
self-healing capabilities. The integration of TENGs with other
renewable energy technologies, such as solar and wind, could
lead to hybrid systems capable of more stable and effi-
cient energy harvesting in diverse environments. Furthermore,
expanding the application of nature inspired TENGs in IoT
devices, smart cities, and agriculture by leveraging their self-
powered capabilities opens new avenues for monitoring, data
collection, and automation. The development of ultra-thin,
flexible, and biocompatible TENGs for wearable and implant-
able electronics promises continuous health monitoring and
therapeutic devices powered by human motion. Moreover,
utilizing TENGs for environmental and wildlife monitoring
applications showcases their potential in powering sensors in
remote or inaccessible locations. In conclusion, the explora-
tion of nature inspired triboelectric nanogenerators is carving
a promising pathway towards sustainable energy harvesting
and self-powered systems. By drawing inspiration from the
intricacies of the natural world, researchers and engineers are
unlocking new potentials in energy efficiency, environmental
sustainability, and technological innovation.
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