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A B S T R A C T   

Along with the arrival of the 5G era, sustainable and renewable energy supplies have become urgent demands 
towards plentifully distributed devices utilized for constructing smart cities. On the one hand, although the low- 
entropy fossil energies are constantly transformed into high-entropy energies and consumed through various 
batteries, the large-scale combustion inevitably brings a huge carbon footprint and severe climate changes. On 
the other hand, mechanical energies are widely distributed in the urban environment in types of vibrations and 
rotations, and natural areas in types of water waves, rainfalls, and winds. With the development of mechanical 
energy harvesting technologies like triboelectric, piezoelectric, electromagnetic, etc., various mechanical energy 
harvesters with optimized structures and selected materials, including triboelectric nanogenerator (TENG), 
piezoelectric nanogenerator (PENG), electromagnetic generator (EMG), etc., have been demonstrated for effi-
ciently extracting electric power from ubiquitous existed mechanical energy sources like wind, water waves/ 
flows, raindrops, vibrations, human motions, organs, and so on. With a comprehensive review of energy 
harvesting-assisted Internet of Things (IoT) applications among smart environmental monitoring (wind, ocean, 
and agriculture), smart transportations (drivers, vehicles, ships, roads, and bridges), smart homes (windows, 
floors, accessories, and human-machine interfaces), smart healthcare (wearable/portable devices, and implant-
able devices), the concept of smart cities are being promoted to conform with requirements of carbon neutrality 
and environment-friendly. Moreover, by combining developed self-powered sensor nodes, self-sustainable 
wireless sensor nodes, and self-charging energy storage units, the concept of IoT will be reinforced by 
increasing 5G endpoints and accelerates digitalization in smart cities.   

1. Introduction 

With years of academic research and commercial promotion, various 
applications based on Internet of Things (IoT) designs have improved 
human lives in many aspects, such as smartphones, smart speakers, 
home security systems, and wearable electronics. The concept of IoT is 
defined as internet-connecting things or people with functional nodes, 
and this concept has rapidly expanded to other areas like healthcare, 
urban construction, and industrial manufacture [1]. The IoT designs 
endow things with abilities to collect information from themselves or 
their ambient environment and facilitate these things obtaining “smart” 
properties and constructing smart cities. With the approaching of Fifth 

Generation (5G) wireless network technology, there will be an explosive 
growth of IoT devices connected and controlled by the Internet with a 
faster data transmission rate [2,3]. On one hand, the 5G era unleashing a 
massive network serving billions of connected IoT devices. On the other 
hand, the concept of the “Internet of Things” will be reinforced by 
increasing endpoints like increasing 5G base stations, especially those 
IoT devices with wireless data communication. 

It has been forecast by International Data Corporation (IDC) that 
there will be 55.7 billion connected IoT devices in 2025 [4], where these 
devices are not only restricted to smart electronics fixed in houses or 
public places but also wearable/portable electronics placed on people or 
vehicles. Energy supply for this enormous amount of IoT devices is one 
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of the most important challenges facing. Different types of sensors in 
typical IoT devices require different amounts of energy. Based on the 
power analysis of different IoT sensors [5], a temperature sensor re-
quires 0.5–5 mW, a pressure sensor requires 10–15 mW, and a gas sensor 
requires 500–800 mW for working normally. When specified to appli-
cation scenarios, types and numbers of sensors should be further opti-
mized. By surveying available sensors clarified in Table 1, sensors 
applied for indoor, outdoor, and human are variable [6–11]. As for in-
door sensors, wireless connections and activations are frequent or 
continual in smart home systems. And outdoor sensors need to transmit 

data via wireless nodes regularly, so that energy supply should be suf-
ficient for long-period maintenance intervals. Sensors on the human 
body need to achieve accurate results through frequent tests, which 
require energy supply should be stable and durable. 

The entropy theory has been applied to meet the above challenge of 
energy supply for widespread IoT devices [12]. Compared traditional 
power transmitted from power plants to utility units as “ordered” energy 
for fixed sites, the energy harvested from the environment as “random” 
energy, such as solar energy [13–15], wind energy [16,17], potential 
energy from rain [17,18], vibration energy [19,20], and even thermal 
energy [21,22], is increasingly important to support the expanding 
usage of distributed IoT devices. Corresponding energy harvesters based 
on different technologies can not only offset the shortcoming of a limited 
lifetime for battery but also be applied to power IoT devices and support 
wireless sensor networks [23]. For those IoT devices with low power 
consumption, efficient energy harvesting technologies can make appli-
cations fully self-powered and battery-free [24–26]. Moreover, 
self-sustained power systems can be developed with energy harvesters, 
power management modules, and energy storage units [27–31]. Avail-
able energy sources in different application scenarios are clarified in  
Table 2, such as solar energy from sunlight (outdoor) or lamps (indoor), 
thermal energy from the human body and industry, mechanical energy 
from human motion, wind, water waves, and so on [32–36]. According 
to the statistics of 4E (Energy-efficient end-us equipment international 
energy agency) [37], the energy harvesters can scavenge at least milli-
watts of power from these energy sources and cover multiple ordered 
power requirements of sensors among these application scenarios. 

IoT applications promoted in smart cities have covered environment 
monitoring, traffic monitoring, smart home, healthcare, and implant-
able electronics, which effectively improve the living environment and 
hugely change human lifestyle. There are two main routes of developing 
IoT applications with energy harvesting technologies. One route is 
introducing energy harvesters into existing parts, like tires in traffic 
monitoring [38], doorbell in a smart home [39], or clothes in smart 
healthcare [40,41]. The other route is creating platforms for utilizations, 
like blue energy harvesters in environment monitoring [42–44], or 
human-machine interfaces in smart homes [45]. Through either route, 
energy harvesters with optimized structure and selected materials play 
key roles in promoting smart cities of digitalization and sustainability 
into the 5G era. Numbers of research works and reviews have been 
clarifying the tremendous potential of applying in practical production 
and life [46–52]. This review intends to present a comprehensive view of 
multi-field IoT applications relied on different energy harvesting tech-
nologies targeting harvesting mechanical energy, more than focus on 
single technology [53–56] or specific application scenarios [57–59]. 

2. Overview of clean energy sources and potential IoT 
applications 

As shown in Fig. 1, the concept of smart cities is becoming a reality 
by introducing advanced IoT applications based on reliable, efficient, 
and clean energy [60,61]. Distributed energy sources such as solar en-
ergy, ocean energy, wind energy, mechanical vibration/rotational en-
ergy, and biomechanical energy, are utilized as distributed generation 
units in smart cities. And reliable energy harvesters can be installed 
nearby where the energy is converted and consumed with IoT devices. 
These powered IoT devices form into smart services in cities like smart 
homes, smart factories, smart hospitals, and smart traffic. 

The potential IoT applications are also labeled in Fig. 1, listed as 
urban environment monitoring, harsh environment monitoring, struc-
tural health monitoring for bridges and buildings, traffic and railway 
monitoring, smart homes, wearable devices, and implantable devices. 
Throughout these potential applications, available energy sources are 
priority selected with corresponding operability. Take structural health 
monitoring, for example, existed solar energy, wind energy, and me-
chanical vibration energy are harvested by installed solar panel, wind 

Table 1 
Available sensors in different application scenarios [6–11].  

Application 
scenarios 

Sensors Sensing mechanism 

Indoor Temperature sensors Thermal/resistive/ 
photoelectric 

Humidity sensors Capacitive/resistive 
Light sensors Photoelectric/resistive 
Fire/Smoke sensors Thermal/photoelectric/ 

electrochemical 
Proximity sensors Inductive/capacitive/ 

photoelectric/ultrasonic 
Acoustic sensors Capacitive/piezoelectric 
Gas sensors Electrochemical/capacitive/ 

resistive 
Outdoor Air quality sensors Electrochemical/ 

photoelectric 
Water quality sensors Electrochemical 
Soil Moisture sensors Capacitive/resistive 
Pressure sensors Capacitive/resistive/ 

piezoelectric 
Rain sensors Photoelectric/resistive 
Temperature sensors Thermal/resistive/ 

photoelectric 
Humidity sensors Capacitive/resistive 

Human Body temperature sensors Photoelectric/thermal/ 
resistive 

Body motion sensors Resistive/capacitive/ 
photoelectric 

Pulse sensors Resistive/capacitive/ 
photoelectric 

Respiration sensors Resistive/capacitive/ 
electrochemical 

Blood oxygen sensors Photoelectric 
Electrocardiography (ECG) 
sensors 

Capacitive 

Electroencephalography (EEG) 
sensors 

Capacitive  

Table 2 
Available energy sources in different application scenarios [32–36].  

Application scenarios Energy sources 

Indoor Lighting 
Vibrations 
Sounds 
Electric fields 
Magnetic fields 
Radio waves 

Outdoor Solar 
Wind 
Rain 
Water waves 
Water vapor 
Salinity gradient 
Radio waves 
Thermal 

Human Human motion 
Organisms 
Perspiration/sweat 
Sounds 
Thermal  
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turbine generator, and piezoelectric energy harvester to power wireless 
sensor nodes [62,63]. Overall, mechanical energy is available for most 
application scenarios even for implantable devices under human skin 
[64,65]. Improving correlative energy harvesting technologies has 
shown significance for perfecting IoT applications in smart cities. From 
the foregoing introduction, energy harvesting technologies are critical 
keys for advanced IoT applications with self-powered sensors and 
self-sustainable power systems. 

3. Overview of mechanical energy harvesting technologies 

In recent decades, lots of efforts have been performed to develop the 
field of energy extraction from the ambient environment include solar 
energy, thermal energy, and mechanical/kinetic energy [66,67]. 
Different energy harvesting technologies have been applied according to 
different forms of energy sources. As shown in Table 3, available tech-
nologies for energy harvesting reviewed here are listed as triboelectric, 
electrostatic, piezoelectric, electromagnetic induction, magnetostric-
tion, photovoltaic, thermoelectric, pyroelectric, and radio frequency 
energy harvesting [32,37,56,68–70]. For the first five of those energy 
harvesting technologies (triboelectric, electrostatic, piezoelectric, elec-
tromagnetic, magnetostriction), external mechanical motions are crucial 
for their fundamental mechanisms. These five technologies focus on 
harvesting mechanical energy, which is one of the most widely distrib-
uted energy sources in the natural environment, mechanical equipment, 
and human motions [71]. For the last three of those energy harvesting 

technologies (photovoltaic, thermoelectric, pyroelectric, and radio fre-
quency energy harvesting), their mechanisms are more “static” and less 
dependent on mechanical structure. 

From the view of applications, mechanical energy is the most ubiq-
uitous and applicable energy, even existing in the harsh environment far 
away from human life, or inside the human body involved actions of 
organs. Hence in the following sections, related mechanical energy 
harvesting technologies are emphasized. To be sure, all energy har-
vesting technologies mentioned above get the potential of providing 
sustainable and environmentally friendly power supply and benefiting 
IoT applications’ establishment and promotion. 

3.1. Triboelectric and triboelectric nanogenerator 

Triboelectric is a type of contact electrification, where certain ma-
terials become electrically charged after contact or rubbed with a 
different material. In 2012, Zhonglin Wang’s group firstly applied 
triboelectric in energy harvesting and defined the harvester as a tribo-
electric nanogenerator (TENG). The mechanism of triboelectric has been 
further revealed with a method to quantitatively investigate the real- 
time charge transfer using the outputs of the TENG. According to the 
report from Xu et al. [72], an overlapped electron cloud model is pro-
posed to understand the general case of contact electrification. When 
paraphrasing, a strong overlap of the electron cloud between two atoms 
under stress can result in a lowered potential barrier between them, and 
subsequently allows electron transition from one atom to the other to 

Fig. 1. Overview of multi-field IoT applications relies on energy harvesting technologies.  
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Table 3 
Summary of commonly applied energy harvesting technologies [32,37,56,68–70].  

Energy source Mechanical energy Solar energy Thermal energy Radio frequency 
energy 

Energy 
harvesting 
technologies 

Triboelectric Electrostatic Piezoelectric Electromagnetic 
induction 

Magnetostriction Photovoltaic Thermoelectric Pyroelectric Radio frequency 
energy harvesting 

Energy 
harvester 

Triboelectric 
Nanogenerator 

Electrostatic energy 
harvester 

Piezoelectric 
Nanogenerator 

Electromagnetic 
generator 

Magnetostrictive 
energy harvester 

Solar cell Thermoelectric 
nanogenerator 

Pyroelectric 
nanogenerator 

Radio frequency 
energy harvester 

Mechanism 

Description Convert mechanical energy 
into electricity through a 
conjunction of the 
triboelectric effect and 
electrostatic induction. 

Convert mechanical 
energy into electricity 
by variable capacitive 
structure. 

Convert mechanical 
energy into electricity 
by the internal 
generation of electrical 
charges from the 
applied mechanical 
force. 

Convert mechanical 
energy into electricity 
through changing flux 
among the conductor 
according to Faraday’s 
law. 

Convert mechanical 
energy into electricity 
through magneto- 
mechanical coupling. 

Convert solar energy 
into electricity by 
separating 
semiconductor materials 
generated electron-hole 
pairs, transporting 
charges to electrodes. 

Convert thermal 
energy into 
electricity from 
temperature 
gradients (dT/dx). 

Convert thermal 
energy into 
electricity from 
temperature 
fluctuations (dT/dt). 

Convert radio 
frequency energy 
into electricity 
through a power 
generating circuit 
linked to a receiving 
antenna. 

Advantage Simple structure, low 
weight, cost-efficient; Easy 
to scale up; High efficiency. 

High output voltage; 
Low cost; Easily 
scale-down with 
MEMS technologies. 

Simple structure; Easy 
to scale down and 
integrated into MEMS. 

High efficiency and 
high output current. 

High-frequency 
application; High 
coupling coefficient; 

Green, renewable, 
inexhaustible energy 
source; With relatively 
high conversion 
efficiency and low noise. 

With high durability, 
precision; Collecting 
residual thermal 
energy; Safety and 
reliability. 

Wide range of 
operating 
temperature; Less 
bulky equipment. 

Green and efficient 
source of energy; 
Long effective energy 
transfer distance; 

Disadvantage Lifetime is limited with 
wear of materials; Outputs 
are influenced by 
environmental conditions 
like humidity. 

Require separate 
voltage sources or 
electret materials; 
Low output power; 
Work at a low and 
narrow frequency 
range. 

Work at a low and 
narrow frequency 
band; Limitation on the 
types of optional 
materials and 
complexity of 
fabrication techniques. 

Low output voltage; 
With inevitable coil 
losses. 

Highly nonlinear; 
Bulky bias magnets 
and coils. 

Affected by weather, 
regions, locations 
(inside or outside 
buildings). With high 
cost and pollution. 

Limitation on the 
types of optional 
materials and 
relative low 
conversion 
efficiency. 

Limited by 
temperature 
fluctuations` 
frequency. 

Low output power 
and instability. 

Materials 
(Selecting) 

Positive Materials: Al, Cu, 
Ag, Au, Steel, ITO, CB/CNT, 
Graphene, Skin, Silk, Nylon, 
Cellulose; Negative 
materials: PET, PVC, 
Kapton, FEP, PDMS, PTFE, 
PVDF, PS, Rubber, 
Cellulose, Silicone 

Teflon, PTFE, FEP, 
PFA, SiO2 based 
electrets, Parylene, 
CYTOP 

PZT, PVDF, ZnO 
nanowire 

Alnico, Hard Ferrite 
(Ceramic),NdFeB, 
SmCo 

Terfenol-D, Galfenol, 
Metgla 

Si, GaAs, CdTe, 
CH3NH3PbI3 

Bi2Te3, PbTe, SiGe Triglycine sulfate 
(TGS), PVDF, 
Lithium tantalate 
(LiTaO3), ZnO  

Potential 
production 

0.1 μW–1 MW 0.1 μW–1 MW 10 μW–100 W 0.1 μW–1 MW 10 μW–1 MW 1 μW–1 MW 10 μW–1 kW 0.1 μW–1 mW 0.1 μW–1 mW  
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occur. Moreover, a triboelectric series has been qualitatively ranked, 
concerning triboelectric polarization with the outputs of the TENG [73, 
74]. The normalized triboelectric charge density is derived to reveal the 
intrinsic character of polymers for gaining or losing electrons. And 
quantitative triboelectric series may serve as a textbook standard for 
material optimization when triboelectric applied in energy harvesting 
[75], meanwhile, these improved and designed materials have been 
introduced to enhance the TENG’s output, like bio-absorbable natural 
materials [76], dielectric materials [77], metal-organic framework [78], 
and MoS2 monolayer nanocomposites [79], and so on [68,80–83]. 

Up to the TENG, its operation is based on the coupled effects of tri-
boelectrification and electrostatic induction. And the fundamental the-
ory can be traced back to Maxwell’s displacement current as follows: 

JD =
∂D
∂t

= ε ∂E
∂t

+
∂Ps

∂t
(1)  

Where JD is the electric displacement field, D is the electric displacement 
field, E is the electric field, Ps is the polarization field arising from the 
surface charges, and ε is the permittivity of the medium [84,85]. The 
first term in the equation is the current induced by the varying electric 
field, leading to the discovery of electromagnetic waves which are 
further being applied as the approach for developing radar, radio, TV, 
telegram, and wireless communication technology. The second term in 
the equation presenting the current caused by the polarization field of 
surface electrostatic charges, which is the theoretical origin of the TENG, 
driving the development of new energy harvesting technology and 
self-powered systems for developing IoT, big data, and artificial intel-
ligence in the 5G era. Basic working modes of the TENG can be sum-
marized as following four types: the vertical contact-separation mode, 
the lateral-sliding mode, the single-electrode mode, and the freestanding 
triboelectric-layer mode [86]. Boundaries between these four working 
modes are flurried with the deepening of researches of the TENG. Re-
searches have introduced different combined or deformed designs to 
adapt different applications. A performance figure of merit (FOMP), 
containing a structural FOM (FOMS) and a material FOM (FOMM), has 
been proposed by Zi et al. in 2015 to quantify the performance of TENGs 
with different working modes and broad materials applied [87]. From 
the built-up voltage (V)-total transferred charges (Q) curve, the maxi-
mized energy output can be figured out using the TENG operation cycle. 
The output of TENG can be further improved by introducing a designed 
power management circuit [88–90], which is also a research direction 
attracting much attention. Liu et al. introduced fractal-design-based 
switched-capacitor-convertors for TENG and achieved over 67 times 
charge boosting and 954 W/m2 power density in pulse mode, thus 
lighting 160 green LEDs with 5 mm diameter in parallel [90]. Addi-
tionally, with structure design like switches [91,92], charge pumping 
[93–95], and hybridized nanogenerators [17,96–99], the outputs also 
can be maximized and managed. Furthermore, with structural improved 
from four fundamental working modes (contact-separation mode [100], 
sliding mode [101], single-electrode mode [102], freestanding mode 
[103]), Liu et al. proposed a sliding DC-TENG arising from electrostatic 
breakdown [104], which presented a newly emerging direction of 
applying TENG as a direct current generator [105–107]. Moreover, 
Cheng et al. have introduced a low-cost roll-to-roll process to fabricate 
large-area TENG for location-based monitoring indoors [108]. 

To address challenges from variable humidity and temperature, 
particular materials selections and treatments also facilitate TENG being 
applied in extreme environments, such as introducing the starch films 
based TENG to work in a 95% humidity environment [109], adding 
temperature-stable ceramic powder into TENG to steadily work within 
the temperature range of − 10 to 50 ◦C [110], fabricating ion gel-based 
TENG retaining high stretchability and electrical performance over a 
wide temperature range from − 20 to 100 ◦C [111]. In addition, the 
durability of TENG has been improved by applying optimized mechan-
ical structures [112–114], arched or bladed structured TENG [115,116], 

fur-based TENG [117], and interface liquid lubrication [118]. 
Through the above highlight research focus on triboelectric mecha-

nism and the TENG, applying triboelectric in energy harvesting is an 
available and propagable technology [16,47,53,119–134]. Benefiting 
with merits of high efficiency, light-weight, and low fabrication cost, the 
TENG can be applied for harvesting widely distributed mechanical en-
ergy from human motion [102,135–139], wind [140,141], and water 
waves [112,142], and this trend is well-fitting with distributed energy 
supply of IoT applications. Moreover, Jie et al. demonstrated a simul-
taneous collection of power transmitted through wires and wirelessly by 
a rotating TENG [143], and achieved charging small mobile electronics 
and a digital camera which shown potential applications of building a 
self-powered wireless system. 

3.2. Electrostatic energy harvester 

The electrostatic energy harvester (EEH) is based on a variable 
capacitor structure with a relative motion between two parallel plates, 
where normally one plate is fixed and the other one is moved with 
external excitation [144–146]. With the capacitance variation caused by 
the changing in overlapping area or gap between two plates, charges can 
be extracted from a preset voltage bias and generate the electrical 
output. 

The EEH can be divided into two categories: electret-free EEH 
working with an active electronic circuit to achieve charging and dis-
charging of the capacitor, and electret-based EEH that uses pre-charged 
electret materials such as Teflon [147,148], SiO2 [149], and CYTOP 
[150]. The injecting process of charges like electron beam, corona 
discharge, ion or electron guns is usually applied to charging electret 
materials. Perez et al. introduced Teflon electrets charged at − 1400 V 
into wind turbine liked EEH to harvest wind energy, and the devices 
have delivered 111 μW/cm3 at airflow speed of 10 m/s [151]. Both 
electret-based EEH and TENG are according with impedance type of 
capacitive, and there are similar methods of pre-charging reported to 
improve performance [77,152]. With advanced 
micro-electro-mechanical system (MEMS) technology, the EEH can be 
easily scale-down and integrated with circuit design. The EEH devices in 
micro-scale are suitable for vibration energy harvesting.There are four 
basic electrostatic mechanisms, including in-plane gap closing con-
verter, in-plane overlap converter, in-plane converter with the variable 
surface, and out-of-plane gap-closing converter [153], while their per-
formance has also been well investigated and theoratically analyzed 
[154]. Zhang et al. proposed a CYTOP based micro electrostatic energy 
harvester with both a broad bandwidth of 12 Hz and a high normalized 
power density of 3 mW/cm3/g2 [155]. Guo et al. also fabricated a series 
of EEH with optimized gap and stopper height to avoid the “pull-in” 
effect from the electrostatic force during vibration energy harvesting 
[31]. 

Towards applications, Tashiro et al. developed a variable- 
capacitance-type electrostatic generator and achieved cardiac pacing 
for more than 2 h in the animal experiment via a vibration simulator 
[156]. Recently, Wu et al. demonstrated a rotary EEH with a patterned 
bipolar charged electret, a PE foam electrode substrate, and an FR4 
electret substrate, and that rotary EEH with an eccentric wheel worn on 
the wrist can generate an output power of 110 μW as walking [146]. The 
EEH devices have been used for supporting a wireless temperature 
sensor node and transmitting real-time temperature information [155], 
demonstrating the potential of applying it in supporting wireless IoT 
applications in smart cities. 

3.3. Piezoelectric and piezoelectric nanogenerator 

Piezoelectric is another energy harvesting technology for mechanical 
energy, which is discovered by Brothers Jacques and Pierre Curie in 
1880 [157]. When the piezoelectric structures are distorted with me-
chanical loads from human motion, mechanical vibrations, wind, or 
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Table 4 
Progress of energy harvesters based on different technologies in 2015–2020.  

Ref. Energy harvesting 
technologies 

Description Output power Power density Applied stimulus 

[271] Triboelectric A duck-shaped TENG for harvesting 
water wave energy  

1.366 W/m2, 3 
units 

Oscillation of 2.5 Hz generated by the linear motor 

[108] Triboelectric A flexible large-area TENG for 
location-based monitoring 

4.6 mW 0.3 W/m2 Operated with an adult person walking across the device 

[248] Triboelectric Lawn Structured TENG for 
scavenging sweeping wind energy on 
rooftops  

2.76 W/m2 Operated with airflow of 27 m/s 

[436] Triboelectric Implantable TENG in vivo self- 
powered wireless cardiac monitoring  

107 mW/m2 Operated with a periodic external mechanical force in a 
solution environment of phosphate-buffered saline 

[102] Triboelectric An ultrathin flexible single-electrode 
TENG for instantaneous force sensing 

8.58 mW  Operated with hand 

[269] Triboelectric Spring-assisted TENG for harvesting 
water wave energy 

5.38 mW 726.48 mW/m3 Operated with linear motor, which obtains a maximum speed 
of 1 m/s, and acceleration of 5 m/s2 

[346] Triboelectric A flexible, single-electrode TENG for 
self-powered smart floor  

0.76 W/m2 An impact force of 210 N with a frequency of 5 Hz, generated 
by the linear motor 

[79] Triboelectric MoS2 based TENG  25.7 W/m2 Operated with hand 
[291] Triboelectric Multifunctional TENG for blue energy 

scavenging and self-powered wind- 
speed sensor 

0.15 mW  Operated at a rotation frequency of 200 rpm and a movement 
frequency of 3 Hz. 

[228] Triboelectric Magnetic switch structured TENG for 
continuous and regular harvesting of 
wind energy 

4.82 mW  Operated with airflow of approximately 3.5 m/s. 

[306] Triboelectric Compressible hexagonal-structured 
TENG for harvesting tire rotation 
energy 

1.9 mW, 8 units  Operated with mechanical rotation with a weight load of 
10 N, and a speed of 2.51 m/s 

[143] Triboelectric A rotating TENG  21.8 mW/m2 Operated with a rotation motor 
[307] Triboelectric On-vehicle TENG 22.3 mW 16.44 W/m2 Mechanical rotation speed of 100 rpm 
[140] Triboelectric An anemometer TENG for self- 

powered wind sensor system 
0.47 mW  Operated at a wind speed of 6.0 m/s 

[283] Triboelectric Sandwich-like water-FEP U-tube 
wave energy harvester 

0.24 mW 2.04 W/m3 Operated with water waves under the frequency of 1.1 Hz 

[260] Triboelectric Spherical TENGs for water wave 
energy harvesting 

7.96 mW 15.20 W/m3 Water waves of 1.0 Hz generated by function generator at 
2.5 V 

[41] Triboelectric Textile-TENG for durable 
biomechanical energy harvesting  

0.52 mW/cm2 Operated with periodical touch 

[93] Triboelectric Self-charge-pumping TENG 198 mW 19.8 W/m2 Operated with a contact-separation frequency of 0.5 Hz 
[263] Triboelectric Coupled Triboelectric Nanogenerator 

Networks for efficient water wave 
energy harvesting 

12.83 mW 4.47 W/m3, 
4 × 4 array 

Impact agitations of 3 Hz generated by the linear motor 

[274] Triboelectric Sea snake based TENG for harvesting 
ocean wave energy  

3 W/m3 Linear motor actuation with a frequency of 1 Hz, correlating 
to an acceleration of 1 m/s2 with the maximum displacement 
of 64 cm 

[289] Triboelectric Highly adaptive solid–liquid 
interfacing for harvesting diverse 
water wave energy 

1.03 mW  A water wave height of 12 cm and at an average velocity of 
0.5 m/s 

[257] Triboelectric Whirling-Folded TENG for water 
wave energy harvesting 

6.5 mW 12.4 W/m3 Water waves of 1.4 Hz, and wave height of 10 cm 

[276] Triboelectric Tandem disk TENG for water quality 
mapping 

7.5 mW 7.3 W/m3 Water waves with a frequency of 0.58 Hz 

[437] Triboelectric Vibrating and implantable 
triboelectric generator 

0.872 mW 5.2 W/m2 Operated with an ultrasound probe at 20 kHz and 3 W/cm2 

[294] Triboelectric Pendulum inspired TENG for 
harvesting water and wind energy 

195.6 μW  An external trigger every 120 s, generated by the linear motor 

[250] Triboelectric A flutter-effect-based TENG for breeze 
energy collection 

4 mW  Operated at the wind speed of 4.5 m/s 

[264] Triboelectric A hexagonal TENG network for water 
wave energy harvesting 

12.20 mW 3.33 W/m3 Longitudinal impulse waves of 1.0 Hz and output amplitude 
of function generator is 2.5 V 

[94] Triboelectric External charge excitation TENG  38.2 W/m2 Operated with sinusoidal motion with 4 Hz frequency by the 
linear motor 

[272] Triboelectric Torus structured TENG for water 
wave energy harvesting 

72.75 μW 0.21 W/m2 The agitations frequency of 2 Hz is generated by a linear 
motor, and an oscillation angle of 5◦

[43] Triboelectric Kelp-inspired biomimetic TENG 
boosts wave energy harvesting  

25 μW/cm2 Operated with a constant vibration frequency of 1 Hz 

[265] Triboelectric TENG ball for water wave energy 
harvesting 

8.75 mW 32.6 W/m3 Translational impact agitations of 1.67 Hz, generated by the 
linear motor 

[95] Triboelectric Rotary charge pumping TENG  1.66 kW/m3 at 
2 Hz 

Operated with rotation motor of a low drive frequency of 2 Hz 

[275] Triboelectric Cylindrical TENG for harvesting of 
ultra-low-frequency water wave 
energy  

231.6 mW/m3 Operated with water waves of 0.033 Hz 

[266] Triboelectric Spherical TENG for harvesting 
multidirectional water wave energy 

8.5 mW at 1 Hz 4.81 W/m3 at 
1 Hz 

The longitudinal impulse water waves with a frequency of 
1.0 Hz, which are generated by pumps at the water bottom in 
the tank, and the voltage amplitude of pumps is 2.5 V. 

(continued on next page) 
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sound waves, electric charges are generated due to the polarization of 
electric dipole moments. Piezoelectric materials include single crystal-
line material, piezoceramics, piezoelectric composites, polymers, etc 
[158–162]. Although materials’ options are not sufficient like tribo-
electric materials, sorts of commercial piezoelectric sensors have been 
developed with commonly used materials like polyvinylidene fluoride 
(PVDF) and lead zirconate titanate (PZT). 

The growth of nanostructure is a relatively recent development, and 
the nano-sized piezoelectric effect is applied to optimize the perfor-
mance of piezoelectric nanogenerators [163,164]. In 2006, a piezo-
electric nanogenerator (PENG) was advanced by Wang et al. with zinc 
oxide Nanowire Arrays [165]. The nanowires are deflected with a 
conductive atomic force microscope tip in contact mode. The coupling of 
piezoelectric and semiconducting properties in zinc oxide creates a 
strain field and charge separation across aligned nanowires while 
bending. Later Wang et al. have produced continuous direct-current 
output driven by an ultrasonic wave to piezoelectric nanogenerator 
based on zinc oxide (ZnO) nanowires [166]. The approach of intro-
ducing nanostructures in piezoelectric nanogenerators shows potential 
for exploiting the combination of semiconducting and piezoelectric 
properties and obtains advantages of high transparency, chemical sta-
bility, lead-free chemical composition, and flexible nanostructure 
design. 

Piezoelectric products have been widely applied in the production 

and detection of sound, high voltage and power sources, microbalances, 
and actuators [158,167–169]. Besides, Li et al. proposed a wind energy 
harvesting "piezo-tree" composed of a polarized PVDF stalk, a plastic 
hinge, and polymer leaf based on the fluttering of leaves, and the “pie-
zo-tree” matched up to IoT concept and presented the potential of 
building plant-like devices with hundreds or thousands of piezo-leaves 
in smart cities [170]. Li et al. introduced a cantilever-based PENG 
driven by an automatically switchable double-gear in vehicles, which 
applies to vibration energy harvesting under practical driving conditions 
[171]. With roll-to-roll production, Yildirim et al. have prepared 
large-area high-performance piezoelectric films [172,173], which be 
applied in practical energy harvesting on a large scale. Moreover, PENGs 
also present the potential of harvesting widely distributed mechanical 
energy from human motions [160,174], sounds [175], ambient vibra-
tions [176], even organs [177,178]. 

Coupled with technologies of piezoelectric and triboelectric, hy-
bridized nanogenerators have shown enhanced outputs and provided 
multidimensional sensing [69,179–184]. For example, Chen et al. 
investigated contact-separation mode hybridized nanogenerators 
comprising PVDF-TrFE nanofibers as a piezoelectric layer, and 
PDMS/Graphite film as a triboelectric layer [185]. And results proved 
that the average power output of 16.46 µW is larger than the sum of the 
piezoelectric power and triboelectric power calculated in charging the 
same capacitor. Guo et al. fabricated an all-fiber hybrid 

Table 4 (continued ) 

Ref. Energy harvesting 
technologies 

Description Output power Power density Applied stimulus 

[300] Triboelectric Spherical TENGs for harvesting 
environmental energy 

10.79 mW  Operated with a rotation motor under the rotation speed of 
100 rpm 

[267] Triboelectric Integrated water waves energy 
harvester 

126.67 mW 30.24 W/m3 Operated with waves of 0.625 Hz 

[114] Triboelectric Robust swing-structured blue energy 
harvester 

4.56 mW 1.29 W/m3 Operated with an external trigger of 0.017 Hz 

[275] Triboelectric Ultra-low-frequency water wave 
energy harvester 

110 μW 231.6 mW/m3 Operated with water wave excitations at an ultra-low 
frequency of 0.033 Hz (during a period of 30 s) 

[132] Triboelectric A droplet-based electricity generator  50.1 W/m2 Water droplet released from a height of 15.0 cm 
[135] Triboelectric Power Backpack  58.82 W/m2 Operated with a linear motor 
[82] Triboelectric Cellulose-based fully green TENG  307 W/m2 Operated with hand 
[151] Electrostatic A small-scale airflow energy 

harvester 
1.8 mW 111 μW/cm3 Operated at a wind speed of 10 m/s 

[155] Electrostatic Micro electrostatic energy harvester 4.95 μW 3 mW/cm3/g2 Operated under a low vibration acceleration amplitude of 
0.09 g 

[421] Piezoelectric Implantable PENG for self-powered 
blood pressure monitoring 

2.3 μW  Operated with an intra-aortic balloon pump 

[239] Piezoelectric An inverted piezoelectric flag for 
harvesting ambient wind energy  

5.0 mW/cm3 Operated with a wind velocity of 9 m/s 

[231] Piezoelectric A rotational piezoelectric energy 
harvester for wind energy harvesting 

2566.4 μW at wind 
speed of 14 m/s  

Operated at the wind speed of 14 m/s 

[347] Piezoelectric Piezoelectric energy harvesting floor 12 mW  Operated with vibrations of 11 Hz and acceleration of 3.0 m/ 
s2 

[348] Piezoelectric An energy harvesting floor 1.24 mW 30 μW/cm2 Operated with a single footstep 
[425] Piezoelectric Implantable piezoelectric generator 

for powering a real cardiac 
pacemaker 

33 μW  Operated with the sinusoidal loading force of 0.3 N and 2 Hz 
by the linear motor 

[323] Piezoelectric A speed bump piezoelectric energy 
harvester 

4086.08 mW 6.81 W/m2 Operated with a medium-sized vehicle at 30 km/h 

[225] Electromagnetic 3D printed miniature electromagnetic 
energy harvester for air flow energy 
harvesting 

0.305 W 30.51 W/m2 Operated with airflow 

[189] Electromagnetic Human-motion energy harvester 6.57 mW 730 μW/cm3 Operated with hand-shaking (6 Hz, 2 g) 
[229] Electromagnetic A wind energy harvesting system for 

high-speed railway tunnels 
107.76 mW  Operated at a wind speed of 11 m/s 

[219] Magnetostriction Magnetostrictive vibrational power 
generator 

2.0 mW  Operated with an oscillation frequency of 88.7 Hz and 
acceleration of 6.0 m/s2 

[354] Magnetostriction The magneto-mechano-electric 
generator  

3.22 mW/cm3 Tested under a magnetic noise field of 700 μT at 60 Hz 

[221] Magnetostriction The magneto-mechano-electric 
generator 

5.32 mW  Tested under a high magnetic field of 500 μT 

[220] Magnetostriction Rollable magnetoelectric energy 
harvester  

0.05 μW/cm3 Operated under the weak (~1.7 × 10–3 T) and low-frequency 
(~50 Hz) stray magnetic field arising from the power cable of 
the electric kettle 

[222] Magnetostriction Magneto-Mechano-Electric Harvester 37.5 µW  Operated under 0.2 mT  
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piezoelectric-enhanced triboelectric nanogenerator by electrospinning 
silk fibroin and PVDF nanofibers on conductive fabrics, and it can 
generate a power density of 0.31 mW/cm2 in separation working mode 
by leveraging accordant state of hybrid triboelectric-piezoelectric 
mechanism [186]. Besides, Yu et al. developed a highly 
skin-conformal wearable tactile sensor based on a hybrid 
piezoelectric-enhanced triboelectric nanogenerator and achieved the 
high sensitivity (18.96 V/kPa) and wide measurement range (0 kPa–1, 
300 kPa) in real-time detecting pulse waves via device attached to the 
wrist, and finger movements via a device`s array [187]. Recently, Tang 
et al. developed a hybridized wearable patch with a top flexible grid 
structure that assisted in generating triboelectric signals and bottom grid 
structure assisted in generating piezoelectric signals, thus realized 
varying trace thickness according to the finger writing styles through the 
minimalist design of only four triboelectric electrodes and a bottom 
piezoelectric electrode [188]. In brief, piezoelectric is also becoming a 
promising energy harvesting technology as the practical power source 
for IoT applications in the 5G era. 

3.4. Electromagnetic induction and electromagnetic generator 

Electromagnetic induction is a process where a conductor coil is 
fixed while the magnetic field keeps varying, or the magnetic field is 
stable while a conductor coil is moving. Corresponding energy 
harvester, the electromagnetic generator (EMG) works based on Fara-
day’s law discovered in 1831, where outputs are influenced by the 
strength of the magnetic field, the velocity of relative movement, and 
the number of turns of the coil. The mechanical structure is important 
for applying electromagnetic induction as an energy harvesting tech-
nology. Generally, electromagnetic generators can be classified into two 
main configurations: linear type and rotation type. The linear type suits 
for transferring vibration energy [54,189], and is also widely applied in 
MEMS devices and integrated with piezoelectric nanogenerator 
[190–192]. The rotating type is commonly used in macro electric power 
plants based on hydraulic or pneumatic systems, such as hydroelectric 
stations and wind power systems. 

The permanent (or hard) magnets commonly applied in bulk devices 
of the electromagnetic generator are made from ferromagnetic or 
ferrimagnetic materials after magnetization. Typically, four types of 

Fig. 2. Smart environmental monitoring developed with wind energy harvesters. (a) Steadily harvesting of natural wind energy with gravity TENG [227]. Copyright 
2021, Elsevier. (b) Continuous and regular wind energy harvesting with magnetic switch structured TENG [228]. Copyright 2021, Elsevier. (c) Wind-driven radi-
al-engine-shaped TENG for self-powered absorption and degradation of NOx [232]. Copyright 2020, American Chemical Society. (d) A hybrid wind energy harvester 
based on rotating and sliding structures [234]. Copyright 2020, Elsevier. (e) A hybrid wind energy harvester based on rotational tapered rollers [17]. Copyright 2021, 
Elsevier. (f) A water-proof magnetically coupled hybrid wind energy harvester [235]. Copyright 2019, Elsevier. (g) A wind energy harvester as reliable DC voltage 
generation [238]. Copyright 2020, Elsevier. (h) A flag-shaped wind harvester based on the PENG [239]. Copyright 2017, Elsevier. (i) Self-powered wind vector sensor 
system based on the TENG [242]. Copyright 2013, American Chemical Society. (j) Scavenging sweeping wind energy on rooftops with lawn structured TENGs [248]. 
Copyright 2015, Wiley. (k) A breeze energy collection based on flutter-effect-based TENG [250]. Copyright 2019, Springer. (l) A gentle wind-driven energy harvester 
[252]. Copyright 2020, Wiley. (m) A hybrid wind energy harvester with broadband working range [253]. Copyright 2021, American Chemical Society. 
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magnets are available: Alnico, hard ferrite (ceramic), Samarium cobalt 
(SmCo), and neodymium iron boron (NdFeB) [193,194]. And these 
types have been subdivided into a range of grades for the product like 
N35 magnets refer to NdFeB magnets graded 35 Mega-Gauss Oersteds 
(MGOe). For small devices, deposition techniques such as sputtering and 
electroplating have been used for the fabrication of microscale magnets 
(such as CoPt, FePt, SmCo, or NdFeB) [195]. 

Taking advantages of high-power density and large current, elec-
tromagnetic generator shows potential to be a strong power source for 
IoT applications in 5G era [159,196,197], and energy harvesters hy-
bridized with other technologies offer more opportunities of wearable or 
portable devices for powering distributed IoT sensors [198–204]. 

3.5. Magnetostriction and magnetostrictive energy harvester 

Magnetostriction is known as magnetic material`s alteration in 
dimension due to the applied magnetic field changes. The effect was first 
identified in 1842 by James Joule observing a sample of iron [205,206]. 
The magnetostriction can be calculated by the magnetostriction coeffi-
cient or Joule’s magnetostriction coefficient, which is the fractional 
variation in length as the magnetization raises from 0 to saturation 
value. Magnetostriction is mostly seen in ferromagnetic materials and 
ferri-magnetic materials mainly used in actuators and motors 
[207–210]. Giant magnetostrictive materials like Terfenol-D, Galfenol, 
and Metgla have been applied in energy harvesting applications [211, 
212]. 

According to the stress state in the magnetostrictive element, the 
magnetostrictive energy harvesters can be classified as axial type and 
bending type. Berbyuk inserted a Galfenol (at 18.4% Ga) rod (6.35 mm 
diameter and 50 mm length) into a 4000 turns copper coil and achieved 
a maximum output power of 0.45 W under an amplitude sinusoidal 
stress of 55 MPa [213]. In contrast, Yoo proposed a polycrystalline 
Galfenol strip bonded to an aluminum cantilever beam, where two 
permanent magnets were used as the mass load at end of the beam to 
provide a magnetic bias field through the Galfenol strip. The power 
generated from this prototype when subjected to a 1 g acceleration at 
222 Hz reached 2.2 mW [214]. The bending typed magnetostrictive 
energy harvester is ideal for harvesting energy from any vibrating sur-
faces, and improved devices have combined with the piezoelectric ef-
fects for enhancing output as well as broadening of the applicable area 
[215,216]. Zhou et al. proposed a dual-phase self-biased energy 
harvester with a piezoelectric macro-fiber composite bonded to a Ni 
cantilever, which simultaneously scavenged magnetic and vibration 
energy [217]. Additionally, the coupling of piezoelectric and magneto-
striction and magnetic interaction of magnet mass have promoted 
extract electric power from the low-frequency stray magnetic field like 
household electrical cables [218], and recent works have shown the 
potentials of powering wireless sensor networks [219–223], and trans-
mitting environmental signals to user terminals like the smart phone. 

As shown in Table 4, recent research works based on different me-
chanical energy harvesting technologies are summarized and high-
lighted with output power, power density, or applied stimulus. As 
researchers clarified, these energy harvesters can deliver sufficient 
electric power at optimized experiment conditions, such as velocity, 
acceleration, and frequency. And different energy harvesters are 
designed for different application scenarios, which take parameters of 
practical energy sources for consideration. To apply energy harvesting 
technologies in developing advanced IoT applications, many research 
works are focusing on specific work environments and application di-
rections. Considering mechanical energy as a widely existing energy 
source, related energy harvesting technologies including triboelectric, 
piezoelectric, and electromagnetic have been mostly introduced to build 
self-powered or sustainable IoT applications through electric power 
extracted from the ambient environment. In the following parts of 
developing IoT applications with advanced mechanical energy har-
vesters, smart services such as smart environmental monitoring, smart 

transportations, smart homes, and smart healthcare have been promoted 
to support smart cities. 

4. Smart environmental monitoring 

4.1. Applying wind energy harvesters in monitoring wind speed, direction 
and improving environmental condition 

Applying wind energy harvesters in suitable locations is useful to 
achieve sustainable IoT nodes detecting real-time weather conditions 
such as wind speed, wind direction, and ambient conditions. In 2018, 
Chen et al. have given an overview of scavenging wind energy with 
TENGs [16], in which triboelectric present a great potential of har-
vesting wind energy with different structural designs. Other energy 
harvesting technologies like piezoelectric and electromagnetic, are also 
able to contribute to harvest wind energy [224–226]. A brief view of 
recent works has been illustrated in Fig. 2, where these wind energy 
harvesters can be roughly divided into two types: rotating type and 
fluttering type. 

As for the rotating type, representative energy harvesters are based 
on rotating structure, including typical applications from Fig. 2(a) to (g). 
These rotating structures are similar to bulky electromagnetic turbines 
used in wind farms for commercial electricity production, where the 
length of commercial blades is usually in the range of 20–80 m. When 
rotating structures are scaled down to support relatively low-power 
consumption IoT sensors or nodes, energy harvesting technologies like 
triboelectric and piezoelectric can also be applied. Wang et al. [227] and 
Liu et al. [228] introduced mechanical regulation structures to harvest 
wind energy steadily, which leverage the flexibility of the TENG. On one 
hand, a gravity TENG (G-TENG) based wind energy harvester shown in 
Fig. 2(b) utilizes a wind scoop and driving unit as an energy input 
module, a string, and mass block as an energy storage module, and a 
generation unit as energy output module. The mechanical switch and 
crown gears can control the rise or fall of the mass block, which can store 
wind energy or release gravitational potential energy. In the simulated 
natural environment, the standard deviation (ISD) is under 0.31 μA and 
the fluctuation degree (IFD) is less than 2.3%, which reveals an almost 
steady current. On the other hand, a magnetic switch structured TENG 
(MS-TENG) based wind energy harvester shown in Fig. 2(c) is applied to 
continuously and regularly harvest wind energy. The MS-TENG gets an 
energy modulation module including switch gear, a switch pendulum, a 
supporting frame, a one-way clutch, two pairs of switch magnets, and a 
pair of energy storage magnets. When wind falls intermittently on the 
wind scoop, the mechanical energy also can be stored and released by 
the energy modulation modules at any time. Then the wind energy is 
converted into continuous and regular electric energy by the TENG unit, 
result in producing a peak power of 4.82 mW, powering 500 LEDs in 
series or a thermometer. The above mechanical regulation structural 
wind energy harvesters have wiped out features of wind, and are 
beneficial to be applied as reliable power supplies for commercial 
electronics such as anemometers and hygrometers. 

Besides applied as power supplies for environmental sensors, the 
wind energy harvesters with rotating structures also can deliver condi-
tions of winds. As for conventional wind energy harvester with the 
electromagnetic generator (EMG), Pan et al. designed a wind energy 
harvesting system by integrating S-rotor and H-rotor with the EMG unit 
placed inside the base [229]. Thereinto the S-rotor and H-rotor rotate 
the electromagnetic generator module separately through the one-way 
bearing, in which the S-rotor can harvest natural wind energy while 
the H-rotor can harvest piston wind energy as a high-speed train passes 
through the tunnel. The voltage and current generated are positively 
correlated with the wind speed. And a maximum electrical power output 
of 107.76 mW is generated when the wind speed of 11 m/s. In contrast, 
Li et al. proposed a rotational contact separation multiple rectifiers 
multiple TENG (MRM-TENG) [230], where the stator in the rotating 
structure is composed of a ring of 24 electrodes, and push rods adding 
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the coaxial tube are fixed on the rotor disk to reduce friction force with 
electrodes for longer working life. The equivalent current maintains a 
positive correlation with wind speed, and the current output can retain 
about 93% of initial performance after operations of 1000 h at a wind 
speed of 2.00 r/s. Moreover, the MRM-TENG possesses volumetric 
power of 36 W/m3, and the lithium-ion battery has been charged with a 
capacity of 153 µAh after 1.8 h. The piezoelectric nanogenerator also 
can be applied in rotating typed wind energy harvesters, for example, 
Zhang et al. reported a wind energy harvester where the piezoelectric 
beams are applied as the stator and operate with a central turntable and 
the root-mean-square of output voltage increase with increasing the 
wind speed from 4 m/s to 14 m/s while decreasing from 14 m/s to 
15 m/s [231]. 

The rotational wind energy harvester also has been applied in 
monitoring NOx in the urban environment, which is illustrated in Fig. 2 
(e). Han et al. introduced wind-driven radial-engine-shaped TENGs for 
self-powered absorption and degradation of NOx [232]. The stacked 
TENGs are stuck to the piston and the end of each gas chamber. When 
the central actuating device is moving with rotating wind cups, the 
pistons lead the stacked TENGs doing linear motions and generating 
electricity for absorption and degradation of NOx in an extra electro-
catalytic system with Ni as working electrode and Pt as the counter 
electrode (CE). This device presents the potential of being set on 
streetlight poles to solve the NOx pollution problem in the urban envi-
ronment with blowing wind. Furthermore, by using rain cover and 
rainwater management, the system could have the maximum utilization 
of natural resources. Results show that both peak current and average 
current increase as the wind speeds up. A 20 mL absorption solution is 

transferred into the catalytic system and driven by the 
radial-engine-shaped TENGs at a wind speed of 6 m/s. After 24 h of 
reaction, the concentration values of NO2– show a notable decline, 
proving effective degradation reaction by this wind energy harvester. 
Similarly, Chen et al. also applied wind-driven TENG to achieve 
self-powered cleaning of air pollution [233], which is capable of effec-
tively removing SO2 and flying dust particles in the air. These prototypes 
have presented potential solutions for alleviating air pollution in a smart 
city. 

Recently, hybridized energy harvesters have also contributed to 
harvest wind energy. In Fig. 2(d), Fan et al. reported a triboelectric- 
electromagnetic hybrid nanogenerator encapsulated inside the body- 
frame equipped with a copper wind cup [234]. The rotational motions 
triggered by wind flow directly force bottom electromagnetic generators 
to work, and can be transformed into linear motions to drive sided 
triboelectric nanogenerators to work. Due to the close relation between 
wind speed and operations of this device, both open-circuit voltage 
(Voc) and short-circuit current (Isc) increase with the increasing wind 
speed from 4 m/s to 15 m/s, a linear relationship curve has been ob-
tained between voltage frequency and wind speed. Furthermore, a 
self-powered wireless environmental monitoring system (SWEM) is 
developed with a prepared wind energy harvester, a power management 
circuit, and a wireless sensor unit. Ambient temperature and humidity 
are sent with SWEM and received by a mobile phone. Similarly, as 
shown in Fig. 2(e), Fang et al. proposed a high-performance tribo-
electric-electromagnetic hybrid wind energy harvester (WEH) by 
introducing rotational tapered rollers rotating with wind cups through a 
shaft anchored in the frame with a ball bearing [17]. The WEH consists 

Fig. 3. Smart environmental monitoring developed with blue energy harvesters. (a) A water level detection/alarm system driven by the power-managed spherical 
TENG [266]. Copyright 2020, Royal Society of Chemistry. (b) Harvesting ocean blue energy of water waves with charge shuttling TENGs [267]. Copyright 2020, 
Nature. (c) A self-powered total dissolved solids (TDS) testing system based on an expandable tandem disk TENGs [276]. Copyright 2019, Elsevier. (d) A rotational 
pendulum based on electromagnetic-triboelectric hybridized generator [277]. Copyright 2019, Elsevier. (e) Robust swing-structured TENG for efficient blue energy 
harvesting [114]. Copyright 2020, Wiley. (f) An all-weather IoT platform based on hybridized blue energy harvester [279]. Copyright 2020, Elsevier. (g) Sustainable 
and autonomous wireless sensing and data transmission with a self-powered intelligent buoy system [280]. Copyright 2019, Elsevier. (h) A buoy structured TENG 
based on liquid-solid interface contact electrification [282]. Copyright 2018, Wiley. (i) An sandwich-like U-tube TENG [283]. Copyright 2018, Springer. (j) A 
highly-sensitive wave sensor based on liquid-solid interfacing TENG for smart marine equipment [284]. Copyright 2019, Elsevier. (k) Self-powered distributed water 
level sensors based on liquid-solid TENG for ship draft detecting [285]. Copyright 2019, Wiley. (l) Seashore IoT applications achieved by thin-film typed TENG [288]. 
Copyright 2019, Elsevier. (m) Self-powered wireless sensor powered with a thin film typed networked integrated TENG [289]. Copyright 2018, American Chemi-
cal Society. 
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of a horizontal conical TENG part (Nylon rollers and FEP layers at bot-
tom) and a vertical cylindrical EMG part (four magnets fixed inside the 
tapered rollers, and eight synclastic twined copper coils embedded on 
the octagonal side wall of the frame). At the wind speed of 12 m/s, the 
EMG part outputs a volume output power density of 72.1 W/m3, 
whereas the TENG parts output 0.27 W/m3. The WEH is demonstrated 
to power up a globe light (5 W), or a wireless temperature and humidity 
sensing node sensor node. Additionally, the WEH has also been a 
self-powered anemograph (testing under wind speed from 3 m/s to 
15 m/s) which utilizes the EMG to charge a supercapacitor as a power 
source for the Bluetooth module, and the TENG to provide AC sensing 
signals for indicating the wind speed according to the rotating speed of 
the WEH. Another hybridized wind energy harvester has been designed 
for concerns of environmental adaptability and reliability, as shown in 
Fig. 2(f). Zhao et al. proposed a waterproof magnetically coupled 
piezoelectric-electromagnetic hybridized wind energy harvester 
(WP-HWH) [235]. The symmetrical opposite magnetic arrangement is 
applied to reduce the resistance and enhance effective magnetic force, 
which is beneficial to harvest energy at low wind speeds. Moreover, the 
magnetic force is further amplified by a magnetically coupled 
flex-tensional transducer, which consists of a piezoelectric ceramic 
placed in the center sandwiched between two flex-tensional metal 
layers. Benefit from the non-contact magnetic coupling mechanism and 
waterproof package, this device can operate effectively in a harsh 
environment and imply good mechanical durability. In the tests under 
rainfall, the WP-HWH can operate continuously for more than 100,000 
cycles and saturates at 3157.7 μW at a wind speed of 7.0 m/s, which 
presents potential of applying as a self-powered wind speed sensor. 
Additionally, piezoelectric can also be integrated, such as a hybrid 
piezo-triboelectric nanogenerator fixed on the rotator and operated with 
stator`s blades reported by Zhao et al [236]. Under a low rotation speed 
of 100 rpm, that proposed prototype delivers a high power density of 
6.04 mW/cm2 and has proved to sustainably drive a wireless tempera-
ture sensor. The hybridized mechanism-based wind energy harvester 
also demonstrates the potential of being a sustainable power unit for 
self-powered natural disaster monitoring. For example, Qian et al. have 
integrated triboelectric nanogenerator, electromagnetic generator, and 
the solar cell into a wind-driven rotating structure [237]. Three vital 
self-powered systems including vibration sensors for earthquake 
detecting and temperature sensors for forest fire monitoring as well a 
wireless transceiver for alarm information spreading are enabled by the 
design. 

Compared with the above rotating typed prototypes with wind 
blades or scoops, Yoo et al. reported a triboelectric-based wind energy- 
harvesting system with an inner rotator, as shown in Fig. 2(g) [238]. The 
sheets of PI are attached to the inner rotator and can be driven by the 
wind to rub with the P(VDF-TrFE) film attached to the outer stator. The 
design can output 14.4 μW under the wind speed of 10 m/s, and a 
reliable DC voltage is developed with an optimized high-efficiency in-
tegrated circuit. The design of the inner rotator is in favor of scaling 
down and improving the integrated level with other rigid structures. 

The other type of wind energy harvester is based on fluttering 
structures, including typical applications from Fig. 2(h) to (m). The 
fluttering structures don’t need complicated designs like the rotator and 
stator. As shown in Fig. 2(h), a flag-shaped wind harvester based on a 
piezoelectric nanogenerator has been reported by Orrego et al [239]. 
This piezoelectric flag is fixed at the trailing edge and the related leading 
edge is free to move. A peak electrical power of ~5.0 mW/cm3 is ob-
tained at a wind velocity of 9 m/s. Under outdoor experiments of har-
vesting ambient wind energy, a temperature sensor is powered without a 
battery. Benefit with incorporated self-aligning mechanism to compen-
sate for changing wind directions, this temperature sensor can operate 
on average about 1.5 times per minute during daytime and nearly 1 time 
every ten minutes during nighttime, which is more than 20 times of data 
output with the inverted flag with a fixed orientation. Investigating the 
above two wind energy harvesters, the wind channel is an optional part 

that is designed according to what energy harvesting technologies have 
been introduced. The triboelectric also can be flag-shaped, for example, 
Wang et al. reported a humidity resisting and wind direction adapting 
flag-type TENG for harvesting wind energy from arbitrary directions and 
wind speed sensing [240], and Sun et al. reported fluttering double-flag 
type TENGs for driving a temperature/humidity sensor in an actual 
environment [241]. 

A typical flutter structure of TENG is shown in Fig. 2(i), in which 
Yang et al. reported a cuboid acrylic tube to lead wind flows and support 
the wind harvester based on TENG [242]. The TENG part is working 
with Aluminum foils attached on the top and bottom side of the tube, 
and a sheet of fluorinated ethylene–propylene film fluttering with wind 
flows. Thus, a self-powered wind vector sensor system is built for wind 
speed and direction detection by utilizing wind-induced resonance vi-
bration in devices. Later, the design was also applied by Xu et al. [243] 
and developed an aeroelastic flutter-based TENG as a self-powered 
active wind speed sensor in a harsh environment. Furthermore, Bae et 
al promoted a solid, robust a flutter-driven TENG-packaging module 
with a 2-by-2 set of flag flutters then mounted it on the roof of a moving 
vehicle [244], result in generating electric signals from the wind har-
vesters not only present ambient wind speed but also reflect the moving 
speed of the vehicle. With multi-fluttering typed structures, Li et al. 
design a self-powered wind velocity sensor by integrating five 
wind-induced generating units in every directional zone to achieve 360◦

wind energy harvesting in a plane [245]. This self-powered sensor can 
detect a wind velocity from all directions on a plane with a resolution 
ratio of 0.13 (m/s)/Hz and a response time of 0.15 s. Another deformed 
design of the fluttering structure is reported by Lin et al. [246], where 
twelve units of angle-shaped TENG are incorporated into a circle to 
achieve an enlarged windward area and a superposed electric signal. 
Additionally, the electromagnetic also can be introduced to detect wind 
speed via a dual-branch reed in a resonant cavity [247]. And a synergetic 
hybrid mechanism is also reported in flutter structures, for example, 
Wang et al. developed a synergetic hybrid piezoelectric-triboelectric 
mechanism for galloping wind energy harvesting [98]. In this hybrid 
mechanism, a piezoelectric unit works in the vibration area and starts 
working at low wind speeds, while a triboelectric unit works at the vi-
bration boundaries and cooperates with the piezoelectric part at high 
wind speeds. The results show that the triboelectric nanogenerator 
boundaries greatly expand the effective working wind-speed range, and 
the total average power output by the prototype is 0.24 mW at a wind 
speed of 14 m/s, which was 2.3 times that of the piezoelectric unit alone. 

In Fig. 2(j), Zhang et al. reported lawn structured TENGs for scav-
enging sweeping wind energy on rooftops [248]. A basic unit of the 
TENG consist of ITO coated PET with an end anchored onto the substrate 
and the other end is free-standing. The strip arrays form a wind farm and 
generate electric power when strips contact each other. Due to its 
demonstrated power density of 2.37 W/m2, this design presents the 
potential of monitoring the environment around houses and promote 
self-powered electronics in daily house living. Moreover, Jeon et al. have 
promoted a fluttering typed TENG to build a self-powered electro--
coagulation system for decentralized water treatment [249], which 
broadens wind energy harvester’s applications. 

Besides the flutter structures are directly operated with wind, Hu 
et al. proposed another flutter-effect-based TENG (FE-TENG) aiming at 
harvesting the breeze energy at low wind speed from arbitrary di-
rections, as shown in Fig. 2(k) [250]. Distinguishing from previous 
wind-driven TENGs, the wind-driven part of this device is separated 
from the TENG units, which can avoid the wear of friction layers and 
reduce energy loss. A real-time wind speed monitoring system is further 
achieved by applying LabVIEW software, results show a linear rela-
tionship between wind speed and electrical output signal. Zhang et al. 
proposed a galloping TENG for energy harvesting under low wind speed, 
and the prototype outputs 6 μW under wind speed of 1.4 m/s [251]. 
Towards energy harvesting from breeze wind (0.7–6 m/s), a gentle 
wind-driven TENG (GW-TENG) structured in Fig. 2(l) is reported by Ren 
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et al. [252]. The GW-TENG gets an “arch” shaped rigid structure 
attached with the dielectric layer, and the ultra-stretchable elastic 
electrode with distributed perforations. The perforations on the film can 
create prescribed inhomogeneous flow profiles and thus enhance the 
aeroelastic effect. An average power density of 20 mW/m3 has been 
achieved with an inlet wind speed of 0.7 m/s. 

Recently, as shown in Fig. 2(m), Ye et al. have prepared a tribo-
electric–electromagnetic hybrid nanogenerator with a rotating structure 
and a fluttering structure [253]. The rotary mode TENG (labeled as 
FT-TENG) and EMG (named as FB-EMG) are operated with wind cups, 
and double-flag type TENG (named as FS-TENG) is fluttered with wind 
flows. It is verified that hybrid structures and hybrid generators help 
enhance the entire energy output performance and broaden the working 
range of wind speed from 1.55 m/s to 15 m/s. Thereinto, the working 
range of wind speed of the FB-EMG, the FT-TENG, and the FS-TENG has 
the minimum response wind speed of 3.66 m/s, 2.58 m/s, and 1.55 m/s, 
respectively. As the wind speed increases, average currents of three units 
all present an increasing trend, then a self-powered wind speed sensing 
system is constructed by analyzing the peak numbers of the output 
voltage signal in a computer program. 

To sum up, amount works have proved that energy harvesters based 
on different energy harvesting technologies applied in monitoring wind 
conditions, and reported prototypes either based on rotating structures 
or fluttering structures present adaptive capacity to the variety of 
operating environments. With the benefit of efficient wind energy con-
version, environmental sensors can be suitable powered even facilitated 
into wireless networks. As durable materials and reliable mechanical 
structures are further developed, these wind energy harvesters are ex-
pected to work in harsh environments. Strategies of hybrid mechanism 
and arrayed units are also important for enhancing outputs and 
achieving large-scale wind energy harvesting. 

4.2. Applying blue energy harvesters in monitoring water waves and 
ocean conditions 

The ocean covering approximately 71% of Earth’s surface and 90% 
of the Earth’s biosphere, is closely influencing on subsistence and 
development of human beings. However, most ocean area is far away 
from cities, which is difficult to operate monitoring. To better monitor 
the ocean environment, different designs of blue energy harvesters have 
been processed, where blue energy refers to the energy in the ocean 
area. The blue energy harvesters extract electric power from wave en-
ergy, tidal energy, thermal energy, and osmotic energy, related appli-
cations involve offshore and remote areas. Due to the blue energy 
advantages of abundant reserves, less dependence on weather, season-
ality, and day-night rhythm, corresponding blue energy harvesters 
present a promising potential to meet the energy requirement for IoT 
sensors integrated into a monitoring system for the ocean environment. 
In Fig. 3, a brief view of applications based on blue energy harvesters has 
been roughly divided into two types with a middle split line, one type is 
encapsulated devices in solid-solid contact, and the other type is related 
to direct liquid-solid contact, following parts are illustrating how these 
devices are applied to monitor ocean environment. 

Towards the encapsulated devices, the most prominent characteristic 
is minimizing adverse impacts from humidity environment, and 
different shaped structures have been promoted in Fig. 3(a) to (g). The 
spherical or ball-shell structure is one of the most effective designs 
applied to support blue energy harvesters, in favor of collecting blue 
energy from all directions [254–262]. Moreover, the spherical devices 
can be easily assembled into a sphere network spreading out on the 
ocean surface [263–265]. Liang et al. also proposed a spherical blue 
energy harvester composed of six zigzag multilayered TENGs symmet-
rically located in different directions, as shown in Fig. 3(a) [266]. The 

Fig. 4. Smart environmental monitoring developed with multi-functional energy harvesters. (a) An energy harvesting panel floating on the ocean [290]. Copyright 
2016, American Chemical Society. (b) Multifunctional TENG for blue energy scavenging and self-powered wind-speed sensor [291]. Copyright 2017, Wiley. (c) A 
water-proof triboelectric-electromagnetic hybrid generator for harsh environments [293]. Copyright 2015, Wiley. (d) Super-robust and frequency-multiplied TENG 
for efficient harvesting water and wind energy [294]. Copyright 2019, Elsevier. (e) Fur-brush TENG for wind and water energy harvesting for smart agriculture 
[117]. Copyright 2021, Wiley. (f) An on-plant self-powered sustainable agriculture system [295]. Copyright 2021, American Chemical Society. (g) An on-plant 
self-charging system [296]. Copyright 2020, Elsevier. (h) Environmental energy harvester adapting to different weather conditions [299]. Copyright 2019, Amer-
ican Chemical Society. (i) Unified harvesting module capable of generating electrical energy during rainy, windy, and sunny conditions [301]. Copyright 
2020, Elsevier. 
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output signals of each multilayered TENG and the whole spherical TENG 
help investigate water wave conditions from multiple directions. 
Furthermore, an alarm system for marine information including water 
temperature and the water level has been built and powered utilizing the 
spherical TENG integrated with a power management module. The 
alarm system introduces five-level float switches aligned in a water tank, 
which can autonomously measure the water level, and provide an LCD 
and alarm with a lighting LED. Similarly, Wang et al. introduced TENGs 
based on charge shuttling into a spherical water-proof shell shown in 
Fig. 3(b) [267], and a slider and stator design are applied to collect 
water wave energy. This integrated device can deliver a volume power 
density of 30.24 W/m3, along with the maximum peak power of 
126.67 mW with water waves of 0.625 Hz. Thus, two parallel-connected 
capacitors of 1 mF are charged to 3.54 V in 240 s, and support a 
barometer functioned well working for longer than 50 s. Another special 
structured blue energy harvester reported by Zhang et al. introduced the 
shadow effect and hybrid mechanism to enhance the self-charging 
power system in the ocean [262], where a peak power density of 
718 μW/cm2 is achieved by wave stimulation and light illuminating. 
The potential application of seawater electrolysis has been demon-
strated. Leung et al. also reported a kind of spherical blue energy 
harvester with spring-assisted TENGs utilized to power an electro-
chemical reduction reaction system of greenhouse gas of CO2 [268]. 

Besides mentioned spherical or ball-shell structure, other designs like 
box [269,270], duck-shaped [271], torus structured [272], oblate 
spheroidal [273], sea snake structure [274], have been developed ac-
cording to different energy harvesting technologies applied. The swing 
or pendulum design also attracts research attention due to its multiple 
outputs after triggering from water waves [114,275]. As shown in Fig. 3 
(c), Bai et al. proposed a self-powered total dissolved solids (TDS) testing 
system based on expandable tandem disk TENGs [276]. Each TENG unit 
is composed of the facing sides of a rotator disk and a stator disk. Two 
hanging mass blocks are fixed on both sides of the rotator. When this 
device is agitated by water waves, the mass blocks together with the 
rotator will swing freely and generate electric power by relative rota-
tions between the rotator and the stator of TENGs. With optimized 
design, the device boosts the output with a maximum peak power of 
45 mW, and the average power density reaches 7.3 W/m3. Furthermore, 
a commercial water test pen without a battery was used as the sensor for 
detecting the TDS in water. When this prepared blue energy harvester 
and related TDS sensors are organized in a network, an in-situ and 
real-time system of water quality mapping can be developed for ocean 
environment monitoring. Another example for swing structure is illus-
trated in Fig. 3(d), where Hou et al. reported an 
electromagnetic-triboelectric hybridized generator based on a rotational 
pendulum swinging inside a cylindrical frame [277]. In this hybrid blue 
energy harvester, four disk-shaped magnets are fixed in a pendulum 
rotor, and they can be triggered to swing and result in operations of 
TENG blades and magnetic coils. Different output signals due to 
different swing amplitude with dynamic water waves have been 
collected for monitoring. Unlike former rigid contact in prototypes, 
Jiang et al. developed robust swing-structured TENG integrated into a 
cylinder shell for efficient blue energy harvesting [114] as shown in 
Fig. 3(e). The air gap and flexible dielectric brushes are designed to 
minimize frictional resistance and enhance robustness and durability. 
The results show undiminished performance after continuous triggering 
for 400,000 cycles, and a transmitter is powered for completing two 
consequent transmitting cycles by harvesting energy from water waves 
of 0.05–0.8 Hz. A similar design of swing structure is reported by Feng 
et al. [275], which can produce a peak power density of 231.6 mW/m3 

with water waves of ultra-low frequency of 0.033 Hz, and a self-powered 
corrosion inhibition system is further realized. Additionally, Feng et al. 
introduced a swing structured hybridized triboelectric-electromagnetic 
nanogenerator to harvest water wave energy under wave agitation of 
0.1 Hz [278]. Thus, self-powered hydrological data monitoring and 
wireless transmission have been realized with an array of six units. In 

particular, the thermometer array is powered well working, and tem-
perature data in different water areas can be collected intermittently. 

Moreover, a hybridized blue energy harvester with a pendulum 
design is applied to establish an all-weather IoT platform, as shown in 
Fig. 3(f) [279]. Wherein a 3D printed pendulum structure is applied to 
support a rolling cylindrical magnet, TENG electrodes, and an electro-
magnetic coil. An extra waterproof enclosed box is used to hold this 
pendulum and reserve space for its swinging operations triggered by 
water waves. Benefit-related hybridized circuits, outputs from TENGs 
and EMG have been converted to DC output to charge a lithium battery 
or power a digital temperature sensor. When integrated with a Bluetooth 
sensor module and solar cells, an all-weather IoT platform is achieved 
for wireless data transmission, whatever with or without daylight and 
water waves. Xi et al. reported a self-powered intelligent buoy system 
(SIBS) based on multilayered TENGs [280]. As shown in Fig. 3(g), six 
basic units of contact-mode TENG are integrated with a waterproof cy-
lindrical shell, and this device can be equipped on a floating platform. 
The SIBS is used as a wireless sensor network node, which exhibits the 
merits of spontaneous operation and a long lifetime. A laptop is applied 
as the terminal with a receiver placed 15 m away. And the wireless data 
transmission is realized by using the frequency-shift keying modulation 
at an ultrahigh-frequency band of 433 MHz. By measuring the acceler-
ation, magnetic intensity, and temperature with various sensors, a large 
amount of data can be remotely sent to the terminal for ocean infor-
mation collection, analysis, and monitoring. Kim et al likewise devel-
oped a wireless temperature sensor network with a vertically placed 
arch-shaped ferroelectric-polymer-embedded TENG (FE-TENG) [270], 
and the ambient temperature is accurately displayed on a computer 
through a radio-frequency receiver. 

The other type of blue energy harvesters is based on direct liquid- 
solid contact, and triboelectric is commonly applied due to multifor-
mity structures [130,281]. As shown in Fig. 3(h), Li et al. report a buoy 
structured TENG containing three cylinders with different diameters, 
and both liquids inside and outside can help TENG generate electricity in 
movements like up and down, shaking, or rotation [282]. This buoyed 
TENG has been applied to prevent the platforms or ships from metal 
corrosion, and a self-powered wireless SOS system is established with a 
network of 18 TENGs, a bridge rectifier, a large capacitor, a wireless RF 
transmitter, and a receiver. The RF transmitter emits seven groups of 
16-byte signals to a linked computer, which could be set as “SOS_-
SOS_SOS_SOS_” or others for further requirements. Likewise, Pan et al. 
applied a sandwich-like water-FEP U-tube TENG for harvesting water 
wave energy in Fig. 3(i) [283], where a water-FEP U-tube TENG is 
placed in another FEP tube jacket The prototype gets a power density of 
2.04 W/m3, and successfully power a temperature–humidity meter. 

Different from the above liquid-solid interface inside the prototypes, 
Xu et al propose a liquid-solid interfacing TENG which is partly 
immersed in water [284]. As shown in Fig. 3(j), the TENG is fabricated 
on a leg of a 3D printed offshore platform, implying potential applica-
tion as a highly-sensitive wave sensor on smart marine equipment. The 
sensor part and The output voltage of this self-powered sensor increases 
linearly with wave height with a sensitivity of 23.5 mV/mm for the 
electrode width of 10 mm, implying to sense the wave height in the 
millimeter range and monitor wave conditions in real-time when 
equipped marine platform’s leg in a water wave tank. Similarly, Zhang 
et al. also reported a self-powered distributed water level monitoring 
system based on liquid-solid TENGs for ship draft detecting in Fig. 3(k) 
[285]. Multiple distributed electrodes along the outer wall of a poly-
tetrafluoroethylene (PTFE) tube are utilized as a robust and sensitive 
indicator for detecting the water level, where different electric signals 
related to the water level height are extracted from water waves through 
TENGs. In a water tank, the ship dynamic draft is successfully detected 
using this water level sensor with an accuracy of 10 mm. 

Based on direct liquid-solid contact, blue energy harvesters can be 
thin-film typed and demonstrate flexibility [286,287]. In Fig. 2(l) Liu 
et al. also reported a thin film blue energy harvester based on TENG 
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fabricated on flexible PVC film [288]. With the structure of an external Ū 
electrode including Bar electrode and a U-shaped electrode, the shield-
ing effect from the water environment is hugely minimized, and outputs 
are effectively improved. This blue energy harvester can not only 
effectively extract power from waves’ flood and ebb processes, but also 
help achieve a series of IoT applications on the seashore, which contains 
a wave warning system based on B electrode playing as a safety switch, a 
continuous power system based on the designed connection of Ū elec-
trode, and a wireless transmission system based on a wireless trans-
mitter. Therefore, this work provides a new kind of thin-film blue energy 
harvester and expands IoT applications in the seashore area. These 
flexible designs also can be attached to different surface conditions. 
Zhao et al. reported a networked integrated TENG (NI-TENG) fabricated 
on a flexible Kapton film [289], as shown in Fig. 2(m). The NI-TENG 
equipped on offshores can accommodate diverse water wave motions 
and generate stable electric outputs. After energy storage, the generated 
electric energy can drive wireless sensing by autonomously transmitting 

data at a period of less than 1 min, which proposes a viable solution for 
powering individual standalone nodes in a wireless sensor network. 

To summarize the progress of applying blue energy harvesters in 
monitoring water waves and ocean conditions, these blue energy har-
vesters either solid-solid type or solid-liquid type, can effectively convert 
mechanical energy from waves and collect information from coastline 
and ocean areas. And arrayed units are essential for achieving large- 
scale mechanical energy harvesting or drawing information maps in 
ocean areas. Moreover, the power management circuits also attract 
many investigations, and efforts have been spent to integrate different 
energy harvesting technologies in wireless sensor networks. 

4.3. Applying multifunctional energy harvesters in smart environmental 
monitoring 

Besides the above monitoring systems aiming at a specific environ-
ment either wind or ocean, researchers also make efforts of introducing 

Fig. 5. Smart transportations developed with energy harvesters designed for transportation facilities and roads. (a) A triboelectric micromotors-based moving 
obstacle detector [303]. Copyright 2019, Nature. (b) A self-powered pressure/speed sensor based on an energy harvester from a rotating tire [304]. Copyright 2011, 
Wiley. (c) Monitoring driver habits by sweep-type TENG utilizing single freewheel for random triggering motion energy [312]. Copyright 2019, Elsevier. (d) A 
self-powered smart safety belt for driving status monitoring [314]. Copyright 2019, Elsevier. (e) Train monitoring system applied with a self-powered wireless smart 
sensor based on maglev porous nanogenerator [131]. Copyright 2017, Elsevier. (f) Self-sustained autonomous wireless sensing for train monitoring [20]. Copyright 
2021, Elsevier. (g) Self-powered liquid sensing toward smart manufacture and safe transportation [316]. Copyright 2020, Elsevier. (h) Flexible Timbo-like TENG as 
self-powered force and bend sensor for wireless and distributed landslide monitoring [319]. Copyright 2018, Wiley. (i) Dual-tube Helmholtz resonator-based TENG 
for acoustic energy harvesting on roads [320]. Copyright 2019, Wiley. (j) Monitoring traffic tunnels by a piezoelectric vibration harvester-powered wireless sensor 
nodes [326]. Copyright 2011, IOP Publishing. (k) A fully self-powered vibration monitoring system for bridges [328]. Copyright 2020, American Chemical Society. 
(l) Multi-functional wind barrier based on TENG [329]. Copyright 2020, Elsevier. (m) An Intelligent high-speed train system based on an elastic rotation TENG [330]. 
Copyright 2021, American Chemical Society. 
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multifunctional energy harvesters to adapt to different environments. 
The multifunctional energy harvesters here refer to the devices adapting 
different application scenarios, which demonstrate advanced structure 
designs and optimized mechanisms. As shown in Fig. 4, sort of 
multifarious-environment monitoring systems have been reported with 
a combination of various energy harvesting technologies like tribo-
electric, electromagnetic, and photovoltaic, and representative works 
have been classified with scenarios of water flows and wind, and sce-
nario of rain and wind. 

As shown in Fig. 4(a) and (b), Wen et al. and Xi et al. both promoted a 
design by combining upper wind harvesters and lower blue energy 
harvesters. Wen et al. have implied a spiral-interdigital-electrode TENG 
(S-TENG) and a wrap-around EMG (W-EMG) into three coaxially placed 
cylindrical tubes, which can be triggered by water flows when equipped 
on an energy harvesting panel floating on the ocean [290]. Xi et al. 
implied rotation TENG and vertical cylindrical TENG to collaboratively 
harvest the wind and water flow energy [291]. Multifunctional devices 
can also monitor the different living environments. Moreover, Zhong 
et al. reported an easily assembled electromagnetic-triboelectric hybrid 
nanogenerator driven by magnetic coupling for fluid energy harvesting 
[292]. Benefit from the magnetic coupling, this device is easy to pack-
age, maintain, and assemble. It can be conveniently integrated with a 
wind cup or water turbine and harvest fluid energy to power small 
electronic devices, to achieve self-powered flow monitoring in the smart 
home. Similarly, Guo et al. proposed a water-proof tribo-
electric–electromagnetic hybrid generator (WPHG) by solving the 
packaging problem [293]. From Fig. 4(c), the WPHG is demonstrated to 
harvest wind energy in rainy conditions and water-flow energy under-
water. Besides the above rotation structure, Lin et al. proposed a 
super-durable and frequency multiplied TENG based on pendulum 
design within an acrylic spherical shell, which posses the potentials of 
working in the ocean area, the forest, and the desert [294]. As shown in 
Fig. 4(d), this pendulum-inspired TENG (P-TENG) can generate electric 
power by wind flows and water waves. Results show a thermometer is 
powered with a 2 × 3 P-TENG array to monitor the temperature of the 
water environment. And the P-TENG can work as a wind speed detector 
by hanging on the tree branches, which also is a self-powered traffic 
indication system. More importantly, an integrated self-powered wire-
less forest fire warning system was built with P-TENGs for wind energy 
scavenging, temperature sensors for signals collection, and circuits for 
wireless signal processing and transmission. 

As the research further develops, multifunctional energy harvesters 
are promoted to support smart agriculture shown in Fig. 4(e). Chen et al. 
have fabricated two kinds of prototypes for harvesting wind energy and 
water flow energy [117]. Benefit from introduced naturally available 
animal furs, the fur-brush TENG generated the peak power density of 
5.02 W/m2 at the wind velocity of 23 m/s or 0.54 W/m2 at a water flow 
of 100 m3/h. Thus, self-powered automatic irrigation, weather moni-
toring, and wireless water level warning multifunctional management 
systems are realized by applying prototypes to powering the soil mois-
ture sensor, raindrop sensor, and wireless transmitter. 

The above works are designed for wind and water flows, which are 
appropriate for scenarios in ocean and river. Towards smart agriculture, 
the scenarios of wind and rain are more common and practical. In Fig. 4 
(d), Lan et al. reported an on-plant self-powered sustainable agriculture 
system, where a waterproof and breathable TENG (WB-TENG) is pre-
pared with PVDF-HFP nanofibers embedded with fluorinated carbon 
nanotubes microspheres [295]. The WB-TENG shows high electrostatic 
adhesion and can be conformally self-attached to plant leaves without 
sacrificing the intrinsic physiological activities of plants, capable of 
harvesting typical environmental energy from wind and raindrops. As 
result, the WB-TENG delivers a power density of about 3.6 μW/cm2 

under wind (~8.9 m s-1), and a power density of 2.0 μW/cm2 under 
simulative rains (~2.1 mL/s). Thus. the WB-TENG can serve as a sus-
tainable power supply for a wireless plant sensor, enabling real-time 
monitoring of the health status of plants. Similar to Fig. 4(e), Li et al. 

also proposed an on-plant device integrated with self-cleaning and 
self-charging capable of harvesting energy from the swinging leaves 
under wind and raindrops [296]. A micro-supercapacitor is also fabri-
cated and attached to leaves to store harvested electric power, and the 
whole device is successfully powering a temperature and humidity 
sensor in wind-driven and water-driven modes, respectively. Moreover, 
Hsu et al. built a smart farming system based on a versatile conductive 
hydrogel of PAA-RGO-PANI (PRP) [297], where a PRP-TENG is applied 
in harvesting mechanical energies from acoustic, rainfall, and wind, 
with a power density of 42.4 μW/cm2, a PRP supercapacitor is served as 
an energy storage device offering power to support LED lights contin-
uously for promoting plant growth, a wireless plant-wearable sensor for 
plant growth monitoring, and an ammonia detector for ammonia 
monitoring. Besides the above on-plant devices, the agro textile inte-
grated with energy harvesters also enables in building smart agriculture 
[298]. In brief, the energy harvesters in smart agriculture not only 
supply power for electronics monitoring plant growth but also build 
self-powered sensors transmitting vital information for controlling irri-
gation and lighting. 

The arrayed design also can facilitate multifunctional energy har-
vesters for rain and wind. In Fig. 4(h), Ren et al. proposed an array of 
humidity-responsive TENGs applied in dry, windy, and rainy weather 
[299]. The array consists of 8 TENG blades, which can automatically 
bend to the desired angles in response to different humidity conditions 
and can be applied as a self-powered vapor sensor. Moreover, the array 
can deliver a power density of 1.6 W/m2 at a wind speed of 25 m/s, or 
230 mW/m2 under rainy conditions. Xu et al. developed a hybrid 
all-in-one power source (AoPS) with four spherical TENG units with the 
capture rims for collecting wind flow and raindrops [300]. Four com-
mercial solar cells are fixed on two sides of the acrylic frame to collect 
solar energy. Thus, four TENG units can deliver a high average power of 
5.63 mW in the wind (7.6 m/s), and 1160 LEDs can be lighted up by the 
TENG units. Furthermore, self-powered soil moisture control, forest 
fire-prevention, and pipeline monitoring have been processed with the 
AoPS indoor and outdoor environment. As shown in Fig. 4(i), Roh et al. 
introduced a unified harvesting module (UHM) capable of generating 
electrical energy during rainy, windy, and sunny conditions, as shown in 
Fig. 4(j) [301]. The UHM consists of an upper part (rain-TENG), a middle 
part (solar cell), and a bottom part (wind-TENG). Thus, this device can 
be used as a self-powered weather sensor to detect raindrops, sunlight, 
and wind speed through related electrical output, and a weather 
monitoring platform has been demonstrated with this device. 

The above demonstrations have revealed one of the development 
directions of energy harvesting technologies and corresponding IoT 
applications. Through cooperative energy harvesting technologies in 
prototypes, different energy sources are effectively converted into 
electric power and the prototypes show adaptability to various envi-
ronmental conditions. These multifunctional energy harvesters help 
expand the range of IoT applications in remote areas like oceans, deserts, 
forests, and promote smart farming/agriculture with on-plant self- 
powered sensors and self-sustainable wireless sensor networks. 

5. Smart transportations developed with energy harvesting 
technologies 

Smart transportations with intelligent transportation systems in 
modern urban life are important for human safety and convenience. 
Sensors are widely distributed to collect real-time signals from auto-
mobiles, trains, roads, bridges, and so on. Advanced mechanical energy 
harvesters play an important role to make sure these sensors effectively 
work, and self-powered sensors or traffic monitoring systems are 
desirable for sustaining operating [58,59,302]. In Fig. 5, typical appli-
cations have been divided into two parts with a middle split line, one 
part is vehicles closely related to human drivers and passengers, the 
other part is roads or bridges related to transportation safety. 

As shown in Fig. 5(a), Yang et al. introduced a triboelectric 
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micromotor (TM) based moving obstacle detector equipped on the car 
roof, in which a structure of hexagonal mirror is fabricated on the top of 
the TM and working with an external laser beam [303]. This obstacle 
detector can be operated with a rotational sliding TENG with normal tire 
rolling even at the condition of ultralow speed of 11.3 r/min. With this 
high-speed scanning, potential danger from vehicles ahead can be 
detected through further autonomous information recognition technol-
ogy. The condition of tires is the crucial adjective, and Hu et al. prepared 
a nanogenerator integrated onto a tire’s inner surface to monitor the 
tire’s pressure, as shown in Fig. 5(b) [304]. The nanogenerator here is 
applied with the piezoelectric effect of ZnO nanowire (NW) textured 
films, electric signals generated by a device attached to a tire can help to 
evaluate conditions of vehicle and road. Other designs based on different 
energy harvesting technologies are also developed to monitor tire’s 
condition, such as single-electrode TENG attached on tire [305], 
compressible hexagonal-structured TENG integrated into the tire [306], 

magnetically TENG located in tire [307], tire-embedded piezo-
electric-based energy harvesting system [308], tribo-
electric–piezoelectric–electromagnetic hybridized nanogenerator 
anchored in the tire [309], and green energy tire [310,311]. 

In Fig. 5(c), Xie et al. reported a sweep-type TENG (ST-TENG) to 
monitor drivers` habits by harvesting randomly triggered motion energy 
of freewheel by the pedal [312]. This ST-TENG consists of a push rod, 
shells, two flywheels, and a single freewheel. When four volunteer 
drivers are tested, the accelerator pedal signals are recorded for the same 
road driving. Results show that each driver’s total driving time and 
stepping signals collected with the ST-TENG are different, thus this in-
formation is valuable for monitoring drivers’ habits and further distin-
guish their identities. Similarly, Meng et al. reported a highly sensitive 
self-powered sensor base on TENG for driver behavior monitoring [313]. 
The monitoring system consists of Al-Kapton-based TENGs as sensors, a 
data-acquisition unit, and a driving simulator. Two TENGs are mounted 

Fig. 6. Smart homes developed with energy harvesters and self-powered sensors. (a) Normally Transparent Tribo-Induced Smart Window [335]. Copyright 2020, 
American Chemical Society. (b) Self-powered control interface based on Gray code with hybrid triboelectric and photovoltaics energy harvesting [339]. Copyright 
2020, Elsevier. (c) A scalable floor monitoring system [351]. Copyright 2021, Nature. (d) A self-powered fire escape and rescue system based on flame-retardant 
triboelectric fabric [355]. Copyright 2020, Wiley. (e) Self-powered acoustic sensor for speaker recognition [357]. Copyright 2018, Elsevier. (f) A wearable nano-
membrane microphone device [358]. Copyright 2018, Science. (g) An epidermal sEMG tattoo-like patch as a new human–machine interface for patients with loss of 
voice [360]. Copyright 2020, Nature. (h) Eye motion-triggered self-powered mechnosensational communication system [361]. Copyright 2017, Science. (i) 
Self-powered electro-tactile system for virtual tactile experiences [363]. Copyright 2021, Science. (j) Machine learning glove for gesture recognition in virtua-
l/augmented reality applications [366]. Copyright 2020, Wiley. (k) Haptic-feedback smart glove for virtual/augmented reality applications [367]. Copyright 2020, 
Science. (l) Magnetic-interaction assisted hybridized triboelectric-electromagnetic nanogenerator for advanced human-machine interfaces [373]. Copyright 
2021, Elsevier. 
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on the accelerator and brake of a driving simulator, respectively. 
Another TENG sensor is placed between the driver’s eyes and the 
driver’s glasses frame. Signals collected from these three sensors can 
record driver’s behaviors like acceleration, deceleration, and brake from 
footstep, and drowsiness from droopy eyelids. In Fig. 5(d), Feng et al. 
proposed a self-powered smart safety belt enabled by two types of 
TENGs for driving status monitoring [314]. The auxetic 
Polyurethane-TENG (APU-TENG) is integrated into the horizontal strip 
of the safety belt to monitor the forward position of the driver, which 
correlates to abrupt and aggressive deceleration. Two sensor arrays 
composed of arch-shaped TENGs (AS-TENGs) are attached to the 
shoulder and waist location of the safety belt’s diagonal strip, to monitor 
the turning directions and angles of the driver. These electric signals are 
collected to analyze the driving status and prevent drivers and passen-
gers from traffic accidents. 

Towards large conveyance like trains, the monitoring devices need 
further scale-up. As shown in Fig. 5(e), Jin et al. proposed a self-powered 
wireless smart sensor based on a maglev porous nanogenerator (MPNG) 
for a train monitoring system, where the MPNG array is uniformly 
attached on a bendable platform [131]. The integrated wireless smart 
sensor is demonstrated as being powered by the vibration energy of 
trains when the train is running. And transmitted real-time data is 
received and displayed by a cellphone, demonstrating the capability for 
IoT applications in traffic monitoring for trains. Recently, Wang et al. 
also reported a self-sustained autonomous wireless sensing node (WSN) 
for train monitoring [20]. The WSN consists of a hybrid TENG and PEG 
(piezoelectric generator) vibration module, in which two TENGs are 
functioned as the stoppers for PEG overload protection and generate 
signals during vibrations, and the PEG possesses a frequency tuning 
ability with an axial force. On concerns that the amplitude of the PEG 
signal quickly saturates to the maximum value along with increasing 
acceleration due to the limited distance of the stoppers, the TENG has 
been calibrated as an accelerometer and demonstrated with a high 
sensitivity of 15 V/g in the acceleration range of 0–1.5 g. A demon-
stration of train status monitoring is achieved with the vibration module 
operated with a shaker, an LTC-3588–1 based power management cir-
cuit, two energy storage capacitors, an Arduino Nano development 
board, an RF transceiver (DL-20 CC2530 A), an RF transceiver (DL-20 
CC2530 B) with a USB to TTL serial port, and VR environment on a 
computer. While the autonomous WSN communicates with the com-
puter base on the Zigbee in IEEE 802.15.4 international standard, bigger 
received data present a heavier vibration acceleration state of the train. 
Besides the vibrations on trains, Jin et al. developed a free-fixed rota-
tional TENG for train wheel energy harvesting and train wheel safety 
monitoring of temperature and speed [315]. 

Another important transportation is maritime, which is confronted 
with low-frequency wave energy. In Fig. 5(f), An et al. reported a TENG- 
based block-inserting mechatronic (BMI) indicator panel operated with 
a magnetic floater [316]. As the magnetic floater is rising or falling by 
the buoyancy of liquid level changing, the flaps of the TENGs can flip 
from one side to the other side gradually under the combined actions of 
magnetic force and gravity. Based on the TENGs’ signals, the position of 
the magnetic floater can be visually recognized and remotely trans-
ferred. Thus, a liquid level control system and liquid flow monitoring 
system have been established for automatic control and wireless moni-
toring of water level and flow rate in real-time, indicating practicability 
in smart maritime transportation such as real-time reading water level 
information of a boiler feed tank in the bridge or engine control room. 
Similar magnetic assisted TENG is also reported by Wang et al. [317], 
and a pneumatic flow and liquid level monitoring system has been 
achieved. Zhang et al. demonstrated a triboelectric ocean-wave spec-
trum sensor (TOSS) to basic ocean-wave parameters such as wave 
height, wave-period, wave-frequency, wave-velocity, wavelength, and 
wave-steepness [318], which also present potential applications of ac-
curate data support for maritime`s safety. It is worth mentioning that 
blue energy harvesters can achieve energy conversion while maritime 

transporting, and be utilized to powering vital maritime sensors. 
As mentioned before, monitoring the conditions of roads and bridges 

is also important for smart transportations. In Fig. 5(h), Lin et al. re-
ported a self-powered Timbo-like triboelectric force and bend sensor 
(TTEFBS) for wireless and distributed landslide monitoring and pre-
venting potential danger from landslides along roads [319]. The 
TTEFBSs are integrated with a protective fence of mountain slopes 
alongside roads, highways, or railways. When rocks tumble along the 
slopes and collide with the protection fence, there will be deformations 
of the steel cables at the points of collision. Thus, the TTEFBS can 
generate available electric signals for analyzing and judging the occur-
rence of rockfalls. Additionally, a zigzag-structured TENG (Z-TENG) is 
anchored in a deceleration strip to scavenge ambient mechanical energy 
from moving cars. By combining the Z-TENG with the TTEFBSs array 
and signal processing circuit, self-powered wireless, and distributed 
landslide monitoring system has been established for rockfall detection 
and landslide monitoring. In Fig. 5(i), Zhao et al. reported a dual-tube 
Helmholtz resonator-based TENG (HR-TENG) for highly efficient har-
vesting of acoustic energy on roads [320]. This HR-TENG is composed of 
a Helmholtz resonant cavity, a metal film with evenly distributed 
acoustic holes, and a dielectric soft film with one side ink-printed for the 
electrode. By coupling the mechanisms of TENG and acoustic propaga-
tion, the HR-TENG can serve as a self-powered acoustic sensor to 
monitor acoustic transformation surrounding, like airplanes’ takeoff and 
cars’ moving. Moreover, acoustic energy can be converted into electric 
power to support a temperature and humidity sensor or applied as a 
self-powered recording sensor. Additionally, researchers have intro-
duced energy harvesting technologies like triboelectric, piezoelectric, 
and electromagnetic into existing speed bumps [321–323], which can 
detect road conditions and collect random energy from vehicles passing 
by. Similarly, Zhang et al. proposed a sustainably powering wireless 
traffic volume sensors with a rotating-disk-based hybridized electro-
magnetic–triboelectric nanogenerator [324], and Bian et al. proposed an 
application of illuminating in a subway tunnel with tree-shaped TENGs 
harvesting wind energy as subway passing by [325]. 

As for bridges, Wischke et al. introduced a robust piezoelectric vi-
bration harvester in traffic tunnels to power wireless sensor nodes [326], 
as shown in Fig. 5(j). The result shows that a wireless sensor node can be 
powered by scavenging energy from traffic-induced vibrations in the 
Lötschbergbasis-tunnel. And details about passing trains, wagons 
sequence, and size can be derived from the detected vibrations’ signals 
of a road and a railway tunnel. Another typical application of bridge is 
illustrated by Pan et al., in which the optical fiber-based core-shell 
coaxially structured hybrid cells for a self-powered monitoring system 
[327]. That hybrid cell consists of a coaxially structured dye-sensitized 
solar cell and a piezoelectric nanogenerator for simultaneously or 
independently harvesting solar and mechanical energy, and can monitor 
environmental changes around bridges. In Fig. 5(k), Li et al. reported a 
fully self-powered vibration monitoring system driven by dual-mode 
TENG (AC/DC-TENG) [328]. If vibration amplitudes are within the 
safe region, only AC signals are produced by the AC-TENG, which can be 
stored in an energy storage device for powering signal transmission to a 
remote monitoring system. Once the vibration amplitude crosses the 
danger threshold, the DC signals emerge, meanwhile triggering the 
alarm system directly to accurately predict the danger of construction. 
Towards railways and bridges, energy harvesting technologies are also 
applied in structural health monitoring. 

Furthermore, the interactions in transportations, such as trains and 
railways, have been monitored by applying energy harvesters. In Fig. 5 
(l), Wang et al. introduced a multi-functional wind barrier based on 
TENG, which can be equipped along roads or railways [329]. The wind 
barrier is constructed by 66 TENG units based on FEP membrane flut-
tering between two aluminum foils attached to the frame. The flutter 
frequency of the membrane is proportional to the incoming mean wind 
speed, which implies that the TENG unit among the wind barrier can be 
used as a self-powered wind speed sensor. by utilizing the linear 
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relationship between the wind speed and the frequency of voltage sig-
nals. Moreover, the wind barrier can harvest slipstream energy induced 
by passing vehicles and light a warning board. And the windshield ef-
ficiency of this TENG-based wind barrier is 35% higher than that of the 
traditional porous wind barrier, significantly improving the safety of 
transportations. Zhang et al. introduced a rotating typed wind energy 
harvester based on double-layer elastic rotation TENG (ER-TENG) to 
monitor high-speed moving trains in Fig. 5(m) [330]. When a 
high-speed train passes through a railway section, the wind energy 
generated will drive the ER-TENG to power the signal and sensor 
network, realizing a self-powered system to greatly reduce the operation 
cost of high-speed rail. For the rotator, the stiff Kapton film is coupled 
with PTFE film to obtain proper mechanical contact with the stators 
under low pressure, which helps decrease the driving force from the 
wind, reduce the friction force, and improve energy efficiency and 
durability. Thus, the ER-TENG is applied to power commercial traffic 
lights and hygrothermograph under the simulated wind. 

Through the above smart transportation applications based on 
different energy harvesting technologies, these devices placed in vehi-
cles, trains, and ships, or roads, bridges, and railways show potential in 
safety protection and early warning. Along with developing techniques 
for upgrading safety classes, equipped energy harvesters can convey 
important information on traffic conditions to achieve accurate strate-
gies for safe driving. Also, the wireless network between vehicles and 
roads can be supported with efficient energy harvesters and applied for 
alerting forward traffic conditions even self-driving. 

6. Developing smart home with energy harvesting technologies 

As an important application field of the IoT, the smart home has 
received significant attention in recent years. For sensing the in-door 
environment, MEMS sensors have played a significant role, such as the 
MEMS gas sensors for CO2 [331], CH4 [332], and H2 [333]. Advanced 
technologies like Big data and Artificial Intelligence (AI) are further 
promoting related conventional applications at smart homes into the 5G 
era. Meanwhile, developing energy harvesting technologies provide new 
strategies to meet the electric energy demands of devices in the smart 
home [334]. In Fig. 6, new progress targeting at smart homes has been 
further reviewed. 

As shown in Fig. 6(a), Wang et al. reported a kind of tribo-induced 
smart window [335]. This smart window is developed with a rotary 
freestanding sliding TENG (RFS-TENG) and a polymer network liquid 
crystal (PNLC) cell. It is normally transparent but becomes opaque 
immediately upon the alternating electric field generated by external 
RFS-TENG. The switching state between ultra-transparent and 
ultra-hazy has been applied to privacy protection. Recently, Wang et al. 
from the same group have further developed a smart window based on 
an elaborately tailored cholesteric liquid crystal and a freestanding 
sliding TENG [336]. This prepared smart window can remain hazy state 
after instantaneously being charged with the TENG then disconnected, 
and restore to a transparent state by pressure-loading. Similarly, Yeh 
et al. proposed a self-powered smart window system with electro-
chromic reactions driven by a TENG operating with blowing wind or 
raindrops [337]. Moreover, Wang et al. have applied a liquid lens tun-
ned with a rotary freestanding sliding TENG in promoting color-tunable 
smart lighting and achieving self-powered wireless sensing through a 
camera monitoring the color oscillation frequency remotely [338]. 
Other typical interfaces applied in the smart home are pads or patches. 
As illustrated in Fig. 6(b), Qiu et al. reported a self-powered control 
interface based on Gray code developed with hybrid triboelectric and 
photovoltaics energy harvesting [339]. That self-powered control 
interface is developed by integrating a sliding operation TENG, a 
photovoltaic cell, and electronic signal processing circuits. Eight sensing 
transitions are achieved by the 3-bit binary-reflected Gray-code (BRGC) 
encoding patterns with the TENG, and these eight sensing transitions 
refer to eight control instructions, leading to sufficient control signals for 

controlling devices in a home environment, such as control the bright-
ness level of light, the speed setting of fans, password authentication 
access. Recently, Pu et al. developed a flexible triboelectric 3D touch pad 
(3D-TTP) based on a unit subdivision structure constructed in a 
cross-node design, and achieved effective XY positioning via a XY 
Complementary Subdivision Pattern (XYCSP) reducing the number of 
channels and the XY crosstalk, and suppressing the near end crosstalk 
(NEXT) to a value of 0.16 without additional shielding [340]. Further-
more, the 3D-TTP is demonstrated as an anti-peek built-in code lock, in 
which the pressure sensing layer underneath the XY positioning layer 
provides another invisible code when user pressing visible code number. 
Similar control patches or pads with triboelectric electrodes` designs 
also have been developed and utilized to achieve controlling a drone in a 
virtual game [341,342], a small vehicle in reality [342,343], and build 
an identification code system [341,343]. 

For those indoor power cables, the magnetostriction can help harvest 
electric power through the induced variant-magnetic field while not 
destroy existing power cables. For example, Lee et al. reported a 
magnetoelectric coupled magneto-mechano-electric energy harvester to 
convert wasted indoor magnetic field energy into electricity [221]. Two 
standard PZT-5A type soft piezoelectric ceramic plates possessing high 
electromechanical coupling coefficients, and four magnetostrictive 
metal laminates (Metglas 2605SA) possessing high saturation magne-
tostriction at low magnetic fields below 2 mT, are bonded together to 
maximize magnetoelectric coupling under low magnitude stray mag-
netic fields (≤300 μT). As a result, this generator has been demonstrated 
with a space heater and can generate an output power of 2.13 mW at a 
distance of 4.5 cm, lights 180 LEDs brightly at 10 cm away from the 
space heater, powers a digital clock continuously without charging a 
capacitor at 20 cm away from the space heater, or drives an integrated 
sensor including temperature, humidity, and acceleration sensors with a 
Bluetooth-based wireless data transmission system to work normally 
about 2 min with 10 s interval of data processing. Similarly, Kang et al. 
proposed a magneto-mechano-electric energy harvester based on 
piezoelectric macro-fiber composite and magnetostrictive multilayer 
amorphous FBS, power a commercial wireless sensor system (MID-
ASCON) by an electric kettle boiling water [344]. Moreover, Ghosh et al. 
developed a flexible and rollable magneto-mechano-electric energy 
harvester by combining magnetostrictive nickel ferrite nanoparticles 
and piezoelectric polyvinylidene-co-trifluoroethylene polymer [220]. As 
the prepared device is rolled around the power cable of an electric kettle, 
the converted electric signals are wirelessly transmitted and displayed 
on a smartphone. 

Besides, conventional floor and floor tiles have also been developed 
with energy harvesting technologies, and information on human 
walking is recorded [345–349]. Wen et al. reported a battery-free 
short-range self-powered wireless sensor network using TENG [350]. 
And this wireless sensor network is assembled in a smart mat for a 
real-time 3D VR drone control system related to entertainment at home. 
Furthermore, in Fig. 6(c), Shi et al. developed a scalable floor moni-
toring system for indoor positioning, activity monitoring, and individual 
recognition toward the smart building/home application [351]. In a 
3 × 4 mat array, six electrode coverage rates (from 0% to 100%) with a 
20% difference are designed to achieve a rational balance between the 
clear distinction and the number of floor mats. With the aid of a CNN 
model for advanced data analysis, this mat array is capable of real-time 
position sensing and identity recognition. In the demonstration, the 
position of each step is adopted for lights control at the corresponding 
sites, and the full walking signal sent to the convolutional neural 
network (CNN) model is utilized to identify the registered users for door 
access auto-control. The smart floor monitoring system produces a high 
prediction accuracy of 96% of a 10-person model, offering a highly 
secure, convenient, and accurate approach for individual recognition, 
which is superior to the camera and smart tag-based individual recog-
nition. Moreover, the floor design is also expanded to inpatient wards in 
hospitals, where a self-powered fall detection system was demonstrated 
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using a TENG arrayed floor [352]. Lim et al. introduced a 
magneto-mechano-triboelectric generator for powering a wireless in-
door positioning system, in which the generator delivered a continuous 
AC output power of 4.8 mW [353]. Similarly, Annapureddy et al. pro-
posed a magneto-mechano-piezoelectric generator and constructed an 
IoT system by combining a prepared generator with a boost capacitor, a 
power-management circuit, a supercapacitor, and a commercial smart-
watch transmitting signals of build-in triple-axis gyro (TAG) sensor 
[354]. By introducing flame-retardant single-electrode triboelectric 
yarn (FRTY) spun by a continuous and scalable-production spinning 

technology, as shown in Fig. 6(d), Ma et al. reported a self-powered 
escape and rescue system with a 3D honeycomb-structured woven fab-
ric TENG (3D F-TENG) fabricated by wrapping the polyimide yarn over 
the surface of the conductive core yarn [355]. In the flame retardancy 
test, the FRTY is little affected in appearance and electrical output 
performance. In the demonstration, the 3D F-TENG can be integrated 
into smart carpets, and victims in the fire can send accurate real-time 
location through tapping nearest carpet, and every steps on the carpet 
can help light arrow guidances in the shortest escape path. Chen et al. 
also reported a flame-retardant textile-based TENG (FT-TENG) based on 

Fig. 7. Smart healthcare developed with wearable/portable devices. (a) Self-powered pulse sensor for ant diastole of cardiovascular disease [381]. Copyright 2017, 
Wiley. (b) Machine-knitted washable sensor array textile for precise epidermal physiological signal monitoring [382]. Copyright 2020, Science. (c) Human pulse 
diagnosis using a wearable piezoelectret sensing system [383]. Copyright 2018, Wiley. (d) On-demand transdermal drug delivery system driven by TENG [384]. 
Copyright 2019, Elsevier. (e) A hybrid biomechanical energy harvester designed for human balance control processes [388]. Copyright 2021, Springer. (f) Imper-
ceptible sleep monitoring system for remote sleep healthcare and early disease diagnosis [390]. Copyright 2020, Elsevier. (g) Self-powered personalized health care 
based on a wireless textile-based sensor system [392]. Copyright 2020, Elsevier. (h) All-fiber tribo-ferroelectric based e-textile [393]. Copyright 2019, Nature. (i) 
UV-protective, self-cleaning, and antibacterial nanofiber-based TENG [441]. Copyright 2021, American Chemical Society. (j) A self-sustainable wearable 
multi-modular E-textile bioenergy microgrid system [397]. Copyright 2021, Nature. (k) Wireless battery-free wearable sweat sensor powered by human motion 
[398]. Copyright 2020, Science. (l) Self-powered room-temperature ethanol sensor [402]. Copyright 2021, AAAS. (m) Self-powered sensor network systems [409]. 
Copyright 2019, Wiley. (n) Textile-based graphene gas sensing [410]. Copyright 2021, Elsevier. 
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flame-retardant coated conductive cotton fabric and 
polytetrafluoroethylene-coated cotton fabric [356], and applied it to 
light the warning sign. 

Sound control is another important strategy in smart homes, where 
the human can issue instructions to remote control electronics without 
moving. In Fig. 6(e), Han et al. demonstrated a machine learning-based 
speaker recognition system using a multi-channel flexible piezoelectric 
acoustic sensor by mimicking the operation mechanism of the basilar 
membrane [357]. Incoming voice information of a standard male speech 
of TIDIGITS (Male, voice of 84149) dataset are converted into Fast 
Fourier Transform (FFT) and Short-Time Fourier Transform (STFT) 
multi-data to acquire the frequency characteristics of the human voice. 
The machine learning-based Gaussian Mixture Model (GMM) is 
designed by utilizing the highest and second highest sensitivity data 
among multi-channel outputs, exhibiting an outstanding speaker 
recognition rate of 97.5% with an error rate reduction of 75% compared 
to that of the reference MEMS microphone. In Fig. 6(f), Kang et al. re-
ported a wearable nanomembrane microphone device for a personal 
voice security system [358]. This device is developed from a 
sandwich-like structure of a hybrid NM mounted to a holey PDMS film 
and micro-pyramid-patterned PDMS film. It can precisely detect the 
sound and vibration of the vocal cords by the generation of triboelectric 
voltage signals. A personal voice security system has been further 
developed to recognize a registrant by perceiving the user’s voiceprint 
and computer analysis. Besides the recognition, Lee et al. fabricated an 
ultrathin and conformable electronic skin by introducing polymers with 
low damping properties to sophisticated capacitive diaphragm struc-
tures, and exact voice recognitions have been achieved for voice 
authentication and voice-controlled applications [359]. Moreover, Guo 
et al. reported a highly sensitive, self-powered triboelectric auditory 
sensor (TAS) for social robotics and hearing aids [45]. This TAS obtains a 
broadband response from 100 to 5000 hertz, thus a sound control system 
can be further set up by the basic TAS and an electronic module. Dem-
onstrations of controlling the on/off state of a desk lamp and a 
sound-triggered antitheft system have proved their potential of enabling 
an intelligent robot extended an auditory platform for imitating the 
hearing system and realize an affiliation between a robot and its master. 
Along with users speaking, surface electromyography (sEMG) generated 
from the jaw also contains lots of voice-related information. 

Intellectualized accessories also can promote the smart home. In 
Fig. 6(g), Liu et al. proposed an epidermal sEMG tattoo-like patch col-
lecting epidermal surface electromyography as a new human-machine 
interface for patients with loss of voice and achieved intelligent silent 
speech recognition to control an intelligent car [360]. When a tester 
speaks silently, the patch shows excellent performance in recording the 
sEMG signals from three muscle channels and recognizing those 
frequently used instructions with high accuracy by using wavelet 
decomposition and pattern recognization. The average accuracy of ac-
tion instructions can reach up to 89.04%, and the average accuracy of 
emotion instructions is as high as 92.33%. As shown in Fig. 6(h), Pu et al. 
proposed an eye motion-triggered self-powered mechnosensational 
communication system using a TENG-based sensor [361]. Thereinto, the 
flexible and transparent sensor based on TENG is fixed on a pair of 
glasses and detects eye motions to control a table lamp, an electric fan, 
and a doorbell. Moreover, a hands-free typing system (typing with eye 
blinking) is developed with the transmitter module, where voluntary 
blinks can be turned into orders of typing a keyboard on the screen. 
Similarly, Anaya et al. also reported a self-powered eye motion sensor 
based on triboelectric interaction and near-field electrostatic induction 
for wearable assistive technologies [362]. This sensor can monitor 
voluntary and involuntary eye blinks and be integrated into a portable 
HMI for hands-free computer cursor control and remote driving simu-
lation. In Fig. 6(i), Shi et al. developed a skin integrated electro-tactile 
system with help of the discharge between the ball-shaped electrode 
and skin induced by a remote TENG array [363], which can provide 
harmless, sensitive, and zero-power virtual tactile experiences. An 

on-skin electro-tactile matrix with 21 stimulating points is fabricated to 
demonstrate virtual tactile sensation, where both the touching position 
and the motion trace on a remote TENG array can be precisely repro-
duced on human skin through electro-tactile stimulus. 

The smart gloves are another intellectualized accessory being deeply 
studied. Qin et al. applied a magnetic array-assisted sliding triboelectric 
sensor on gloves to achieve real-time gesture interaction from finger`s 
flexion or extension to robotics [364]. He et al. introduced a 
self-powered glove-based intuitive interface for diversified control ap-
plications in real/cyber space [365], and multiple demonstrations like 
wireless car control, wireless drone control, minigame control, VR game 
control, and cursor control for online shopping as well as alphabet 
writing are achieved by that sensors-assisted glove. Wen et al. presented 
a machine learning glove in Fig. 6(j) [366]. The glove is made of ther-
moplastic elastomer/carbon nanotube mixture coated polyester textile, 
which minimizes sweat or humidity effects in energy harvesting, human 
motion sensing, and self-powered HMI applications. By leveraging ma-
chine learning, ten triboelectric sensors for ten fingers can perform 
recognition of complex and similar gestures for shooting games and 
baseball pitching in VR and floral arrangement in AR. With the assis-
tance of machine learning, Zhu et al. also introduced triboelectric and 
piezoelectric into a 3D printed smart glove and achieved virtual/aug-
mented reality applications in Fig. 6(k) [367]. The proposed gloves 
consist of only three units including triboelectric finger bending sensors 
capturing both up-down bending and left-right swinging, palm shear 
sensors detecting the interaction with the external objects, and piezo-
electric haptic stimulators immersing experience and comprehensive 
sensation. In terms of advanced control in virtual applications, the 
convolutional neural network and support vector machine algorithms 
are applied to analyze generated signals during interaction events, and 
recognition of the object and gesture are realized as well as the virtual 
impacts are delivered back to the human hand via piezoelectric stimu-
lators. Another very recent work reported by Zhu et al. has integrated 
TENG-based bidirectional sensors into an exoskeleton manipulator to 
monitor multiple movable joints of upper limbs [368]. Benefited from 
the design of a bistable switch with two electrodes on the shaft and 
grating electrodes on the fly ring, related movements of clockwise and 
counterclockwise rotation of motors in 3D printed exoskeleton arms can 
both be detected and further mapped to the virtual environment like the 
ping-pong training program and punch demonstration. 

Additionally, energy harvesting technologies also can contribute to 
achieving touchless/contactless HMI. Benefit the coupling effect of 
triboelectricity and electrostatic induction in the TENG, Tang et al. have 
promoted a touch-free screen sensor (TSS) based on single-electrode 
mode TENG array integrated by the monolayer graphene and poly-
ethylene terephthalate substrate [369], to recognize diverse gestures 
under a noncontact operating mode by utilizing the charges naturally 
carried on fingers and palms, and unlock the smartphone interface. 
Similarly, Yuan et al. developed a self-powered sandwiched noncontact 
TENG (NTENG) integrated by conductive shear stiffening gel and shear 
stiffening elastomer [370] and applied the NTENG-based array as smart 
sensing devices in the walking stick, elevator button in noncontact 
mode. Moreover, Chen et al. reported a self-powered touchless sensor 
pixel based on textured perpendicular graphene (EIPG) sheets [371], 
and realized skipping a picture by hand swinging and zooming a picture 
by double-hand operations above the sensor with four detecting probes. 
Moreover, Wan et al. introduced a flexible hybridized 
electromagnetic-triboelectric nanogenerator and realized 3D trajectory 
sensing through EMG current outputs with the magnetic and conductive 
polydimethylsiloxane (MC-PDMS) moving above a copper FPCB coil 
array [372]. Recently, as shown in Fig. 6(l), Liu et al. proposed A 
magnetic-interaction-assisted hybridized triboelectric-electromagnetic 
nanogenerator (MAHN) for advanced human-machine interfaces in 
recognizing simple air gestures and achieving contactless control [373]. 
The MAHN consists of the moving part and the fixed part, and each part 
obtains one magnet, thus two parts are attracted to each other at the rest 
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state. As for energy harvesting, outputs of TENG and EMG have been 
enhanced by the powerful attraction and a silicone-based cushion with 
microstructures, and the scaling-down effect of output performance by 
lower operating frequency also has been weakened by the magnetic 
attraction induced by the two-magnet design. Besides powering a ther-
mometer and a Bluetooth module, the MAHN with electrodes` design 
has accomplished multiple typical applications in HMI by utilizing both 
the triboelectric signals and electromagnetic signals. Along with the 
Arduino platform, the MAHN can transfer moving directions by deter-
mining positive peaks in four electrodes, and achieve control like a 
joystick in a classic game of Snake. Moreover, non-contact operations 
have been developed by the user waves the vertical moving part above 
the fixed part, resulting in recognizing simple air gestures for contactless 
controlling, thus the MAHN helps the user control a PowerPoint docu-
ment including fullscreen, page down, page up, and end presentation 
and realizes most functions of the commercial laser pointer but with a 
self-powered design. The MAHN also can be easily attached to 
iron-based furniture and household appliances, similarly to refrigerator 
magnets, for non-contact interactions in the smart home. Finally, a 3 × 3 
array of the MAHN is prepared and channels are simplified by the 
traversal method without loss of functions to achieve more complex 
control. A virtual football game is demonstrated with the Nitrile film 
attached to the outsole. The user steps on different zones to assist the 
player in the game in locating at different positions and functions in 
different zones assist the player in shooting in different directions. 

Throughout the above IoT applications based on different energy 
harvesting technologies designed among smart homes, either improved 
smart windows and floors or created interfaces for controlling and 
identification have attracted amounts of investigations and presents 
huge market prospect. With developments of energy harvester with 
flexibility and wearable, intelligent interaction in reality and VR/AR 
environment, and real-time control in contact mode and noncontact 
mode have played an important part in HMI applications. Combined 
with various smart terminals like mobiles and speakers, these devices 
can harvest energy at the idle state and transmit signals and orders in a 
set period, which facilitating applications in smart homes to become 
smarter. 

7. Smart healthcare developed with wearable/portable devices 

With the increasing demand of humans monitoring their physical 
conditions, external devices with wearable and portable designs of 
biomechanical energy harvesters, have played an increasingly important 
role in constructing self-powered or self-sustainable systems in smart 
healthcare [374–380]. In Fig. 7, these biomechanical energy harvesters 
can be integrated into clothes, shoes, patches, even pillows, and harvest 
mechanical energy from pulses, activities, even movement as sleeping, 
help to monitor physical conditions in real-time and wirelessly. 

Physiological signal monitoring is one of the most important in-
dicators of health. In Fig. 7(a), Ouyang et al. developed a self-powered 
pulse sensor (SUPS) with contact-separation mode TENG encapsulated 
inside by elastomer [381]. This SUPS can be integrated with a Bluetooth 
chip to provide accurate, wireless, and real-time monitoring of pulse 
signals of the cardiovascular system on a smartphone or computer, thus 
coronary heart disease (CHD), atrial septal defect (ASD), and atrial 
fibrillation (AF) are indicative diagnosed from health by analyzing pulse 
signals. With the deepening of research, Fang et al. reported a washable 
triboelectric all-textile sensor array (TATSA) for precise epidermal 
physiological signal monitoring in Fig. 7(b) [382]. This high sensitivity 
TATSA is knitted with conductive and nylon yarns in a full cardigan 
stitch, which exhibits a high-pressure sensitivity (7.84 mV/Pa), a fast 
response time (20 ms), stability (>100,000 cycles), and machine 
washability (>40 washes). A wireless mobile health monitoring system 
(WMHMS) is further developed with the TATSA to acquire the analog 
physiological signals, an analog conditioning circuit to ensure sufficient 
details and excellent synchronism of signals, an analog-to-digital 

converter to collect and convert the analog signals to digital signals, and 
a Bluetooth module to transmit the digital signal to the mobile phone 
terminal application. With different TATSAs applying in different posi-
tions, correspond pulse waves are detected from the neck, wrist, 
fingertip, and ankle. Moreover, the TATSA tied around the chest is 
applied to monitor respiration polysomnography signals, in which stable 
respiratory and pulse signals with abundant physiological information 
(such as respiratory rate, heartbeat rate, and feature points of the pulse 
wave) are obtained simultaneously and accurately. In Fig. 7(c), Chu 
et al. applied an FEP/Ecoflex/FEP sandwich-structured piezo electret 
with high equivalent piezoelectricity in constructing an active pulse 
sensing system [383]. With help of big data analyses based on a dynamic 
time warping (DTW) algorithm, a true positive rate of 77.0% and 
long-term stability capable of differentiating and classifying pulses from 
different volunteers coupled. Furthermore, a pulse sensing array is uti-
lized to acquire the pulse patterns from the Cun, Guan, and Chi posi-
tions, mimicking the three-finger pulse palpation in traditional Chinese 
medicine. 

For those patients who need medical care, as shown in Fig. 7(d), 
Ouyang et al. reported a self-powered, on-demand transdermal drug 
delivery system driven by TENG [384]. In this system, the TENG part 
carried with patients can harvest mechanical energy from the human 
body’s motions, and generated electric power is stored by an integrated 
power management circuit, and output stabilize electricity for 
on-demand drug release actions. And the drug release rate is tunable by 
changing the duration of TENG charging or the resistance of the power 
management circuit. A similar design of rotating TENG has also been 
applied to build an implantable self-powered drug delivery system 
[385]. Moreover, the drug delivery system also can be driven by wear-
able TENGs operating with body motions [386,387], which have been 
illustrated as cost-effective solutions for noninvasive therapy. 

For users who lacked action capabilities or disabled, as shown in 
Fig. 7(e), Liu et al. reported a hybridized electromagnetic-triboelectric 
nanogenerator (HETNG) to harvest biomechanical energy from the 
inherent balance control processes [388]. The HETNG is composed of a 
symmetrical pendulum structure and a cylinder magnet rolling inside. 
Along with body movements induced by lifting the foot up and down 
during human balance control processes in slowly walking, the HETNG 
generates varying amplitude electric signals when the device is placed at 
different positions on the trunk. Thus, body rotations of turning left and 
right, and actions of stepping up and down a platform are monitored by 
placing the HETNG at an upper position of the trunk and discriminated 
from overlapped voltage signals of different EMGs and the middle TENG. 
Moreover, the HETNG has been simulated for being integrated into 
artificial limb by placed on thigh and foot, and actions of squat and stand 
up, lifting the leg up and down have been monitored, and a Bluetooth 
module attached on clothes is powered and help send temper-
ature/humidity information to a mobile phone. For the elder that walks 
slowly with a walking aid, the HETNG equipped on the walking aid can 
help to record the motions of forwarding and unexpected falling, which 
is useful for calling for help. In contrast, Liu et al. reported a 
self-powered artificial joint wear debris sensor based on TENG [389]. 
Thereinto, the TENG with polyethylene film and steel ball is integrated 
into an artificial joint by thermo-compression. There shows an obvious 
decreasing trend in both voltages and currents with the increase in the 
amount and size of the particles, which implies real-time wear debris 
monitoring for joints in prostheses. Remarkably, the above biome-
chanical energy harvesters in artificial limbs conform to the trend of 
developing multiple sensors and motors in advanced prosthetics, which 
help improve durability and flexibility in smart artificial limbs. 

For those symptoms that are difficult to detect like sleep problems, 
Zhang et al. reported an imperceptible sleep monitoring bedding for 
remote sleep healthcare and early disease diagnosis in Fig. 7(f) [390]. 
The daily-used pillows are filled with a fluffy pile of self-powered 
triboelectric body-motion sensors with a feather-like structure. 
Various motions in the sleep state, including turning-over, breathing, 
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mild snoring, serve snoring or teeth-grinding are detected by analyzing 
electric signals sent by the wireless microchips. Lin et al. prepared a 
bedsheet with a pressure sensor array based on washable textile TENGs 
and applied it in real-time and self-powered sleep behavior monitoring 
[391]. Furthermore, Meng et al. developed a wireless textile-based 
sensor system in Fig. 7(g) [392], and realized real-time and contin-
uous measurement of human pulse waves and diagnose obstructive sleep 
apnea-hypopnea syndrome (OSAHS). The textile sensor consists of 
silver-coated polyester fabric as the base and electrode, and an embossed 
flower-shaped textile as the superstructure. The pulse pressure-induced 
periodical contact area change between two fibers generates electrical 
signals, result in an excellent sensitivity of 3.88 V/kPa over a wide 
detection range from 0.1 kPa to 4.3 kPa. Then the textile sensor can 
continously monitor pulse wave signals from even elderly and weak 
people, as well as diagnose OSAHS noninvasively and continuously even 
under body movements. 

For common use, Yang et al. reported all-fiber tribo-ferroelectric 
synergistic e-textile as shown in Fig. 7(h) [393]. This e-textile presents 
outstanding thermal moisture comfortability and delivers the maximum 
peak power density of 5.2 W/m2 under low-frequency motion. It can be 
directly sewn on existing garments in a sole, and support a self-powered 
wireless gesture monitoring system to captures gait in different motion 
states like in real-time. Likewise, in Fig. 7(i), Jiang et al. developed 
nanofiber-based TENGs for biomechanical energy harvesting and 
self-powered sensing, as shown in Fig. 7(h). Due to the added TiO2 
nanoparticles, the TENGs present excellent UV-protective performance, 
including the ultraviolet protection factor (UPF) of ~204, the trans-
mittance of UVA (TUVA) of ~0.0574%, and the transmittance of UVB 
(TUVB) ~0.107%. Furthermore, the TENGs show merits of self-cleaning 
refer that most surface contamination can be degraded after self solar 

lighting for 25 min, and excellent antibacterial activity against Staphy-
lococcus aureus. Furthermore, Hazarika et al. reported a textile-based 
TENG to achieve Joule heating from the biomechanical motion of the 
body as well as wind energy [394], and Ning et al. also reported a 
textile-based TENG with the ability of thermal-regulating [395], which 
enable conventional clothes more comfortable and intelligent. Addi-
tionally, Peng et al. proposed a breathable, biodegradable, antibacterial, 
and self-powered electronic skin based on all-nanofiber TENGs [396], 
which are applied to achieve real-time and self-powered monitoring of 
whole-body physiological signal such as blinking, pulsing, speaking, and 
respiring, and major joint motion detections, including knuckle, elbow, 
knee, and ankle. 

Towards biosensors applied in athletic activities, integrated energy 
harvesting parts have enabled the whole system more sustainable. In 
Fig. 7(j), Yin proposed a wearable e-textile microgrid system based on 
sweat-based biofuel cells (BFCs) harvesting biomechanical energy, 
triboelectric generators (TENGs) harvesting biochemical, and storage 
modules of supercapacitors (SCs) [397]. These modules of energy har-
vesting and storage are printed, textile-based, durable, and flexible, and 
can be easily integrated onto a shirt to harvest energy from the sliding 
motion between the forearms and the torso by TENGs and the sweat 
generated above the chest by the BFCs. When this microgrid system 
works during human movements, the storage modules are firstly acti-
vated with the instant motion-induced charge generation from the TENG 
to rapidly boot the system, while the subsequently activated BFCs har-
vest biochemical energy from electro enzymatic reactions of sweat 
metabolites for prolonged power delivery. As a result, the Na+

sensor-ECD system in pulsed mode is continuously powered with a 
10-min running session followed by 20 min of rest. Similar in Fig. 7(k) 
shows a battery-free, fully self-powered wearable system that consists of 

Fig. 8. Smart healthcare developed with implantable energy harvesters. (a) Implantable and self-powered blood pressure monitoring is based on a piezoelectric thin 
film [421]. Copyright 2016, Elsevier. (b) Biodegradable TENG as a life-time designed implantable power source [423]. Copyright 2016, Science. (c) Direct Powering 
a real cardiac pacemaker by the natural energy of a heartbeat [425]. Copyright 2019, American Chemical Society. (d) Symbiotic cardiac pacemaker [426]. Copyright 
2019, Nature. (e) In vivo cardiac power generation is enabled by an integrated helical piezoelectric pacemaker lead [427]. Copyright 2019, Elsevier. (f) Battery-free 
neuromodulator [428]. Copyright 2018, Elsevier. (g) Self-powered wireless transmission using biocompatible flexible energy harvesters [435]. Copyright 2017, 
Wiley. (h) Self-powered wireless cardiac monitoring via implantable TENG [436]. Copyright 2016, American Chemical Society. 
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a highly efficient wearable freestanding-mode TENG (FTENG), a 
low-power wireless sensor circuitry, and a microfluidic sweat sensor 
patch on a single flexible printed circuit board (FPCB) platform [398]. 
For on-body evaluation, six panels of FTENG are used for harvesting 
biomechanical energy during a healthy subject through treadmill 
running, the stators of FTENG are fixed on the side torso, while the 
sliders are attached to the inner part of the arm. The physiological in-
formation is wireless-transmitted to a user interface on a mobile phone, 
and five measurements of stable pH levels and increased Na+ levels have 
been recorded by this self-powered wearable system during the 30-min 
exercise. 

For gas sensors used in respiration and the environmental atmo-
sphere, energy harvesters also can be applied to improve their sustain-
ability and reliability [399,400]. In 2015, Wen et al. introduced a 
fundamentally new working principle in the gas sensing field by a 
blow-driven rotational TENG (BD-TENG) [401]. When the alcohol 
concentrations increase, the resistance of the Co3O4 based gas sensor 
increases accordingly. Consequently, the voltages of the BD-TENG in-
crease with the increasing alcohol concentrations while the currents 
hold almost constant. As a result, the response to 100 ppm vapor ethanol 
reached ~34.5 with a low detection limit of 10 ppm, and a complete 
wireless warning system is further built. Recently, as shown in Fig. 7(l), 
Tian et al. reported a self-powered room-temperature ethanol sensor 
based on brush-shaped TENG [402], which has excellent durability and 
high selectivity of 5 ppm. The gas-sensitive oxide semiconductor of the 
WO3 gas sensor is selected as the sensory component for the ethanol 
detection, while the resistance change of the sensor can well match the 
“linear” region of the load characteristic curve of brush-shaped TENG. 
To build a fully portable and wireless gas sensing system, an accelerator 
gearbox is applied to support rotations of the TENG, and the LCD screen 
is equipped to visually changed the concentration of ethanol gas. Be-
sides, a facile respiration-driven TENG with a balloon is applied to 
monitor the concentration of NH3 [403], which obtains a sensitivity 

(13.66 ppm− 1) for trace-level NH3 concentrations from 0.1 to 1 ppm. 
And an alveolus-inspired active membrane sensor (AIMS) based 
single-electrode TENG is applied to detect NO2 [404], which is related to 
respiratory and allergic diseases such as asthma, pneumonia, and 
possibly tuberculosis. As a result, this AIMS obtains an excellent sensi-
tivity up to 452.44%, good linearity of 0.976, and shows superior 
selectivity under a NO2 concentration of 50 ppm. 

For gas sensing in the environmental atmosphere, Cui et al. have 
developed a self-powered NH3 sensor with PANI-based TENG [405], and 
obtain a good sensitivity with the limit detection of 500 ppm at room 
temperature by monitoring changed output voltages from 
contact-separation. In contrast, Wang et al. reported an ultrasensitive 
self-powered NH3 sensing system with a PANI-MWCNTs composite 
based TENG connected to the interdigital electrodes placed in the gas 
atmosphere [406], and achieved a sensitivity with a response of 10% at 
0.01 ppm as well as a great response of 255% at 100 ppm. Furthermore, 
Su et al. monitored NO2 by ZnO-rGO based TENG rectified connected to 
the interdigital electrodes [407], and achieve an exceptional response of 
16.8–100 ppm. Chang et al. applied low-resistant rGO-In2O3 semi-
conductor composite-based TENG to monitor aniline toxic gas [408], 
and exhibits a linear sensibility (200–1200 ppm) in output currents. 
Recently, Lee et al. reported a 6FDA-APS PI-based TENG to driven gas 
sensor network [409], as shown in Fig. 7(m). Besides this TENG pos-
sesses the highest effective charge density of about 860 µC/m2, the 
TENG is also applied to drive a gas sensor network with a power unit and 
the main server for gas recognition. Thereinto, a 2D 2 × 2 microarrays 
with ZnO and SnO2 NPs decorated with metallic (Ag and Pd) NPs is 
further developed to detect H2, CO, and NO2, and the analog signals 
obtained in the sensors are processed by the analog-to-digital converter 
(ADC) of the STM32L4 microcontroller unit (MCU) to be transmitted to 
the main server for pattern recognition. The principal component 
analysis (PCA) is used to analyze the aggregate data set, and the sensor 
array network provide feature clusters among three kind gases at 95% 

Fig. 9. Outlook of promoting smart cities into the 5G era with energy harvesting technologies.  
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confidence level. Thus, three gases are identified by the lit LEDs within 
3–6 s. Similarly, the machine learning method of PCA for gas sensing 
was also reported by Zhu et al. [410], as shown in Fig. 7(n). Thereinto, a 
flexible and foldable high-performance graphene textile gas sensor 
(GT-GS) for H2 is developed with rGO coated textile-based TENG, and a 
Bluetooth module is powered with that triboelectric textile to detect 
temperature for calibrating the initial resistance. 

Additionally, Zou et al. reported a bionic stretchable nanogenerator 
(BSNG) for underwater sensing and energy harvesting, which is 
customized for swimmers [411]. Multiple channels in the BSNG are 
inspired by electric eels, which can open and close simultaneously 
controlled by a simple mechanical force, thus generating electricity in 
the external circuit. By integrating the BSNG and a packaged 
multi-channel wireless signal transmission module, the motion signals of 

four arthroses can be acquired in real-time through assorted software 
installed on a laptop. Thus, Zou et al. establish an underwater wireless 
multi-site human motion monitoring system to help swimmers learn 
about proper swimming strokes by analyzing signals collected from el-
bows and knees. An additional undersea rescue system is also introduced 
to transmit swimmers’ drowning signals to safety inspectors. And Jiang 
et al. integrated a wearable noncontact free-rotating hybrid nano-
generator (WRG) into shoes for runners [412]. The WRG consists of a 
triboelectric nanogenerator and an electromagnetic generator, which 
can synchronously and continuously generate electric power during one 
instantaneous incentive by an external force. Furthermore, when a 
volunteer is running with shoes equipped with the WRG, the gravita-
tional potential energies of the volunteer’s body are harvested to charge 
the battery (0.8 mAh) of the GPS and monitoring the location of the 

Table 5 
Reported mechanical energy harvesters for wireless IoT applications.  

Ref. Energy harvesting 
technologies 

Energy sources Prototype Power/Power density Demonstration 

[133] Triboelectric Vibration 6.5 × 6.5 × 2 cm3 10 mW Power an RF module from automobile 
engine vibration and transmitting the sensor 
signal wirelessly to the remote receiver. 

[436] Triboelectric Biomechanical energy in 
vivo 

25 mm × 10 mm × 1.5 mm 107 mW/m2 Power an implantable wireless transmitter. 

[271] Triboelectric Water waves N/A 1.366 W/m2 Power a commercial wireless temperature 
sensor (eZ430–RF2500T, Texas 
Instruments). 

[141] Triboelectric Wind Φ10 × 1.6 cm3 44.4 μW at 300 rpm Power a wireless sensor node and send 
measured rotation rate. 

[161] Piezoelectric Human motion N/A 0.2 mW, 2660 μW/cm3g2 Powering a wireless temperature sensor 
node (eZ430-RF2500T, Texas Instruments) 

[162] Piezoelectric Human motion 226 cm3, weight of 235 g 1.76 mW Power a customer-built wireless 
communication sensing node for a 46 ms 
period every 1.25 s after an initial charging 
time of 28.4 s 

[160] Piezoelectric Human motion N/A 3.11 µW/cm2 Assist a Bluetooth module in achieving 
remote control. 

[189] Electromagnetic 
induction 

Human motion Ø14.8 mm × 52 mm, 
Weight of 20 g 

4.95 mW for running, 
6.57 mW for handshaking 

Power a Bluetooth low energy wireless 
sensor node, measure and send the 3-axis 
acceleration (ADXL363) at 25 Hz. 

[159] Electromagnetic 
induction 

Vibration 38 mm × 26.3 mm 2660 μW/cm3g2 Power the sensor node (Cypress IoT kit, 
S6SAE101A00SA1002) through car 
vibration 

[219] Magnetostriction Vibration Device of 4 g and 
4 × 0.5 × 16 mm, a Proof 
mass of 1.7 g 

2.0 mW at 88.7 Hz The wireless module (IM 920) was powered 
at 99 Hz and 2.94 m/s2 

[220] Magnetostriction Vibration generated from 
the low-level magnetic 
field of 50 Hz 

N/A 0.05 μW/cm3 Assist a Bluetooth module (HC-05) in 
transmitting data to a smartphone 

[221] Magnetostriction Vibration generated from 
low frequency stray 
magnetic fields 

N/A 5.32 mW under the 500 μT Power an integrated wireless sensor 
communication system (MIDASCON, Hanvit 
SI., Inc.) 

[222] Magnetostriction Vibration generated from 
the distributed force and 
stray magnetic fields 

N/A 37.5 µW under 1.2 mT Power a Bluetooth sensor tag 

[234] Triboelectric and 
electromagnetic 
induction 

Wind 15 × 10 × 6.7 cm3, 0.36 mW for TENG, and 
18.6 mW for EMG, at a wind 
speed of 9 m/s 

Power a BLE sensor module (YJ-18039) 

[442] Piezoelectric and 
electromagnetic 
induction 

Vibration 72.01 g 25.45 mW at 60 Hz and 0.5 G 
input vibration 

Power a Bluetooth Sensor Tag (CC2650, 
Texas Instruments Corp) 

[99] Triboelectric and 
piezoelectric and 
electromagnetic 
induction 

Vibration Φ48 mm × 27 mm, the 
weight of 80 g 

78.4 μW for TENG, 36 mW 
and 38.4 mW for two EMGs, 
122 mW and 105 mW for two 
PEGs, at 20 Hz 

Power the wireless transmission module 
which applied Zigbee protocol with low 
power consumption. 

[20] Triboelectric and 
piezoelectric 

Vibration 70 mm × 30 × mm 28.5 mm 6.5 mW for PEG in 1.0 g 
acceleration at 25 Hz 

Assist an RF transceiver of DL-20 CC2530A 
in sending TENG acceleration signal by 
Zigbee. 

[131] Triboelectric and 
electromagnetic 
induction 

Vibration Φ4 × 3 cm3 0.34 mW/g for TENG, 
0.12 mW/g for EMG 

Power a wireless smart sensor by energy 
harvester arrays. 

[203] Triboelectric and 
electromagnetic 
induction 

Water wave 16.7 × 10 × 4 cm3 15.21 μW for TENG, 1.23 mW 
for EMG 

Power an RF module transmitter and send 
temperature data from 300 m.  
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moving individual in real-time and continuously. Yan et al. also reported 
a linear-to-rotary hybrid nanogenerator based on TENG and EMG, to 
power a body area wireless network for personalized healthcare like 
temperature/humidity monitoring [413]. Rahman et al. developed a 
portable hybridized generator harvesting mechanical energy for 
climbers [414], which can be an effective portable power source for 
smart/wearable electronics when users are hiking and climbing. 

As analyzing with the above IoT applications for healthcare, these 
wearable/portable devices based on different energy harvesting tech-
nologies show the potential for monitoring physiological signals during 
daily activities and sleeping, assisting drug delivery, promoting smart 
artificial limbs, enabling clothes UV resistance and thermal regulation, 
and alerting harmful gases. Combined with mature waving technologies, 
textile-based energy harvesters can be large-scaled prepared and inte-
grated with various fiber-based sensors, then realize a whole-body 
microgrid system. And portable energy harvesters embed in shoes or 
bags operating with large-amplitude motions can be applied as efficient 
power supplies outdoor for wireless sensor nodes. 

8. Smart healthcare developed with implantable energy 
harvesters 

Implantable electronics is an advanced research field and can 
improve health quality even save lives. Most commercially implantable 
electronics-powered batteries are challenged with limited lifetimes, 
such as cardiac pacemakers, defibrillators, deep brain stimulators. The 
progress of energy harvesting technologies demonstrates the possibil-
ities of offset the batteries’ defect or even replace them [415–420]. In  
Fig. 8, advanced works applied energy harvesting technologies have 
been proposed and tested in animals. 

In Fig. 8(a), Cheng et al. reported a self-powered blood pressure 
monitoring based on a piezoelectric thin film, and tests are demon-
strated in vitro and in vivo [421]. The prepared piezoelectric thin film is 
pliable enough to be wrapped around the aorta and detect blood from 
expansions and retractions of the aorta. In vivo experiment carried out in 
adult Yorkshire porcine, favorable linearity with a sensitivity of 
14.32 mV/mmHg has been achieved. When the blood pressure increases 
and exceeds 140 mmHg, the outputs from that device wrapped on the 
ascending aorta can light an LCD on the thoracic skin of the animal, 
alarming and predicting the danger status of hypertension. Furthermore, 
Liu et al. proposed a miniaturized, flexible, and self-powered endocar-
dial pressure sensor (SEPS) by integrating the TENGs with a surgical 
catheter [422]. By implanting the SEPS into the left ventricle of an adult 
Yorkshire swine, hemodynamic coordination and the level of endocar-
dial pressure can be monitored with the output performance of the SEPS, 
which obtains a sensitivity of 1.195 mV/mm/Hg. 

For implantable healthcare devices for short-term treatment, 
biodegradability is growing important for removing the devices without 
the surgery after completing working cycles. In Fig. 8(b), Zheng et al. 
shared a lifetime designed implantable power source from biodegrad-
able TENG (BD-TENG) [423]. This BD-TENG is composed of the 
encapsulation structure, the friction layers, the electrode layers, and the 
spacer. All these parts are made from biodegradable polymer materials, 
thus the BD-TENG can be degraded and resorbed in an animal body after 
completing its work cycle without any adverse long-term effects. By 
choosing different materials, such as two representative BD-TENGs 
fabricated and sealed in PVA and PLGA encapsulation, the lifetime of 
BD-TENGs is controllable. Additionally, a DC-pulsed electrical field 
generated by the BD-TENG has been proved effective for orientating 
nerve cell growth. Li et al. also fabricated biodegradable (BD) implant-
able TENGs (iTENGs) [424], and effectively tuned the degradation 
process in vivo by employing Au nanorods (AuNRs) responding to the 
near-infrared (NIR) light. 

The implantable electronics based on biomechanical energy har-
vesting also can be applied in therapy and medical care for the heart. In 
Fig. 8(c), Li et al. reported an integration strategy for directly powering a 
commercial cardiac pacemaker by harvesting energy from a heartbeat in 
vivo [425]. The key component is an implantable piezoelectric energy 
generator consisting of an elastic skeleton and two piezoelectric com-
posites. The device can generate a high-output current of 15 μA in vivo, 
and the switchable circuit for two piezoelectric units provides practical 
solutions for the implantable medical devices operating in various 
voltages and currents. In Fig. 8(d), Ouyang et al. proposed a symbiotic 
cardiac pacemaker (SPM) based on an implantable TENG (iTENG) 
[426]. The SPM consists of a core-shell structured iTENG, a power 
management unit (PMU), and a pacemaker unit. When implanted be-
tween the heart and pericardium, the electrical output of iTENG is 
completely synchronized with the corresponding electrocardiography 
(ECG). Towards symbiotic pacemaker tests in vivo, the electrical energy 
generated from the iTENG and stored in the PMU, is proved to power the 
pacemaker unit for pacing therapy. Unlike former demonstrations based 
on energy harvesters placed directly onto the epicardium or pericar-
dium, Dong et al. introduced a self-wrapping helical piezoelectric 
nanogenerator (Fig. 8(e)) [427]. The device is integrated into part of the 
existing pacemaker lead with no direct contact with the heart. In vivo 
studies under various conditions of anchoring, pacing, and calcium 
chloride infusion are processed in a porcine model, and results show that 
a 10 * 10 array of helical devices wrapping all through the lead would 
extend the lifetime of the pacemaker battery by 1.5 years. 

Modulation or simulation of nerves is an emerging field for 
implantable electronics, Lee et al. reported a battery-free neuro-
modulator in Fig. 8(f), where a water/air-hybrid TENG (WATENG) to 
achieve efficient nerve stimulation [428]. Through combining the 
generated electric signals with neural interfaces, selective and 
force-controlled modulation of leg muscles in rats can be achieved. 
Similarly, Hwang et al. introduced a flexible piezoelectric energy 
harvester to trigger paw movements through deep brain stimulation 
[429]. 

To promote the applied range of implantable electronics, kinds of 
implantable energy harvesters have been developed by piezoelectric 
nanogenerators driven by heartbeats [430,431], microgenerator based 
on magnetic coupling implanted in the artery [432,433], implantable 
biofuel cell operated under conditions mimicking the human blood 
circulatory system [434]. In Fig. 8(g), Kim et al. achieved in-vivo self--
powered wireless transmission using a biocompatible flexible piezo-
electric energy harvester [435]. The device is affixed to a porcine heart 
between the right ventricle and left ventricular apex, and extracts energy 
from the heart’s activities. The demonstration of self-powered wireless 
data transmission using biomechanical energy has been successfully 
approached with a median sternotomy of a pig. As shown in Fig. 8(h), 
Zheng et al. reported an in vivo self-powered wireless cardiac moni-
toring via implantable TENG (iTENG) [436]. The iTENG is composed of 

Table 6 
Commercial energy harvesting assisted productions.  

Company Product Energy source 

en:key RPW301-FTL Room Sensor Solar 
EnOcean LD-MC/A Solar 
EnOcean Ceiling Mounted Occupancy Sensor - 

EOSCU (OEM) 
Solar 

EnGo Wire-free LED solar streetlight Solar 
EDYN Smart Garden Solar 
Cypress CYALKIT-E02 Solar-Powered BLE 

Sensor Beacon 
Solar 

EnOcean Single Rocker Pad ESRPB Kinetic energy 
(pressure) 

Illumra Self-powered light switch (E3T-S1AWH) Kinetic energy 
(pressure) 

EnOcean Self-powered Wireless Occupancy 
Detection (EKCSU-W) 

Mechanical energy 
harvesting 

Perpetua Power Puck Thermal 
Matrix Power Watch Thermal 
POWERCAST RF Power harvester (P2110B) RF energy  
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a multilayered structure of core/shell/shell package, “keel structure”, 
electrode layers, and triboelectric layers. When the iTENG is set between 
the heart and pericardium, it harvests biomechanical energy by a peri-
odical contraction and relaxation of the heart actuated the friction layers 
and resulted in the contact and separation action. Moreover, a 
self-powered wireless transmission system (SWTS) is fabricated, in 
which the harvested electrical energy can be wirelessly delivered to 
external devices and revealed some real-time cardiac information by 
inductive coupling coils. Results show that after charging for only 3 s by 
the heartbeat of an adult Yorkshire porcine, the stored energy in the 
power management unit is sufficient to transmit wireless data. Besides 
scavenging biomechanical energy from the heart, Hinchet et al. intro-
duced another strategy for transcutaneous ultrasound energy harvesting 
to enhance implantable devices [437]. The ultrasound outside can 
induce micrometer-scale displacement of the implanted triboelectric 
device in porcine tissue, thus generate the output power of approxi-
mately 98.6 μW, which is high enough to recharge the batteries of 
pacemakers or neurostimulators consuming. 

Implantable electronics based on biomechanical energy harvesting 
have great practical significance for curing diseases such as cardiac 
pacemakers. There are large quantities of biomechanical energy-wasting 
worthlessly inside the human body during living life. The benefit with 
different energy harvesters, energy from heartbeat, respiration, and 
blood flow can be collected to extend implantable electronics’ lifetime, 
and physiological signals also are collected and transmitted by wireless 
sensor nodes. 

9. Summary and perspective 

In this review, we briefly investigate current energy harvesting 
technologies for mechanical/kinetic energy sources, such as triboelec-
tric, electrostatic, piezoelectric, electromagnetic induction, and 
magnetostriction. To verify the potential of applied mechanical energy 
harvesters in advanced IoT applications, research works focusing on 
smart environment monitoring (wind, ocean, and agriculture), smart 
transportations (drivers, vehicles, maritime, roads, and bridges), smart 
homes (windows, floors, accessories, and human-machine interfaces), 
smart healthcare (wearable devices, and implantable devices) are 
illustrated. Various energy harvesters are clarified according to oper-
ating conditions, and mechanical structures. The output power is 
scientifically enhanced by optimized structure, appropriate materials, 
power management circuits, and hybridized strategies. 

By making a comprehensive survey of multi-field IoT applications 
powered with advanced mechanical energy harvesters, there are 
considerable achievements made recently for supporting services in 
smart cities. Moving forwards to the 5 G era, the gap between energy 
harvesting and energy consumption highlighted in Fig. 9 should be 
tackled. On one hand, energy harvesting technologies help build various 
energy harvesters and self-powered or self-sustainable sensor nodes, 
which can extract electric power and collect information from the 
ambient. On the other hand, analysis and prediction with artificial in-
telligence, accurate remote control, and real-time monitoring need vast 
information transmissions and reliable energy supplies. Reported pro-
totypes targeting wireless IoT applications are summarized in Table 5, 
which presents broad market prospects combining commercial wireless 
sensors. However, the prototypes demonstrated in the labs still have 
aspects that need improvement for practical uses, such as strategies of 
activating energy harvesting when mechanical stimulus available, con-
trolling energy consumption with power management integrated cir-
cuits (PMIC), and tuning communication intervals for valid monitoring. 

Through surveying commercial energy harvesting-assisted pro-
ductions summarized in Table 6, mechanical energy has not got more 
attention than solar energy. Thus it can foresee a huge valuation of 
markets due to that mechanical energy sources widely spread in smart 
cities and little influences with the day-night alternate. As for the pro-
duction of energy harvesting-supported wireless sensor nodes is 

composed of one or multiple sensing units, a radio transceiver, a pro-
cessing unit, one or multiple energy harvesters, one or multiple energy 
storage units, a power management system, and an energy predictor [33, 
438]. The energy storage units, such as supercapacitors and recharge-
able Batteries, would help narrow the gap between required power and 
generated power, and electric power converted by different energy 
harvesters is stored first before consumed in wireless transmissions. The 
power management systems, such as dynamic power management and 
harvesting-aware energy management [439,440], have been developed 
for enhancing energy conversion efficiency, and controlling power 
consumption to guarantee that energy consumed is always less than or 
equal to energy harvested. Energy prediction can help optimize pro-
tocols with knowledge of energy generation and power consumption in 
the short and long term. Moreover, communication protocols, such as 
the ZigBee protocol (IEEE 802.15.4), are applied to effectively utilize 
storage energy in sensing, computation, and communication. 

With in-depth research focused on specific scenarios, followed 
emerging trends might contribute to the future applications are envi-
sioned. (1) To develop independent work platforms or stations for smart 
environmental monitoring, energy harvesters with structures of me-
chanical regulation can offset irregular mechanical stimulus and output 
continuous and regular electric power after each excitation. These reg-
ular outputs can promote prototypes combined with standard chips of 
PMIC. (2) Smart farming operated with multi-functional energy har-
vesters and on-plant self-powered sensors is a green revolution to ach-
ieve precision farming and farming automation. Besides supporting 
sensors monitoring soil, water, light, humidity, and temperature sus-
tainably, energy harvesters can further communicate with around fa-
cilities that determine whether location-specific treatment is necessary. 
(2) As for smart traffic monitoring around the urban area, self-powered 
sensor networks on vertices can be developed by placing vibration en-
ergy harvesters at different places such as doors, pedals, and tires. 
Conditions of vehicle and driving can be real-time monitored and further 
upgrade safety class and improve anti-lock braking systems. The self- 
powered sensor network with big data analysis is expected to identify 
different drivers and help promote a self-driving system. (3) Up to smart 
homes, energy harvesters integrated into floors and walls can address 
energy supply among human-machine interactions such as location and 
movements, not only in reality but also in VR/AR. And privacy verifi-
cation with codes or sounds can be realized through wearable patches or 
portable pads equipped with self-powered tactile sensors or acoustic 
sensors. (4) Smart lighting tuned by energy harvesters is another 
emerged issue in smart homes and smart environmental monitoring. 
Through cameras observing tunned or generated colors, oscillation 
frequency, and shift displacement remotely, reliable and energy- 
efficient wireless sensing system even Li-fi can be further achieved. (5) 
For smart healthcare, the whole-body microgrid system in clothes can be 
developed with flexible textile-based energy harvesters integrated into 
different positions of large amplitudes, e.g., shoulders, elbows, and 
knees. Thereinto, different actions and postures are recorded and 
recognized from self-powered stain sensors and pressure sensors with AI 
analysis. (6) Smart communication is another important issue, and en-
ergy harvesters with electrodes` design can further supply programmed 
encryption modes, which can help perfect wireless sensor networks in 
specific application scenarios. 

Finally, with growing and in-depth studies of energy harvesting 
technologies, there will be more profound discoveries and progresses to 
improve the living environment and change human lifestyle. And energy 
harvesters with durable mechanical structures and eco-friendly mate-
rials will not rise new problems of maintenance and pollution while 
addressing energy supply challenges of vast distributed IoT devices in 
the 5 G era. Thus, smart cities with sustainable and complete smart 
services can be foreseen in near future. 
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[5] S.A. Afghan, H. Géza, Modelling and analysis of energy harvesting in Internet of 
Things (IoT): characterization of a thermal energy harvesting circuit for IoT based 
applications with LTC3108, Energies 12 (2019) 3873, https://doi.org/10.3390/ 
en12203873. 

[6] A.K. Sikder, G. Petracca, H. Aksu, T. Jaeger, A. Uluagac. A Survey on Sensor- 
based Threats to Internet-of-Things (IoT) Devices and Applications. ArXiv. abs/ 
1802.02041, 2018. https://doi.org/arXiv:1802.02041. 

[7] P. Sethi, S.R. Sarangi, Internet of things: architectures, protocols, and 
applications, J. Electr. Comput. Eng. 2017 (2017), https://doi.org/10.1155/ 
2017/9324035. 

[8] J. Fraden, Handbook of Modern Sensors: Physics, Designs, and Applications, 
Springer,, New York, 2014. 

[9] G.S. Gupta, Smart Sensors and Sensing Technology, Springer Science & Business 
Media,, 2008. 
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