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Nanogenerators have garnered significant attention in the field of robotics due to their high performance, ease of 

design and fabrication, and lightweight nature. By utilizing such sensing systems, machines can be endowed with 

specific sentience capabilities. Moreover, sensors that based on nanogenerators can operate continuously without 

requiring an external power source. The following paper presents a comprehensive review of recent developments 

and applications of nanogenerator-based sensors in robotics in recent years. These sensors are categorized accord- 

ing to their sensory functions (including tactile, hearing, smell, vision and displacement, etc.), with a focus on 

their working mechanisms, materials and structures. Furthermore, this review investigates the usage of these de- 

vices in flexible manipulators and human-machine interfaces. Finally, the challenges and opportunities pertaining 

to nanogenerator-based sensors are discussed. 
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. Introduction 

In the new generation of technological revolution, the development

f sensing technology is a crucial aspect of information acquisition [ 1 , 2 ].

t plays an important role for robots in the autonomous behavior, remote

bservation, and interaction capabilities in special environments [ 3 , 4 ].

owever, traditional sensors may not suffice to meet robots’ application

equirements in complex and variable environments. For example, while

isual sensors can enable robots to approximate their environment, they

annot sense gripping force information visually [5] . Therefore, to im-

rove intelligent robots’ perception accuracy and intelligence, it is nec-

ssary to further enhance the performance and functionality of sensors

 6 , 7 ]. 

The various natural sensory systems of living organisms work in

nique ways and demonstrate remarkable performance, providing rich

nspiration for sensor systems [8–10] . Recently, remarkable progress has

een made in developing novel sensing technologies that can mimic hu-

an sensory systems through biomimetics [11–13] . This progress has

ed to the creation of innovative electronic systems with the potential to

reate humanoid robots with finely tuned sensory capabilities, similar to

ur own [ 9 , 14 ]. Novel sensor systems expand robots’ perception capabil-

ties, and significant progress in the field of nanomaterials and micro-

anomanufacturing accelerate the development of flexible electronics

roducts, especially tactile sensors that give robots the ability to per-

eive more subtle touch-based information from environment [ 15 , 16 ].
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he collaborative operation of flexible tactile sensors and flexible me-

hanical hands enable robots to perform expected tasks more accurately

17–25] . Electronic ears and noses can give robots the ability to perceive

ich environmental information such as sound and gasses [26–30] . Ad-

itionally, angle and displacement sensors play a vital role in robots’

erception of complex environments and enhance their autonomous be-

avior [31–35] . 

The diversification, intellectualization, and interdisciplinary nature

f humanoid sensory systems have also greatly promoted the develop-

ent of human-machine interaction (HMI) [36–41] . The ultimate goal

f this field is to make interactions with machines as natural as human-

o-human interactions [42–44] . However, intelligent robots require suf-

cient performance and long-term stable operation to realize specific

unctions [45] . Therefore, it is crucial that sensing systems operate with

inimal power consumption [46] . Ideally, these sensors should be self-

owered. Recently, the development of self-powered sensing devices

ith high performance, versatile features, and integration capabilities

ith complex electronic devices has become a research hotspot in this

eld [ 46 , 47 ]. Piezoelectric nanogenerators (PENGs) [48] and triboelec-

ric nanogenerators (TENGs) [49] have recently been proven to be novel

nd effective mechanical-to-electrical signal conversion methods, which

an serve as the foundation for self-powered sensor research and pro-

ide technical support for achieving high performance, new functions,

nd expanding into new application areas [50–78] . This review delves

nto the most recent developments in nanogenerator-based sensors for
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Fig. 1. Current state-of-the-art piezoelectric nanogenerator and triboelectric nanogenerator technologies and their applications for robotics. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 

h  

h  

p  

d  

t  

v

2

 

t  

[

i  

t  

M

𝐽  

 

s  

p  

d

𝐽  

 

r  

c  

c  

b

2

 

b  

t  

l  

e  

fi  

t  

e  

e  

𝐸  

t  

t

𝑉  
uman-robot interaction, with a focus on their applications in various

umanoid functions including tactile, hearing, smell, vision and dis-

lacement, etc. ( Fig. 1 ) [59] . We’ve explored how these sensors impact

ifferent aspects of people’s lives and discussed the challenges faced by

he field. Additionally, we’ve provided insights into potential future ad-

ancements in this area. 

. Working mechanism of nanogenerator 

Nanogenerator is a device that converts mechanical energy into elec-

rical energy by driving displacement currents in the Maxwell equation

79] . To homogeneous dielectrics, 𝑃 = ( 𝜀 − 𝜀 0 ) 𝐸, 𝐷 = 𝜀𝐸. Note that 𝑃 

s the polarization field density, 𝜀 stands for the permittivity of a dielec-

ric, 𝜀 0 is the vacuum permittivity, 𝐷 is the displacement field. So that

axwell displacement current [80] : 

 𝐷 = 

𝜕𝐷 

𝜕𝑡 
= 𝜀 0 

𝜕𝐸 

𝜕𝑡 
+ 

𝜕𝑃 

𝜕𝑡 
(1)

Considering the existence of polarization charge in the dielectric,

uch as triboelectric materials and piezoelectric materials, there exists

olarization charge density 𝑃 𝑆 which caused by surface static charge in

isplacement current: 

 𝐷 = 

𝜕𝐷 = 𝜀 0 
𝜕𝐸 + 

𝜕𝑃 𝑆 
(2)
𝜕𝑡 𝜕𝑡 𝜕𝑡 

2 
Note that, the first term on the right side of the equation is the cur-

ent generated by the changing electric field, and the second term is the

urrent caused by the polarization field generated by the electrostatic

harge on the surface, which is the fundamental source and theoretical

asis of the nanogenerator. 

.1. Working mechanism of TENG 

The working mechanism of TENG is based on the coupling effect

etween triboelectric and electrostatic induction [81] . Take the con-

act separation model for example, when two materials of different po-

arity come into contact, charge transfer will occur due to the differ-

nt binding capacity of the materials for electrons. The electrostatic

eld established by the triboelectric charge drives the flow of elec-

rons through the external load, resulting in the accumulation of free

lectrons 𝜎1 ( z,t ) in the electrode [70] . The electric field of two di-

lectric with dielectric constant and thickness of 𝜀 1 , 𝜀 2 and 𝑑 1 , 𝑑 2 are

 𝑧 = 𝜎1 ( 𝑧, 𝑡 )∕ 𝜀 1 and 𝐸 𝑧 = 𝜎1 ( 𝑧, 𝑡 )∕ 𝜀 2 , respectively. The electric field at

he gap 𝐸 𝑧 = ( 𝜎1 ( 𝑧, 𝑡 ) − 𝜎𝑐 ) − 𝜀 0 . The relative voltage difference between

wo electrodes: 

 = 𝜎1 ( 𝑧, 𝑡 ) 
[ 
𝑑 1 
𝜀 1 

+ 

𝑑 2 
𝜀 2 

] 
+ 

𝑍 

[
𝜎1 ( 𝑧, 𝑡 ) − 𝜎𝑐 

]
𝜀 0 

(3)
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Fig. 2. Four fundamental modes of triboelectric nanogenerators. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 3. Working mechanism of piezoelectric nanogenerator. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Due to the existence of external load resistance 𝑅 , according to

hm’s law, the external output current density: 

𝐴 

𝑑𝜎1 ( 𝑧, 𝑡 ) 
𝑑𝑡 

= 

𝑧𝜎𝑐 

𝜀 0 
− 𝜎1 ( 𝑧, 𝑡 ) 

[ 
𝑑 1 
𝜀 1 

+ 

𝑑 2 
𝜀 2 

+ 

𝑑 3 
𝜀 3 

] 
(4)

Where 𝑧 depends on the function 𝑡 of the dynamic process of applying

orce, and 𝐴 is the area of the electrode. 

The researchers have identified four primary working modes for the

ENGs, which include vertical contact-separation mode, lateral sliding

ode, single-electrode mode, and freestanding triboelectric-layer mode

 Fig. 2 ). These fundamental modes serve as the foundation for all TENG

tructures, and are adaptable to various applications by deriving differ-

nt structures [82] . 

.2. Working mechanism of PENG 

Piezoelectricity is a phenomenon where there is a coupling between

tress and strain tensors, electric displacement and electric field vec-

ors, and elastic and dielectric variables [83] . In anisotropic piezoelec-

ric materials, the centers of positive and negative charges coincide in

he initial state. When external stresses are applied to cause deforma-

ion, the charge centers of anions and cations will separate, leading to

otential differences ( Fig. 3 ). The general coupled equations in terms of

iezoelectric strain-charge form as [84] : 

 𝐷 } = 

[
𝜀 𝑇 

]
{ 𝐸 } + [ 𝑑 ] { 𝑇 } (5) 

 𝑆 } = 

[
𝑆 

𝐸 
]
{ 𝑇 } + 

[
𝑑 𝑡 
]
{ 𝐸 } (6) 

Where [ 𝑑] is the matrix of the direct piezoelectric effect, 𝑑 𝑡 is the

atrix used to describe the indirect piezoelectric effect. 𝑇 and 𝐸 indi-

ate a zero (or constant) stress and electric fields, respectively, from the

ystem. 𝑡 defines the transposition of the matrix. 

The open circuit voltage of PENG is 𝑉 𝑂𝐶 = 𝑧𝜎𝑃 ( 𝑧 )∕ 𝜀 . Due to the exis-

ence of external load resistance 𝑅 , according to Ohm’s law, the external

utput current density: 

𝐴 

𝑑𝜎

𝑑𝑡 
= 

𝑧 
[
𝜎𝑃 ( 𝑧 ) − 𝜎( 𝑡 ) 

]
𝜀 

(7) 
3 
. Application of nanogenerator in humanoid robotics perception 

.1. Electronic skin/tactile simulation 

Electronic skin/tactile sensors are consistently fundamental and in-

ispensable components in the realm of intelligent robots [85] . Elec-

ronic skin/tactile sensors are electronic devices that can detect exter-

al mechanical stimuli (such as strain, pressure, humidity, and tempera-

ure) and quantify the relevant information into electrical signals, mim-

cking the perceptual function of human skin [ 25 , 86 ]. Researchers are

ontinuously exploring and optimizing materials, physical structures,

rocessing techniques, etc., in order to improve the resolution, sensitiv-

ty, detection range, functional diversity, and lifespan of tactile sensors

 86 , 87 ]. 

Tactile sensors based on nanogenerators can detect and respond to

xternal environmental stimuli without the need for an external power

ource, which could detect physical phenomena such as pressure distri-

ution, strain, shear force, and sliding [ 17 , 18 , 88 ]. These self-powered

actile sensors have already found initial applications in the field of intel-

igent robotics. In this section, we will mainly introduce several typical

unctional tactile sensors based on nanogenerators. 

A selective sensitivity of tactile sensing to pressure and vibration is

ritical for mimicking the skin of a human. In 2019, Chun et al. pro-

osed an innovative self-powered flexible neural tactile sensor (NTS)

hat demonstrated the ability to detect pressure and recognize fine tex-

ures, which was composed of interlocked percolative graphene sensor

bottom panel) and TENG sensor (top panel) with fingerprint-inspired

eriodic microlines ( Fig. 4 a) [89] . The output signals of this device

ere similar to the real output signal produced by the slow adaptive

SA) and fast adaptive (FA) mechanoreceptors in human skin. In 2022,

im et al. proposed self-powered multifunctional ionic tactile sensor

SMITS), which composed of a single-electrode triboelectric nanogen-

rator (SETENG) and a capacitive ionic sensor (CIS) with poly (vinyli-

ene fluoride-trifluoroethylene) (P(VDF55-TrFE45)) nanofibers (NFs)

 Fig. 4 b). The SETENG was designed laminated on top of the CIS, with

oth components sharing a common electrode (AgNW/PDMS). This de-

ice could measure pressures ranging from 0 to 60 kPa and temperatures

anging from 25° to 45 °C without requiring any additional energy sup-

ly [90] . 
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Fig. 4. Nanogenerator-based electronic skin/tactile sensors. (a) Flexible neural tactile sensor (NTS) to detect pressure and recognize fine textures [89] . Copyright 

(2019) by American Chemical Society. (b) Self-powered multifunctional ionic tactile sensor (SMITS) to measure pressure and temperature [91] . Copyright (2022) by 

Elsevier. (c) Stretchable dual-mode sensor to scan object shape, measure grasping pressure and detect object hardness [92] . Copyright (2019) by Elsevier. (d) Flexible 

TENG based sensor array [93] . Copyright (2022) by Elsevier. (e) Stretchable triboelectric–photonic smart skin (STPS) to convert pressure information into optical 

information [94] . Copyright (2018) by John Wiley and Sons. (f) Artificial tactile perception smart finger to identify material type and roughness [95] . Copyright 

(2022) by AAAS. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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However, sensors based on planar structures may have certain limi-

ations in terms of mechanical properties and the range of functions they

an perform. In order to overcome this difficulty, in 2019, Han et al. pre-

ented a controlled, nonlinear buckling process for creating intricate 3D

iezoelectric (polyvinylidene difluoride, PVDF) microsystems with im-

roved responsivity (anisotropic responses and sensitivity of 60 mV N 

− 1 

or normal force) from lithographically defined two-dimensional pat-

erns of electrodes and thin films of piezoelectric polymers [91] . These

D piezoelectric systems were well configured and mounted on the ma-

ipulator for interactions with environment in three dimensions to dis-

inguish the direction/position of mechanical stimuli such as pressure,

ormal force, stretching and bending. 

In 2019, Zhang et al. created a stretchable dual-mode sensor, con-

isting of cross-grid liquid metal electrode arrays separated by a micro-

tructured dielectric layer ( Fig. 4 c) [92] . The combination of capaci-

ive (10–120 kPa) and TENG ( < 10 kPa) modes expanded its pressure

onitoring range and sensitivity (highest 1.04 V/kPa) for robots to

can object shape, measure grasping pressure and detect object hard-

ess. 

Generally speaking, the design of array electrodes will have certain

ignal crosstalk problems, which may limit the pixel density of the de-

ice. In 2023, Li et al. proposed a flexible TENG-based sensor array

ith high pixel density (100 sensing units within the overall size of

.5 cm × 7.5 cm), that polydimethylsiloxane (PDMS) cast in each cell as

he triboelectric layer for independent sensing ( Fig. 4 d) [93] . Each unit

howed good sensitivity of 0.11 V/kPa with a wide range of pressure

etection from 10 to 65 kPa, where the maximum crosstalk output is

nly 10.8%. And the pressure distribution of the object on the device

an be displayed by software. 

By using reversible aggregation-induced emission (AIE) compound

is (4-phenothiazine phenyl) sulfone as a solid intensive fluorescent
4 
mitter and a grating-structured metal film, in 2018, Bu et al. devel-

ped a stretchable triboelectric–photonic smart skin (STPS) as shown in

ig. 4 e [94] . The device converts pressure information into optical infor-

ation without the need for an external power source, showing abilities

f tactile sensing and gesture interpretation. 

At present, researchers are primarily focused on the utilization of

actile sensors in mechanical detection. While there have been signifi-

ant advancements in this area, accurately quantifying material type in-

ormation through tactile sensors remains a challenge. This bottleneck

imits the interaction between intelligent robots and the environment.

n 2022. Qu et al. developed an artificial tactile perception smart finger

ased on the triboelectric effect between materials and sensors with four

ypical materials (Polyamide, PA66; Polyethylene terephthalate, PET;

olystyrene, PS; Polytetrafluoroethylene, PTFE), which quantified tac-

ile psychological parameters to realize widely applicable material type

nd roughness identification ( Fig. 4 f) [95] . The recognition accuracy

ate was as high as 96.8% under the synergy of machine learning. This

actile technology based on triboelectric sensing enables robotic hands

o have the ability to recognize materials, which has great potential in

he fields of medical rehabilitation and intelligent industry. 

.2. Auditory simulation 

The hearing system of a robot is crucial for its perception and serves

s an effective way to establish direct communication between humans

nd robots. The majority of vocal energy is typically concentrated within

he frequency range of 100 to 4000 Hz [96] . Traditional auditory sen-

ors rely on microphones that integrate precise signals with processing

ircuits, which can lead to increased power consumption and shorter

perating cycles [97] . Therefore, auditory sensors with low consump-

ion, high sensitivity, wider frequency response and selectivity have
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Fig. 5. Nanogenerator-based auditory sensors. (a) Triboelectric auditory sensor (TAS) for building an electronic hearing system (from 100 to 5000 Hz) [103] . 

Copyright (2018) by AAAS. (b) Bionic membrane sensor (BMS) inspired by the structure of eardrum to detect the broadband response of 0.1 to 3200 Hz [104] . 

Copyright (2015) by John Wiley and Sons. (c) Self-aware artificial auditory neuron module [105] . Copyright (2023) by Elsevier. (d) TENG-based device with nine 

channels (from 20 to 3000 Hz) [106] . Copyright (2018) by Springer Nature. (e) Piezoelectric acoustic sensor (f-PAS) with seven channels [107] . Copyright (2015) 

by Elsevier. (f) Inorganic piezoelectric acoustic nanosensor (iPANS) to mimic biomimetic basilar membrane [108] . Copyright (2014) by John Wiley and Sons. (g) 

Dual-mode device based on triboelectric technology with wide dynamic range of frequency selectivity (from 145 to 9000 Hz) [109] . Copyright (2022) by AAAS. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

t  

p

 

m  

s  

n  

s  

d  

i  

r  

s  

n

 

t  

r  

f  

[  

w  

a  

i  

s  

i  

s  

e  

g

 

c  

t  

a  

b  

a  

s  

s  

(

 

c  

s  

a  

b  

r  

H  

s  

b  

l  

w  

fl

𝑓  

w  

a  

d  

a  

P  
he potential to address challenges related to social interaction and

ower/energy in robotics [98] . 

Recently, triboelectric and piezoelectric acoustic sensors based on

imicking the basilar membrane of the human cochlea have been con-

idered as promising candidates for improving sensitivity and recog-

ition rate, which have unique advantages in material selection and

tructural processing [ 99 , 100 ]. By providing accurate and selective au-

itory information, these sensors may lead to significant improvements

n the overall performance and functionality of robotic systems, while

educing their reliance on external power sources [ 101 , 102 ]. In this

ection, we will mainly introduce the research progress of biomimetic

anogenerator-based acoustic sensors. 

In 2018, Guo et al. report single-channel and self-powered triboelec-

ric auditory sensor (TAS) for building an electronic hearing system for

obotics, which showed good sensitivity (110 millivolts/decibel) and ef-

ective broadband response (from 100 to 5000 Hz) as shown in Fig. 5 a

103] . One of the friction layers of fluorinated ethylene propylene (FEP)

ith several hole channels could be redesigned for selective frequency

djusting. In 2015, Yang et al. reported a bionic membrane sensor (BMS)

nspired by the structure of eardrum could detect the broadband re-

ponse of 0.1 to 3200 Hz with good broad dynamic range (51 mV Pa − 1 ,

n a range of 2.5–1200 Pa) as shown in Fig. 5 b [104] . These works can

implify the signal processing circuit and reduce the power consuming,

xpressing notable advantages of using TENG technology to build a new

eneration of auditory systems for robotics. 

While the biomimetic auditory sensors mentioned earlier possess ex-

eptional electrical properties, they do not yet form a full auditory sys-
5 
em that mimics human hearing entirely. In 2023, Yun et al. proposed

 self-aware artificial auditory neuron module, which was constructed

y serially connecting a TENG (as auditory sensor and energy collector)

nd a bi-stable resistor (as spike neuron). The device could detect the

ound pressure level and simultaneously encoded it into the form of a

pike, which was used as an input neuron for the spike neural network

 Fig. 5 c) [105] . 

In contrast to the previous concepts, some researchers utilize a multi-

hannel structure as the foundation for selecting sound frequency re-

ponses. In 2018, Liu et al. reported a TENG-based device that achieved

 high degree of frequency selectivity, covering a range of 20 to 3000 Hz,

y evenly placing nine silver electrodes on each of two polytetrafluo-

oethylene membranes in a trapezoidal pattern ( Fig. 5 d) [106] . In 2018,

an et al. proposed a flexible piezoelectric acoustic sensor (f-PAS) with

even channels of interdigitated electrodes patterned on the PZT mem-

rane ( Fig. 5 e) [107] . The multichannel analysis was employed to se-

ectively detect the resonance frequencies of each mode in the region

here oscillatory motion was observed. The resonance frequency of the

exible piezoelectric membrane is described as following equation: 

 𝜏 = 

𝜔 

2 𝜋
= 𝐶 

𝑡 

𝑙 2 

√ 

𝐸 

𝜌
(8)

here 𝜔 are angular frequency of the trapezoidal membrane, 𝐶, 𝑡 , 𝐸,

nd 𝜌 indicate the capacitance, thickness, Young’s modulus, width, and

ensity of the film, respectively. Similarly, in 2014, Lee et al. reported

n inorganic piezoelectric acoustic nanosensor (iPANS) by transferring

ZT thin film onto trapezoidal silicone-based membrane (SM) to mimic
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Fig. 6. Nanogenerator-based olfactory/visual sensors. (a) TENG-based olfactory sensor to distinguish four volatile organic compound (VOC) gasses (methanol, 

ethanol, acetone, and toluene) [110] . Copyright (2015) by John Wiley and Sons. (b) Machine learning (ML)-enhanced self-powered ion mobility strategy with a 

triboelectric-based ionizer [112] . Copyright (2021) by Elsevier. (c) TENG-based olfactory sensor with low-resistant rGO-In 2 O 3 semiconductor to identify aniline-air 

gas [113] . Copyright (2020) by John Wiley and Sons. (d) PENG-based olfactory sensor with NiO/ZnO to identify H 2 S gas [114] . Copyright (2016) by Elsevier. (e) 

Bioinspired mechano-photonic artificial synapse based on graphene/MoS 2 [115] . Copyright (2018) by Elsevier. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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iomimetic basilar membrane (BM), utilizing a laser lift-off technology

o overcome the brittle characteristics of inorganic piezoelectric mate-

ials ( Fig. 5 f) [108] . Thanks to this stripping technique, vibration dis-

lacements of 7 nm to 17 nm could be detected with piezoelectric signals

f 45 μV to 60 μV. 

In 2022, Park et al. presented a dual-mode device contained

requency-selective acoustic and haptic sensors based on triboelectric

echnology, and featured a unique hierarchical structure consisting of

erroelectric composites with macrodome, micropore, and nanoparticle

omponents ( Fig. 5 g) [109] . By adjusting shape factors like thickness

nd area of ferroelectric composites, it’s possible to significantly en-

ance the dynamic range of frequency selectivity, which typically spans

rom 145 to 9000 Hz. Using machine learning techniques based on arti-

cial neural networks (ANNs), the proposed device could achieve higher

ccuracy and selectivity than a commercial microphone, which has cer-

ain advantage in the field of robot audition. 

.3. Olfactory/visual simulation 

Human nose contains approximately 400 olfactory receptors (OR).

hese receptors comprise a sophisticated network of multiple scent sen-

ors, working together to identify and distinguish various odors. Several

eams have developed electrochemical sensors, commonly referred to as

lectronic noses, that are capable of replicating the olfactory function

f humans [ 110 , 111 ]. These electronic noses have proven to be effec-

ive in detecting gasses in robotic application [112] . Undoubtedly, one

f the major hurdles in deploying portable sensor networks is the con-

traint posed by power limitations caused by high energy consumption

ates and prolonged detection times. In response, some researchers have

eveloped gas sensors based on self-powered technology. 
6 
In addition, research in the fields of neuroscience and cognitive psy-

hology has revealed that over 80% of external information is processed

y the brain through the sense of sight. While the digital camera has

roven to be a successful electronic device that mimics the eye, it falls

hort in fully integrating all of the key features of the human visual sys-

em [11] . In this section, we will conduct a material-focused review of

as sensors and visual sensing systems that based on the nanogenerators.

In 2015, Kim et al. reported a self-powered sensing strategy that

emonstrates highly selective gas detection capabilities, which could

istinguish between four volatile organic compound (VOC) gasses

methanol, ethanol, acetone, and toluene) with a detection limit of 0.1%

 Fig. 6 a) [113] . The strategy was based on the physical contact between

emiconducting nanowires (ZnO) and dielectric layers, which resulted in

riboelectrification, as well as the heterogeneous catalytic reaction that

ook place on both the nanowires and nickel oxide (NiO) nanoparticles.

The ion migration phenomenon of plasma discharge satisfies the re-

uirements of rapid gas detection. Based on the sensing mechanism of

on migration rate drift time, it can effectively identify various types of

OCs and their concentrations [114] . Based on this mechanism, in 2021,

hu et al. proposed a machine learning (ML)-enhanced self-powered

on mobility strategy with a triboelectric-based ionizer ( Fig. 6 b) [115] .

ith ML algorithms, the specific features automatically from ion mo-

ility spectrometry data was extracted, which had the characteristics

f rapid response and low power consumption. In 2020, Chang et al.

ynthesized low-resistant rGO-In 2 O 3 semiconductor composite using as

he electrode of TENG, that the resistance was sensitive to aniline-air

as ( Fig. 6 c) [116] . When the rGO-In 2 O 3 composite came into con-

act with an aniline-air gas mixture, the aniline molecules reacted with

he absorbed oxygen species, resulting in the capture of electrons from

he composites with its resistance decreases. Coupling effect of the
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Fig. 7. Nanogenerator-based vector motion sensors. (a) Joint motion triboelectric quantification sensor (jmTQS) to detect the degree and speed of flexion/extension 

movements in fingers [122] . Copyright (2023) by Elsevier. (b) TENG-based stretchable sensor to detect motion and angle information [123] . Copyright (2018) by 

MDPI. (c) Rotating grating-structured self-powered angle sensor based on TENG [124] . Copyright (2023) by John Wiley and Sons. (d) Vector motion sensor based 

on dual-mode TENG to judge movement direction and angle [121] . Copyright (2023) by Elsevier. (e) TENG-based non-contact sensor to detect rotational movement 

[125] . Copyright (2020) by MDPI. (f) 3D activity inertial sensor (3DAIS) based on electromagnetic, piezoelectric, and triboelectric technologies [126] . Copyright 

(2023) by Elsevier. (g) CNF/MXene-based deep-trap hierarchical architecture for high-performance TENG [127] . Copyright (2023) by Elsevier. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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iezoelectric screening effect of ZnO and conversion of NiO/ZnO PN-

unctions, in 2016, Qu et al. introduced heterogeneous structures into

ENG and reported a self-powered H 2 S gas sensor with high sensitivity

f 0.49 ( Fig. 6 d) [117] . The self-powered electronic noses can simu-

ate the human ability to perceive chemical substances in the external

nvironment and does not require an external power supply. Future re-

earch directions include improving the sensitivity and selectivity of the

ensors, as well as exploring more self-powered sensor materials and

abrication processes to further promote the practical applications of

elf-powered electronic noses. 

In the self-powered visual sensing systems aspect. In 2021, Yu et al.

resented a bioinspired mechano-photonic artificial synapse, which was

omposed of an optoelectronic transistor based on graphene/MoS 2 het-

rostructure and an integrated triboelectric nanogenerator ( Fig. 6 e)

118] . The triboelectric potential was utilized to operate the synaptic

ransistor and regulated the transfer or exchange of charges in the het-

rostructure, enabling the characteristic functions of a photonic synapse

uch as postsynaptic photocurrents, persistent photoconductivity, and

hotosensitivity. This work may emulate complex biological nervous

ystem. 

.4. Vector motion sensors 

Apart from the sensors mentioned above, vector motion sensors

re essential for a robot to perceive and interact with environment.

hese sensors can detect linear and rotational displacement and pro-
7 
ide information on dynamic acceleration in the direction of displace-

ent [ 119 , 120 ]. Motion vector sensors with high precision recognition

bilities are particularly important for obtaining motion parameters re-

uired to ensure accurate operation of the robot’s automatic control sys-

em. TENG-based vector motion sensors generally adopt lateral sliding

ode or freestanding triboelectric-layer mode [121] . PENG-based sen-

ors, which are primarily used for monitoring vibrations at the nanome-

er/micrometer level, are not discussed in this section. 

Most researchers use finger insertion electrodes or similar structures

o measure displacement or angle information. The two contact layers

re arranged in a regular pattern. As the contact layers come closer to

ach other, the metal layer surrounding them induces an electric poten-

ial, which is caused by electrostatic induction. Conversely, when the

wo contact layers move away from each other, a reverse potential is

reated. 

In 2018, Pu et al. developed a sensor called the joint motion tribo-

lectric quantification sensor (jmTQS), which utilized a grating struc-

ure to detect the degree and speed of flexion/extension movements

n fingers ( Fig. 7 a) [122] . The sensor worked by counting the posi-

ive/negative pulses generated within a given time period. By analyzing

he polarity of the coupling signal, the direction of rotation can be de-

ermined. With a similar structure, in 2018, Wang et al. described a

tretchable motion sensor that utilized kinesio-tape and relied on the

ateral sliding mode TENG to achieve the detection of motion and an-

le information ( Fig. 7 b) [123] . The stretched displacements and bend-

ng angles showed a strong linear correlation with both the short-circuit
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Fig. 8. Application of nanogenerator in soft robot. (a) TENG-based flexible sensor to detect movements of moving objects [130] . Copyright (2023) by John Wiley 

and Sons. (b) Smart soft-robotic gripper system based on TENG to detect various aspects of external stimuli [131] . Copyright (2023) by John Wiley and Sons. (c) 

Conductive sponge/porous silicone-based triboelectric nanogenerator (SS-TENG) for soft actuator to distinguish different objects [132] . Copyright (2023) by Elsevier. 

(d) Soft robotic finger featured a triboelectric curvature sensor using multi-material 3D printing technology [133] . Copyright (2023) by John Wiley and Sons. (e) 

Smart soft actuator with two types of TENGs to detect contact pressure and bending motion [134] . Copyright (2022) by Springer Nature. (f) Flexible bimodal smart 

skin (FBSS) using TENG and liquid metal sensing for touchless interactive teaching [135] . Copyright (2023) by Elsevier. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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ransferred charge and open-circuit voltage. The direct quantization and

ntuitionistic mapping at the sensing stage greatly simplifies the signal

rocessing and classification algorithms. 

The rotary type of TENG has unique advantages in measuring angle

isplacement, as more stable performance and higher precision. In 2020,

ang et al. proposed a novel rotating grating-structured self-powered

ngle sensor (SPAS) that can be applied to robotic arms for recording

he flexion and extension of joints ( Fig. 7 c) [124] . The device consisted

f a rotator (two groups of freestanding electrodes) and a stator (Kapton

lectrification layer and two groups of interdigital electrodes) coaxially

ssembled, exhibiting the highest resolution (2.03 nano-radian). Simi-

arly, in 2022, Qiao et al. proposed a distributed vector motion sensor

ased on dual-mode TENG as shown in Fig. 7 d [121] , which could si-

ultaneously generate AC signal to monitor displacement or angle pa-

ameters and DC signal to directly judge movement direction, and the

ngle accuracy of the device reached 0.05° (1.7 μm). 

However, contact-based sensing can easily cause rapid wear and tear

f the device, which has certain limitations in long-term use scenarios.

o that non-contact sensors are receiving increasing attention from re-

earchers. In 2020, Wang et al. proposed a single-piece self-powered

on-contact sensor with an interdigital sensitive layer capable of rota-

ional movement detecting ( Fig. 7 e) [125] . Polyurethane (PU) and PTFE

lm were utilized for perceiving the rotation. Although this non-contact

ensor had a longer lifespan, it fell short in accuracy compared to several

revious works. 

Besides, to enhance the sensor’s versatility and enable it to detect

nputs from multiple axes, in 2018, Koh et al. proposed a 3D activity in-

rtial sensor (3DAIS) that incorporated hybrid energy harvesting mech-

nisms as electromagnetic, piezoelectric, and triboelectric technologies

o enable 6-axis inertial sensing ( Fig. 7 f) [126] . This device boasted ex-

eptional advantages when it came to detecting multi-axis acceleration

nd rotational inertia for use in robots. 

Using 3D printing technology, in 2023, Wang et al. fabri-

ated CNF/MXene-based deep-trap hierarchical architecture for high-
8 
erformance TENG ( Fig. 7 g) [127] . The addition of MXene nanosheets

o the printed scaffold resulted in a higher number of open pores, which

nhanced charge generation of the device, thus better promoting the

ensitivity of non-contact distance detection. 

. Application of nanogenerator in soft robots 

Soft robots, which draw inspiration from the structure and motion of

iological organisms, are an emerging type of robot. To enable intelli-

ent control and behavior planning, these robots heavily rely on sensors

hat can measure the external environment and the robot’s own state.

y processing this information, soft robots are able to move efficiently,

anipulate objects with precision, interact with their surroundings, and

dapt to new situations with greater flexibility [128] . 

Flexible tactile sensors, for example, are particularly useful for soft

obots as they can detect obstacles in the environment and enable the

obot to avoid them with accuracy [129] . Thus, the robot can perform

omplex tasks and operations that require spatial awareness and agility.

herefore, the integration of sensors into soft robots is crucial for their

ntelligence and autonomy. The key to developing practical autonomous

oft systems that have the ability to function over extended periods of

ime without electrical connections is their ability to operate with min-

mal power consumption. In this section, we will overview the current

tate of the art in nanogenerator devices that are used as flexible self-

owered sensors for soft robots. 

TENG-based sensors are particularly suitable for soft robots because

he Young’s modulus of the soft materials typically used in triboelec-

ric sensors is similar to that of soft robots. In 2018, Lai et al. utilized

 percolating silver-flake network as an extendable conductor and used

uper-soft yet tough Eco-flex 00–30 silicone rubbers for the encapsu-

ated and triboelectric materials, as well as pneumatic actuators ( Fig. 8 a)

130] . The sensor allowed flexible robotic hand to be actively aware of

ifferent movements of moving objects, including approaching, grab-

ing, lifting, lowering, and even accidentally falling objects. In 2020, Jin
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Fig. 9. Application of nanogenerator in HMI. (a) Cutting-edge smart glove with triboelectric tactile sensors and a PZT piezoelectric haptic mechanical stimulator 

[138] . Copyright (2020) by AAAS. (b) Sign language recognition and communication system comprising 15 triboelectric sensors integrated glove [139] . Copyright 

(2021) by Springer Nature. (c) Smart glove with simple-structured TENG for robotic hand controlling [140] . Copyright (2023) by Elsevier. (d) Self-powered visual 

tactile sensor to convert touch stimuli into visible light signals [141] . Copyright (2023) by John Wiley and Sons. (e) Textile-based multifunctional bracelet with 

triboelectric and piezoresistive sensors for robotic hand controlling [142] . Copyright (2023) by Elsevier. (f) Self-powered, flexible, triboelectric sensor (SFTS) patch 

for finger trajectory recording [143] . Copyright (2018) by American Chemical Society. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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more immersive and realistic environment. In the industrial and medi- 
t al. reported a smart soft-robotic gripper system based on triboelectric

anogenerator sensors ( Fig. 8 b) [131] . The T-TENG sensor, featuring

atterned electrodes, was capable of sensing various aspects of external

timuli such as sliding, contact position and contact area through the tri-

oelectric output generated by grating electrode. And the L -TENG sensor

llowed for scalable measurement of bending motion. 

The integrated sensors enable soft robotics to actively perceive and

ense their deformation or response in real-time. In 2019, Chen et al.

emonstrated a conductive sponge/porous silicone-based triboelectric

anogenerator (SS-TENG) for soft actuator, which could distinguish be-

ween different objects ( Fig. 8 c) [132] . With multi-material 3D printing,

oth the soft actuator and its functional sensor can be fabricated, facili-

ating a straightforward and efficient manufacturing process for control-

able soft robotics. In 2020, Zhu et al. developed a soft robotic finger that

eatured a triboelectric curvature sensor (S-TECS) using multi-material

D printing technology with stretchable electrodes ( Fig. 8 d) [133] . The

ntegrated S-TECS which achieve fast prototyping and easy system inte-

ration can measure a finger curvature up to 8.2 m 

− 1 under an ultra-low

orking frequency of 0.06 Hz. In 2020, Chen et al. proposed a smart

oft actuator with tribo-skins through the integration of soft elastomers,

able-driven mechanism and TENGs, that the soft actuator integrated

ith two types of TENGs: a single-electrode-mode TENG to measure the

ontact pressure and an inner contact–separation-mode TENG to detect

he bending motion ( Fig. 8 e) [134] . 

The triboelectric electronic skin’s exceptional flexibility and sensi-

ivity endowed the soft robot with the ability to sense and interact with
9 
ts environment. Moreover, leveraging the advantage of this principle

ade it possible to achieve non-contact sensing in the robotic arm. In

022, Liu et al. developed a flexible bimodal smart skin (FBSS) that

an perform simultaneous tactile and touchless sensing using a TENG

nd liquid metal sensing ( Fig. 8 f) [135] . The structure of the device

ontained five flexible layers, that the surfaces of the flexible dielectric

ayer (PDMS with pyramid-shaped microstructures), flexible electrode

ayer (Ag nanowire networks), and stimulation layer (PDMS) formed

hemical bonds after being treated with plasma. The soft robots with

BSS could enable complex movement through a touchless interactive

eaching method, which had broad potential applications in the field of

on-contact HMI. 

. Application of nanogenerator in HMI 

The research on HMI systems can be traced back to the 1980s and

as received increasing attention from researchers [136] . It is a highly

nterdisciplinary field, where sensors of different functions play a cru-

ial role in the interaction between humans and robots. Based on sen-

or technology, robots can perceive various information such as human

ctions, sounds, and behaviors, providing corresponding feedback and

esponses, thus achieving a more natural and intelligent interaction pro-

ess. For example, in virtual reality and augmented reality technologies,

arious sensors are used to achieve hand movement tracking, facial ex-

ression capture, and other functions, allowing users to experience a
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Fig. 10. Challenges for nanogenerator-based sensor in robotics. 
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al fields, high-sensitivity sensors can be used to achieve precise control

f mechanical arms. In recent years, nanogenerators have emerged as a

romising alternative solution for efficient HMI [137] . In this chapter,

e will introduce the latest research progress of nanogenerators in the

eld of HMI, mainly focusing on virtual reality and mechanical hand

nteraction. 

In 2020, Zhu et al. designed a cutting-edge smart glove that incorpo-

ates elastomer-based triboelectric tactile sensors and a PZT piezoelec-

ric haptic mechanical stimulator ( Fig. 9 a) [138] . The TENG-based sen-

or was capable of detecting the bending angle of human fingers and the

ormal force in eight directions of the palm. By combining with piezo-

lectric stimulator to achieve feedback interaction, it enabled more intu-

tive and bi-directional communication with virtual characters. In 2021,

en et al. reported a sign language recognition and communication sys-

em comprising 15 triboelectric sensors integrated glove ( Fig. 9 b) [139] .

ach thin triboelectric sensor consisted of ecoflex and wrinkled nitrile,

nd the conductive textile serves as electrodes. They also proposed a

eneral semantic segmentation algorithm to improve the accuracy of

ign language interaction, providing a dependable platform for effortless

nteraction between non-signers and signers with the gloves. In 2021,

uo et al. proposed a smart glove with simple-structured TENG using

DMS and silicon rubber for robotic hand controlling ( Fig. 9 c) [140] .

he pressure visualization sensor can meet the application requirements

f strength feedback and extended cross tactile perception, improving

he efficiency of HMI. In 2022, Lu et al. reported a self-powered visual

actile sensor as shown in Fig. 9 d [141] , which consisted of a high-output

ENG and a visual light source, that could convert touch stimuli into

isible light signals (9.6 cd m 

− 2 ). The friction layer of TENG consists

f chitosan and fluorinated ethylene propylene (FEP). They improved

he friction area of the TENG by combining origami technology and sur-

ace engineering, and enhanced the charge transfer ability of the two

aterials by customizing the surface topography of the chitosan, which

ffectively enhanced the driving capability of the device (output power

ensity 2.1 W m 

− 2 ). 

The sensors mentioned above were carried by gloves. Some re-

earchers have integrated the sensors into bracelets or attached them to

he arm to facilitate HMI. In 2022, Pang et al. reported a textile-based

ultifunctional tactile sensor through the integration of triboelectric

nd piezoresistive sensors ( Fig. 9 e) [142] . Piezoresistive part utilized

NT-textile showed a high sensitivity of 11.2 kPa − 1 , and TENG com-

onent made from Teflon-steel yarn stitched onto a cotton fabric suc-

essfully mimic the function of human FA mechanoreceptors, realizing
10 
he synchronous control of the robot. In 2018, Chen et al. presented a

elf-powered, flexible, triboelectric sensor (SFTS) patch for finger trajec-

ory sensing, including a two-dimensional (2D) SFTS for in-plane robotic

ovement control and a one-dimensional (1D) SFTS for out-of-plane

obotic movement control ( Fig. 9 f) [143] . The flexible substrate was

ade of silicone rubber, and the electrodes at the edge of the substrate

ere made of starch-based hydrogel PDMS elastomer (HPE). The com-

ination of the 1D SFTS and 2D SFTS could achieve 3D motion control

f a robotic manipulator ( Fig. 10 ). 

. Conclusions and perspectives 

This review provides a systematic summary of recent advancements

n the development of nanogenerator-based sensors for use in robotics,

ncluding tactile sensing, auditory sensing, olfactory sensing, visual

ensing and vector motion sensing. These developments have mainly

een achieved through the exploration of new materials and optimiza-

ion of functional structures. TENG based nanogenerators enable flexible

actile sensing/electronic skin to have various tactile perception abilities

ike pressure, shear force, slip, temperature, and even material identifi-

ation due to its unique working principle. By designing the structure

r processing the surface of the material, the selectivity of the device

or frequency can be enhanced, which is of great significance for audi-

ory perception applications. Some materials’ sensitivity to gasses has

roadened its application in olfactory perception. Moreover, the combi-

ation of flexible nanogenerators based on flexible materials and flexible

echanical hands can improve machine system performance and work

fficiency, and also demonstrate unique advantages in human-machine

nteraction. In comparison, TENG has a wider range of material options,

nd the four working modes have expanded the range of its applications.

ENG requires piezoelectric materials for charge induction, but it can

roduce stable output with less environmental interference. These two

ypes of nanogenerators each have their own characteristics, and select-

ng the appropriate sensor based on their respective principles is crucial

or getting maximum benefits in different scenarios. 

Although nanogenerator-based sensors possess exceptional qualities,

hey continue to face numerous limitations that impede their practical

mplementation in robotics. 

Output performance: Most of self-powered pressure sensors are only

sed for qualitative detection and lack accurate quantitative detection

apabilities. For precise quantitative measurements of pressure, reli-

ble calibration systems may need to be introduced in the future. Fur-



X. Qu, Z. Yang, J. Cheng et al. Nano Trends 3 (2023) 100013 

t  

s  

s

 

s  

a  

b  

m  

b

 

m  

l  

s

 

n  

s  

s  

c  

t  

a

D

 

i  

t

C

 

C  

L  

W  

t

A

 

m  

N  

(

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hermore, the performance of self-powered skin sensors, including their

ensitivity, must be further improved through material modification or

tructural design. 

Device stability: The durability of sensors under harsh conditions,

uch as high temperature or high humidity environments, needs to be

ddressed to ensure optimal device reliability. These attributes should

e considered essential features rather than add-ons. Future research

ust focus on improving these features to ensure that nanogenerator-

ased sensor can still perform optimally under harsh usage conditions. 

Fabrication process: Current reports on nanogenerator sensor devices

ainly use manual assembly technology, with a lack of exploration in

arge-area automatic production, which is crucial for maintaining con-

istency and stability of sensor performance. 

Commercialization: Moreover, promoting the commercialization of

anogenerator sensing systems is also crucial, although this process is

till in its infancy. Despite these challenges, it is encouraging that re-

earchers have achieved exciting results over the past dozen years. It

an be predicted that with the rapid development of materials and elec-

ronic technologies, self-powered sensors will have a promising future

nd will be more advanced in robotics applications. 
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