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A B S T R A C T   

Oceanography has received a lot of attention in the 21st century. Due to the harsh and complex ocean conditions, 
ensuring power supply to the distributed marine equipment has become a critical challenge. The ocean kinetic 
energy harvester (OKEH) has made favorable progress in powering ocean sensors by harvesting blue energy. The 
latest developments in the electromagnetic harvester (EMH), electroactive polymers harvester (EAH), tribo
electric nanogenerator (TENG), and hybrid harvester (HH) are reviewed in this study. This study analyzes the 
working principles and output performance of the OKEH as well as highlights the future challenges of and 
perspectives on the OKEH. Based on the comparison of OKEHs, this study indicates that TENG is favorable for 
harvesting low-frequency, low-amplitude, and random-direction wave energy (called high entropy energy).   

1. Introduction 

With ocean development and utilization, ocean environmental 
pollution and natural disasters have gradually increased, causing enor
mous economic losses and social impacts [1]. Ocean monitoring and the 
remote control of various marine equipment are the most popular ap
proaches for solving these problems [2]. Ocean sensor is the most 
essential equipment for collecting data and transferring control signals 
from distant places, and a large number of ocean distributed sensors 
form the basis of ocean monitoring [1–14]. As an extension of the 
Internet of Things (IoT), sensing the ocean is playing an increasingly 
vital role in developing smart oceans [2,3,15]. 

As shown in Fig. 1, smart ocean consists of many ocean sensors and 
unmanned equipment. Deployed on floating bodies or along cables, 

energy harvesters can convert wave, solar, wind, tidal, ocean current, 
and other renewable energy sources to stable electrical energy. Ocean 
sensors are the basis for underwater sensor networks (UWSNs) and 
wireless sensor networks (WSNs) [2, 11–13, 16–24]. The UWSNs can be 
integrated with ships, cargos, buoys, underwater equipment, and 
offshore platforms to collect information and transmit it over the 
internet [19,23]. By supplementing machine learning and multi-sensor 
fusion techniques, the ocean sensors can collect data from the marine 
environment, perform pollution monitoring, and analyze the in-situ 
water quality in detail. In addition, ocean sensors have a great poten
tial in marine channel safety, ship navigation, marine monitoring, and 
resource protection [2,3]. At this stage, the miniature electronic product 
like Micro-Electro-Mechanical System opens up many opportunities for 
low-power sensors [25]. Sensor-based ocean monitoring equipment has 
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been developed in the recent years [2, 8, 10, 26–30]. However, the 
complexity of the marine environment and limited battery capacity have 
led to the serious lack of intelligent and convenient marine exploration 
facilities [16,17]. 

The main compositions of the state-of-the-art ocean sensors have 
been briefly illustrated in Fig. 2. The main aim nowadays is to enable 
sensor nodes to operate in oceans for a long time [11,31]. The energy 
supply for sensor nodes usually includes batteries, capacitors, heat en
gines, fuel cells, and energy harvesters. In the past decades, battery 
power has been the most commonly used energy source [11]. However, 
with the rapid increase in the number and scale of sensor networks, the 
replacement of the exhausted batteries has become significantly 
time-consuming and laborious [3,5,31]. In addition, the batteries often 
involve toxic heavy metals and is not conducive to the development of 
the marine ecological environment. 

Ocean sensors face several chemical, physical, and biological effects. 
There are over 4000 organisms related to fouling problems in the marine 
environment [13, 17, 56–60]. Once the ocean sensors immerse in 
seawater, they cause biofouling problems and influence various aspects 
of the seawater, such as, pH, dissolved oxygen, temperature, conduc
tivity, organic material, and hydrodynamic conditions. Consequently, 
the long-term accuracy of the marine environmental sensor measure
ments has been a critical issue [2]. The control of biofouling of surfaces 
in the marine environment is a considerable challenge has detrimental 
effects on shipping, oceanographic sensors and aquaculture systems. For 
example, it has been shown that the increased roughness presented by a 
heavily fouled ship hull can result in powering penalties of up to 86% at 
cruising speed; even relatively light fouling by diatom ‘slimes’ can 
generate a 10–16% penalty [61,62]. Because seawater is corrosive, the 
oceanographic sensors should take appropriate fouling protection 
measures. The biofouling protection for ocean sensors includes three 
typical methods: wipers, copper corrosion, and chlorine evolution [17, 
62–64]. However, it is difficult to conduct these methods in an actual 
ocean environment and therefore, the biofouling protection for ocean
ographic in-situ sensors is more challenging. With the existing tech
nologies, the wide-scale deployment of ocean sensors is hindered. For an 
electrical equipment that requires distributed, low power consumption, 
and strong robustness, energy harvesting may be the most effective 
method [5,31,65,66]. 

Notably, the ocean is not only rich in natural resources, such as oil 
and gas, but also in potential energy. In 2014, Tollefson defined blue 
energy as the power from the ocean and stated that the sea could be an 
even more benign source of power than the wind [67]. Professor Wang 
considered blue energy as a clean, cost-effective, and sustainable energy 
sourced from the ocean [68]. Generally, blue energy indicates the en
ergy obtained from ocean, while the devices that harvest energy from 
the ocean are called blue energy harvesters. In other words, the "regular" 
and "effective" energy collected by the power generation devices from 
the "irregular" ocean kinetic energy (OKE) can be categorized as blue 
energy. Blue energy typically offer two forms of kinetic energy, ocean 
currents and ocean waves [65]. Specifically, it is estimated that the 
average energy in the waves along the world coastline is approximately 
65 MW per mile [65, 67, 69–73]. Representative of blue energy, OKE is 
characterized by its sustainability and reproducibility [65,67,74,75].  
Fig. 3 shows the power density for various wave heights and current 
velocities of the OKE [76,77]. The wave power is proportional to the 
square of the wave height, and the current power is proportional to the 
cube of the current velocity. Therefore, OKE is a relatively intense 
renewable energy source and is favorable for powering distributed 
ocean sensors. Considering the low power requirements of ocean sen
sors, it is expected that the blue energy harvesters will provide a 
long-term and effective power supply for ocean sensors. 

Recent progress in ocean energy utilization has shown that ocean 
kinetic energy harvesters (OKEH) and blue energy storage technologies 
are expected to replace the traditional batteries and cables. The con
verted energy can completely meet the requirements of small-scale and 
low-power electrical equipment, such as ocean sensors, as shown in  
Fig. 4. Further, it is possible to realize a long-term stable power supply 
for marine monitoring equipment. 

2. Types of energy harvesters for powering distributed sensors 

2.1. Characteristics of kinetic energy harvested from ocean 

Waves are derived from the transfer of the kinetic energy of wind to 
the upper surface of ocean [78]. The obvious advantage of wave energy 
is that it can travel across a long distance without any significant energy 
loss. The power is steadier and more predictable, and it allows much 

Fig. 1. Vast network of unmanned ocean systems and sensors for smart ocean.  
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smaller and fewer components to produce the same amount of power in 
certain regions [60, 69, 72, 79–82]. Kinetic energy in waves is 
tremendous. An average 4-ft, 10-s wave embodies an energy level 
greater than 35,000 horsepower per mile of coast [79]. The wave power 
per unit in deep water for a regular wave is given by, 

J =
1
4

ρ(ga)2T
2π =

ρT(gH)
2

32π , (1)  

where, ρ is the mass density of water, g is the acceleration of gravity, a is 
the wave amplitude, H is the wave height, and T is the period of the 
wave. From Eq. (1), it can be noted that the wave power is proportional 
to the square of the wave height and the square root of the wavelength 
and linearly proportional to the wave period. 

As illustrated in Fig. 5, the current energy consists of tidal current 
and ocean current energy. The tidal current energy is produced from the 
gravitational pull from both the moon and the sun [83]. Tidal currents 
are the response of the ocean water mass to the tide and are generated by 
horizontal movements of water (particularly, near coasts or other 

constrictions). An initial analysis of the tidal current resource can be 
done similar to the wind analysis [84], 

P =
1
2

ρ
∫
(
U3dA

)
, (2)  

where, ρ is the water density, A is the cross-sectional area of the channel 
(m2), and U is the component of the undisturbed fluid flow velocity 
perpendicular to the cross-section of the channel (m/s) [84]. It can be 
seen that the potential power of a tidal current is proportional to the 
cube of the current velocity. Therefore, the power density (in W/m2) of 
tidal currents increases substantially with a small increase in the ve
locity. For near-shore currents such as those occurring in the channels 
between mainland and islands or in estuaries, the current velocity varies 
predictably with respect to the tide [78]. Compared with the near-shore 
tidal current energy, significant current flows also exist in the open 
ocean [78]. These large circulations are initiated by the latitudinal 
distributions of winds, temperature, and salinity across the globe [85]. 
The ocean currents flow continuously in the same direction and is the 

Fig. 2. State-of-art ocean sensors: Observation Remotely Operated Vehicle (ROV) system [32], Autonomous Underwater Vehicle (AUV) [20,33], Sonar sensors [34], 
High-quality data buoy [35], Buoy automatic monitoring system [36], Underwater glider [37], Current profile [38], Ultrasonic thickness gauge [39], Low-Cost sensor 
buoy system [26], Oxygen sensor [40], Conductive sensor [41], Radiation [42], Dissolved oxygen sensor [43], Temperature sensor [44], Pressure sensor [45], Tide 
and Wave recorder [46], Wave staff [47], pHsensor [48], Chlorophyll [49], Nitrate [50], Glider Payload CTD [51], Turbidity sensor [52], Wave gauge [53], Sonic 
wave sensor XB [54], and Wave logger [55]. 
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strongest, close to the surface. 
The OKE resource zones comprising ocean wave energy resource 

zone, wave-current interaction zone, and marine current resource zone, 
are depicted in Fig. 5. The currents and wave-driven flows interact with 
the seabed, producing boundary layers. The ubiquitous presence of 
currents results in a turbulent bottom boundary layer with a thickness of 
the order of meters to a few tens of meters [86]. In addition, the waves 
produce a boundary layer only when the oscillatory motion extends to 
the seafloor, that is often the most turbulent, with a thickness of the 
order of 0.1 m [86]. The wave and current spectrum are prone to 
becoming highly irregular. Under the actual sea conditions, the waves, 
tidal currents, ocean currents, wind, and temperature interact with each 
other, making the associated energy conversion more chaotic and 
irregular. Based on the concept of entropy from the first law of ther
modynamics, a large amount of irregular energy distributed in the ocean 
has a high entropy. It is further noted that, due to the influence of lunar 
cycle, wind, temperature, salinity, and gravity, the OKE is usually 
“random” (high entropy), and the parameters of the various marine 
environments affect the efficiency and accessibility of OKEHs [68,70, 
87]. However, given only a small fraction of the OKE, the electricity 
demand of the distributed ocean sensors can be fulfilled [68]. 

Considering the wave and current resource characteristics, the OKE 
technology is still in the accelerating stage and is expected to grow 
rapidly in the next decade. OKEH has made significant progress in 
powering ocean sensors by harvesting blue energy. The latest de
velopments in the electromagnetic harvesters (EMHs), electroactive 
polymers harvesters (EAHs), triboelectric nanogenerators (TENGs), and 
hybrid harvester (HHs) are comprehensively reviewed in the following 

Section. 

2.2. Electromagnetic harvesters 

2.2.1. Working principle 
Faraday’s law of electromagnetic induction states that a varying 

magnetic field can induce electric current [70,74,88]. The traditional 
EMH is composed of a magnet and metal coil that usually yields a large 
volume, high mass density, and single acquisition direction. The basic 
principle is that the Lorentz force induces electrons to flow in a 
conductor, as shown in Fig. 6 [70]. In fact, the EMH has performed 
effectively in critical applications in large-scale ocean power stations 
and other ocean renewable energy utilization fields [20, 60, 69, 71, 72, 
80–82, 89–99]. However, due to the “high-entropy” or “disorder” nature 
of the OKE, the traditional EMH is inefficient for powering small-scale 
appliances, such as distributed sensor nodes and ocean monitoring 
equipment [70,100,101]. Therefore, researchers have proposed 
numerous smaller-scale and more robust EMH-based renewable OKE 
harvesting technologies to power ocean sensors [96, 102–106]. 

2.2.2. Oscillating water column mode 
As shown in Fig. 7 (a), Olly et al. proposed a wave energy harvester 

based on the oscillating water column (OWC) and is called the backward 
bent duct buoy (BBDB) [103]. The basic structure is composed of two 
interconnected L-shaped duct chambers which is kept immersed in 
water. The turbine is located between the two-duct connection ports. It 
uses buoys as the basic structure. When the BBDB is excited by waves, 
the water levels inside the two ducts are different, causing a pressure 

Fig. 3. Relative power density of (a) ocean wave with different wave heights and (b) marine current with different current velocities [76,77].  

Fig. 4. Schematic of OKE harvesters for powering distributed sensors.  

T. Zhao et al.                                                                                                                                                                                                                                    



Nano Energy 88 (2021) 106199

5

difference that drives the turbine to generate electricity. It affords the 
advantages of a high primary conversion efficiency and maximum 
conversion efficiency at the maximum wavelength. The maximum effi
ciency of BBDB is approximately 78% [Pw = 326.3725 (water power), 
avgPc = 255.04 (chamber power)] [103]. Upon applying the BBDB to 
marine ranches, the aquaculture monitoring system can operate stably 
[103]. 

2.2.3. Inertial pendulum mode 
Ding et al. proposed an inertial pendulum OKEH for powering 

sensors in an underwater glider [105]. It consists of an eccentric 
pendulum fixed with a rare earth permanent magnet generator. Under 
wave excitations, the eccentric pendulum rotates around the center, 
causing the coil to produce electricity in the changing magnetic field. 
Therefore, it does not require any gear set and can directly convert blue 
energy into electricity. In the first-level sea state, the average power is 
greater than 150 mW, sufficient for providing power to a large number 
of sensors [105]. 

Li et al. proposed an OKEH based on the high-efficiency pendulum, 
as shown in Fig. 8 (a) [102]. The pendulum can sense the motion of the 

Fig. 5. Schematic diagram showing the characteristics and resource zone of OKE.  

Fig. 6. Working mechanism of an electromagnetic harvester: a metal coil cuts through the magnetic induction lines generated by a magnet.  
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ultra-low frequency waves and drive the high-speed rotating electro
magnetic rotor through the gear. The power management circuit enables 
it to charge and discharge the lithium battery automatically. Fig. 8 (b) 
shows the OKEH installed in a real-sea test. In Fig. 8 (c), the OKEH in
cludes three working cycles and can realize the function of a continuous 
power supply. When the wave height is greater than 0.6 m, the 
maximum peak-to-peak output voltage is 15.9 V, the corresponding 
power is 0.13 W, and the maximum power density is 31 W/m3 [102]. 
The authors claim that it can power various low-power sensors and 
promises the effective improvement of the life of marine buoys [102]. 

2.2.4. Wave induction turbine mode 
To reduce the deployment and maintenance costs, Joe et al. proposed 

a design to power a mooring-less sensor buoy [96]. As shown in Fig. 8 

(d), the design is based on a submerged body and a floating body. The 
submerged body is a self-adjusting wave induction turbine and utilizes 
the heave motion of waves to drive the rotor. The rotor has flap-type 
blades and rotates as the waves rise and fall. It is unaffected by the 
waves coming from various directions and does not require mooring. By 
adjusting the rope, the submerged body is located at the wave base (that 
is, the depth at the wave excitation force becomes negligible, usually 
5 m below the sea surface). In an ocean, the mooring-less sensor buoy 
can continuously convert wave energy into electric energy, and reduces 
the installation costs and improves the battery life. Fig. 8 (e–g) shows the 
test performed in real seas under medium sea states. The average turbine 
speed is 11.20 rpm, the average power is 1.61 W, and the maximum 
power is 37.68 W [96]. The author suggests that the power can be 
further improved based on a more suitable energy management in the 

Fig. 7. Double chambered backward bent duct buoy (BBDB) 
(adapted from [114]). 

Fig. 8. (a) Architecture of the OKEH system. (b) In-ocean test: The installation of OKEH. (c) Voltage across the battery and load in the power management circuit 
during the charging and discharging process. (d) Operation principle, sea trial, and (e), (f) hardware configuration of the mooring-less sensor buoy. (g) Time series of 
hydrodynamic power during the sea-trial in 3 min. 
(a–c) Reproduced with permission from CC BY-ND 4.0 [102]. (d–g) Reproduced with permission from Elsevier [96]. 
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later stage [96]. 

2.3. Electroactive polymers harvester 

For distributed sensors in the ocean, reliable and sustainable power is 
essential [107]. EAH plays an important role in utilizing OKE for 
generating electricity [108–123]. Generally, according to the material 
classification, there are mainly three types of EAHs; based on dielectric 
elastomer (DE) material, piezoelectric material, and ionic polymer metal 
composite (IPMC) material [113]. In the following sections, the appli
cation of EAHs in OKE collection for powering distributed ocean sensors 
is introduced. 

2.3.1. Dielectric elastomer 
Dielectric elastomer harvesters (DEHs) have a high flexibility and a 

large elongation ability and can adopt to various materials [108]. 
Therefore, the DEH has been conveniently utilized as sensors, actuators, 
or energy harvesters in the past few years [108–114]. In addition, 
creating a low-cost energy harvester is gaining a lot of attention [108].  
Fig. 9 depicts the basic working mechanism of DEHs. In Fig. 9, the DEH 
is regarded as a variable capacitance device in the generator mode. 
When an external force excites the DEH, it stretches from form (I) to 
form (II) with no charge present on the electrodes. At position (III), a 
charge Q is deposited on the electrodes; this is called “priming” [124]. In 
the next step, the charge on the electrodes is assumed to be constant, and 
the external force contracts the film (IV) (low capacitance) and resists 
the electrostatic forces, causing an increase in the electrostatic energy 
stored in the DEH. Finally, in stage (IV), the DEH gets fully discharged, 
and the stored electrostatic energy is recovered [124]. 

The output of DEH depends on the capacitance variation in a single 
cycle. If the area variation during a cycle is known, the output can be 
determined as follows: 

E = γεε0v 0E2
maxln

[
Ai

Af

]

(3) 

Here, γ is the efficiency of energy conversion, ε is the dielectric 
constant of the dielectric elastomer material, and ε0 is the permittivity of 
free space; v0 is the volume of the constant film; Emax is the maximum 
electric field across the polymer; Ai and Af are the total capacitances of 
the dielectric elastomer layers in the stretched and unstretched states, 
respectively. 

Prahlad et al. found that DE materials have a satisfactory impedance 
matching with the waves [108]. The exclusive characteristic of the DEH 

is that, instead of requiring a large centralized wave generator, it only 
requires a local power supply in the ocean. A cable-anchored DE ma
terial may be used to generate electricity. Although the electricity pro
duced by DE is relatively small, it is sufficient to power ocean sensors 
[108]. 

Kim et al. studied a pseudo-OWC-type DEH, as displayed in Fig. 10 
(a) [113]. The basic structure is a simple tubular column that is 
immersed in water and anchored to the sea floor. The DE membrane 
(gray) is fixed on the top of the column. As the wave passes through the 
cylinder, the pressure difference is changed between the upper and 
lower column, causing the DE film to deform. For a device with a 
diameter of 2 m and containing 787 DE films with a thickness of 
31.25 µm, the authors predict that, under the condition of a wave height 
of 3 m and a period of 10 s, the total energy of each incident wave can 
reach 6.18 kJ and the power can reach 0.618 kW [113]. 

Although the exploit of small-scale prototypes for harvesting wave 
energy has been demonstrated, utilizing electroactive polymers to 
obtain flow energy remains an enormous challenge [111]. Based on the 
simplified design concept and environmentally friendly development, 
Maas et al. developed a flowing energy converter (FEC) [111]. In Fig. 10 
(b), the elastic tube with a DE material is covered with waterproof 
electrodes on its surfaces. There is a rigid ring at the end, to stretch and 
contract the FEC. The active valve is initially opened and is controlled by 
an external mechanical structure. As shown in Fig. 10 b(i), the flow 
forces the rigid ring and subsequently, the tube is pre-stretched to a 
certain extent. As shown in Fig. 10 b(ii), the active valve closes the outlet 
of the tube watertight. Due to the sudden closure, the water pressure 
increases significantly and the elastic DE material stretches in the di
rection of flow, and the kinetic energy is converted into strain energy. At 
the maximum stretch, the FEC has to be charged, as shown in Fig. 9. 
Because of the reflected wave at the open inlet of the tube, a negative 
pressure occurs inside the tube, and the tube contracts below its initial 
length (Fig. 10 b(iii)). At the minimum length, the FEC is discharged and 
the active valve opens the tube (Fig. 10 (iv)). Finally, the DE stretches to 
its initial length (Fig. 10 b(v)) and the mechanical cycle starts again. For 
a FEC device with an inner diameter of 65 mm, a thickness of 2.5 mm, 
and a length of 1 m, it can close the pinch valve within 100 ms, and a 
shock wave travels through the inner tube at a speed of approximately 
2.5 ms− 1 [111]. As an energy harvesting system, the device has the 
advantages of scalability, resource efficiency, and lightweightedness 
[111]. However, it is limited by the design and layout of the active valve. 

Fig. 9. Generating mechanism of DEH.  
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2.3.2. Piezoelectric harvester 
Due to the unique ability to couple electrical signals and mechanical 

displacements, the sensor and actuator technologies commonly adopt 
piezoelectric materials to change the electrical polarization in response 
to mechanical stress or to produce mechanical strain in response to an 
electric field [125–131]. The commonly used piezoelectric materials are 
the piezoelectric ceramic transducer (PZT) and polyvinylidene fluoride 
(PVDF) [132]. Specifically, PZT, also known as lead zirconate titanate, is 
a poled ferroelectric ceramic with a perovskite structure [132] and 
PVDF is a poled electroactive polymer with its piezoelectric response 
approximately 10 times higher than that of the other polymers [133]. 

The piezoelectric harvester (PEH) is composed of a piezoelectric 
element coupled with a mechanical structure. Fig. 11 (a) presents a 
typical piezoelectric generator. A mass ma is attached to the tip of a 
cantilever beam. When subject to waves, the cantilever beam oscillates 
and generates bending stress along the beam. Thereafter, the mechanical 
deformation polarizes the piezoelectric element in the direction of the 
thickness and produces voltage signals between the electrodes. Typi
cally, a PEH can be modeled as a rigid mass coupled with a damper, 
spring, and piezoelectric structure that operates around its resonance 
frequency and undergoes linear movement [134,135], as shown in 
Fig. 11 (b) [136]. The rigid body is coupled to the fixed surface through 
springs, dampers, and piezoelectric elements. Assuming that the applied 
force is harmonic, the model of the PEH can be expressed as [132]. 

F = jωmv+ bv+
S
jω v+Fi. (4) 

Here, the harmonic term e jωt has been suppressed [136], while m and 
v are the mass and velocity of the rigid mass, respectively. Fi is the 
amplitude of the internal mutual force between the piezoelectric 
element and the rigid mass, s is the spring stiffness, and b is the damper 

coefficient. The circuit equivalent model facilitates the determination of 
the relationship between the device output and frequency, elastic 
modulus, and device structural parameters. 

Few PEHs have been proposed to collect energy from wind and 
vortex-induced vibration [132, 137–143]. Recently, various applica
tions of piezoelectric materials have been observed in the field of OKE 
harvesting. 

Taylor et al. developed an energy harvesting eel (Eel) to convert the 
kinetic energy into electricity for powering remote sensors and robots 
[137]. The Eel utilizes a slender strip of PVDF piezoelectric polymer that 
swims in the current, emulating an eel in water. In non-turbulent flow, 
the front bluff body of the Eel will periodically emit alternating vortex 
on both sides. The eddy current forces the slender trips and produces 
pressure difference and allows the Eel deformation under forced oscil
lation to generate an AC voltage. Each strip covers three layers, namely a 
central inactive layer (core) and two active layers of piezoelectric ma
terial, bonded to each side of the central layer. Each system contains five 
Eels. The length, width, and thickness of the Eels are 
132 cm × 15.24 cm × 400 µm. In a flow of 1 m/s, the Eel can provide 
the output of 1 W, and the energy conversion efficiency is approximately 
33%. Such Eels are capable of charging the batteries or capacitors of 
distributed robot groups or remote sensor arrays, thereby extending the 
mission life of the ocean containing flowing water indefinitely [137]. 

Mutsuda et al. designed a flexible wave energy harvester, named 
flexible piezoelectric device (FPED) [144]. Fig. 12 (a) demonstrate the 
FPED consisting of a thin PVDF laminated layer and an elastic material 
coated with a piezoelectric layer. The piezoelectric material is directly 
coated on the substrates and electrodes using a spray nozzle device. The 
elastic material is highly durable and can withstand extreme bending 
and weathering caused by the ocean waves and currents. Fig. 12 (b) 
displays the output of a FPED with the dimensions of 200 mm 

Fig. 10. (a) Pseudo-OWC-type DEH. (b) Mechanical design and working principle of the flow energy converter in the opened and closed state.  

Fig. 11. Piezoelectric harvester model. (a) Cantilever beam (common piezoelectric-based power generator). (b) Modeling of a piezoelectric power generator.  

T. Zhao et al.                                                                                                                                                                                                                                    



Nano Energy 88 (2021) 106199

9

(length) × 60 mm (width) × 5 mm (thickness) for a test conducted 
nearshore and offshore. The power density of the FPED can reach 
2.6 μW/cm3. Based on the FPED, Mutsuda et al. further proposed elastic 
floating unit with hanging structures (EFHAS) with a suspension struc
ture [146]. The EFHAS includes a floating unit and suspension unit. The 
suspension unit is connected by six FPEDs, covering three horizontal 
FPEDs and three vertical FPEDs. The vertical FPEDs can collect current 
energy and vortex energy, while the horizontal FPEDs can collect wave 
energy. Compared with the previous harvesters, the unique advantage of 
EHFAS is that it can collect OKE. The author states that the EFHAS can 
not only produce electricity, but also utilize the energy for wireless 
sensing, including environmental monitoring, mechanical sensing, and 
structural diagnosis (such as, protecting offshore wind turbines from 
ocean waves) [146]. When used in an artificial marine infrastructure, 
the electricity generated by the EFHAS can be used to direct fish to 
feeding areas, while ensuring their safety, thereby contributing to the 
establishment of an environmentally friendly ecosystem [144, 
146–148]. 

Hwang et al. reported a PEH based on sway motion, as shown in 
Fig. 12 (d). It mainly consists of a piezoelectric cantilever structure and a 
magnet [145]. A catheter with a metal ball is placed above the magnet 
and works at the tip of the piezoelectric module. Fig. 12 (e) is a sche
matic diagram of the test bench, and the system is tested based on a 
setting that simulates ocean waves. In Fig. 12 (f), for a device with the 
dimensions of 3.8 cm × 1.9 cm × 0.2 cm at a simulated wave frequency 
of 0.5 Hz, the maximum output voltage is 21.1 V, and the power density 
is 47.85 μW/m3 [145]. The authors believe that they can adapt the 
“multi-directional vibration” approach to develop PEHs that can be 
operated at low frequencies and applied in “sea-based” applications 
involving buoys and boats [145]. 

In addition, Murray et al. designed a two-stage energy harvester with 
two decoupling systems [149]. It is used in a buoyant environment to 
convert the unstable low-frequency movement into a constant 
high-frequency mechanical vibration. The low-frequency movement of 
the primary system will excite the several piezoelectric vibration ele
ments (secondary systems). Accordingly, the heaving buoy continuously 
transforms the low-frequency wave vibration into the resonance of the 

vibratory piezoelectric element array. The conversion efficiency of the 
two-stage energy harvester can reach 33% under the resonance condi
tion. The expected output of a 76 mm diameter, 910 mm long spar buoy 
is 60–180 mW [149]. The novel design could replace batteries or other 
finite-storage technologies to power the small, remote, and unmoored 
buoys [149]. 

2.3.3. Ionic polymer metal composite harvesters 
Piezoelectric materials have demonstrated amazing power genera

tion performances in several applications. However, their fragility and 
the characteristic of only responding to high-frequency stimuli have 
limited their further application. IPMC is an excellent candidate for 
harvesting energy in the low frequency regime due to its inherent flex
ibility, long life, and mechanoelectrical coupling [117]. So far, most of 
the research concentrated on the signal conditioning circuit, and energy 
harvesting has not received adequate attention [117, 122, 150–153]. 

In Fig. 13 (a), Kim et al. displayed the world’s first OKEH based on an 
IPMC material [113]. This is the first research to use IPMC materials to 
power marine monitoring equipment or marine platforms [113]. It is 
composed of multiple Nafion films coated with graphene-based inks. In 
this study, the novel developed graphene-based IPMC has been tested in 
ocean. As shown in Fig. 13 (b), the device can supply electricity to 
distributed ocean monitoring equipment or stand-alone offshore plants 
with a target of 120–600 Wh over 20 d [112]. Although it is estimated 
that the output is weak in the ocean and the growth of algae/barnacles 
on the module will retard the bending motion of the IPMC and disrupt 
the collection of electrical energy, the module is inexpensive and du
rable and can be modified to adapt to different types of applications 
[113]. 

2.4. Triboelectric nanogenerator 

The large-scale electromagnetic generator is currently the main 
technology for wave energy collection. However, due to the low effi
ciency of the EMG under irregular and low-frequency (< 5 Hz) ocean 
waves, the equipment manufacturing and maintenance costs are 
extremely high [70, 74, 154–162]. Recently, researchers are 

Fig. 12. (a) Laminated structure of a FPED painted by spray nozzle. (b) Comparison of electric power generated from each FPED at nearshore and (c) offshore sites. 
(d) PEH based on sway movement. (e) Test bench construction. (f) Output power of the device for three different shaker displacement values. 
(a–c) Reproduced with permission from Elsevier [144]. (d–f) Reproduced with permission from Elsevier [145]. 
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increasingly inclined to develop novel harvesters that are low-cost, 
long-lived, environmentally friendly, and corrosion resistant [70, 
163–178,180]. Remarkably, Professor Wang found that collecting 
electrical energy from mechanical friction is an effective and inexpen
sive approach and accordingly, the TENG was proposed [100,155, 
182–190]. The subsequent studies have confirmed that TENG can obtain 
electric power from "disordered" energy in various environments, such 
as wave energy, human motion, and vibration energy in the surrounding 
[191–198]. TENG has obvious advantages over the EMG in the energy 
collection of low-frequency waves with a frequency lower than 5 Hz [70, 
74]. In addition, the feedback mechanism between the mechanical vi
bration and the output suggests that TENG can promote energy utili
zation in the IoT era [87,199]. Therefore, researches has proposed the 
construction of TENG as an effective approach for blue energy har
vesting and marine environment monitoring [70,156,158,164,189,200, 
201]. 

2.4.1. The four fundamental working modes 
The basic TENG physical model bases on the Maxwell’s displacement 

current and can be defined as [88]: 

JD =
∂D
∂t

= ε ∂E
∂t

+
∂Ps

∂t
(5)  

Where D is the displacement field, ε is the dielectric constant of the 

medium, E is the electric field, and PS is the polarization created by the 
piezoelectric or triboelectric effect [68,87,155,202]. The first term on 
the right hand refers to the electric field that changes with time and is 
related to the origin of electromagnetic. The second term comes from 
surface polarization and is the basics of nanogenerators [88,203,204]. 

As shown in Fig. 14 (a), the contact-separation TENG works based on 
the polarization in vertical direction. Physical contact between two 
dielectric films (dielectric layer 1 and 2, and at least one of them is an 
insulator) with distinct electron affinities creates oppositely charged 
surfaces. When the two layers are separated by a gap, a potential drop is 
created between the two electrodes. The free electrons in electrode 1 or 
2 would flow to the other electrode through external circuit and balance 
the electrostatic field. Once the gap is closed, a potential drop is created 
by the triboelectric charges will disappear and the induced electrons will 
flow back. Thus, a periodic contact and separation between the two 
dielectrics can cause AC output in the external circuit. The corre
sponding equation is: 

V = −
Q

Sε0
[d0 + x(t) ] +

σx(t)
ε0

(6) 

Here, σ is the static charge density, S is the metal area, ε0 is the 
permittivity of free space, d0 is the effective dielectric thickness and x(t) 
is the time dependent distance between the two tribo-material [205]. 

The lateral sliding mode TENG uses the polarization in lateral di

Fig. 13. (a) Illustration of a compact movable power system utilizing both vertical wave and horizontal ocean current with a vortex, and (b) schematics of the OKE 
harvesting structure with the IPMC supplying electricity for stand-alone offshore plants. 
(a,b) Reproduced with permission from Springer [113]. 

Fig. 14. The working principle of TENG: (a) Basic vertical contact-separation working mode, (b) lateral sliding working mode, (c) single-electrode working mode and 
(d) freestanding working mode of TENGs. 
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rection caused by the relative sliding between two dielectrics [205]. 
Once two materials with opposite triboelectric polarities get contact, 
surface charge will transferred due to the triboelectrification effect 
(Fig. 14 (b)). If the two surfaces are fully matched, no current flow will 
take place since the positive charges at one side are fully compensated 
by the negative ones. Once a relative displacement is introduced by an 
externally applied force in the direction parallel to the interface, tribo
electric charges will not be fully compensated at the dis
placed/mismatched areas and create an effective polarization. In other 
words, a tribo-polarization occurs along the sliding direction by a 
change in the effective contact area [205]. Therefore, a potential dif
ference is generated across the two electrodes. The sliding mode can be 
made fully packaged and even in rotation mode so that it can operate in 
vacuum. The output voltage of the lateral sliding mode TENG can be 
calculated by the following formula with w being the transversal width: 

V = −
d0

wε0(1 − x)
Q+

σd0x
ε0(1 − x)

(7) 

The single electrode mode TENG is better to harvest energy from a 
freely moving object without attaching conduction lines. As shown in 
Fig. 14 (c), if a charged dielectric approaches the metal plate, an in
duction current will be generated on the metal plate to balance the field. 
Once the dielectric moves away from the metal plate, the current flows 
back to the ground. Such mode of TENG is most useful for utilizing the 
energy from a moving object. The theoretical electrical outputs can be 
expressed: 

Qsc =
σwl

1 +
C1(x)
C2(x)

(8)  

Voc =
σwlC2

C1C2 + C2C3 + C1C3
(9) 

In the above equations, l is the length in the longitudinal direction, Ci 
is the equivalent capacitance formed between electrical nodes [205]. 

The freestanding mode TENG, with its working mechanism displayed 
in Fig. 14 (d), can effectively store charges and is suitable for wave 
energy harvesting. When the two active dielectric layers get contact, 
triboelectric charges will be induced on the surface. Eq. (10) expresses 
the voltage of the general freestanding TENG, where g is the gap be
tween the reference and the primary electrodes. 

V =
d0 + g

ε0s
Q+

2σx
ε0

(10) 

Notably, when a charge induced by friction, electrodes 2 and 3 do not 
need to contact the top dielectric layer directly. Therefore, in the 
rotating mode, the power generation unit (electrodes 2 and 3) can rotate 
freely without direct mechanical contact, which extends the service life 
of TENG. 

2.4.2. Rolling-structure mode 
Previous researches suggest that TENG provides a lightweight, cost- 

effective approach for converting various vibration energy into elec
tricity [155,163,164,178,186,190,206–217]. Nowadays, wave energy 
harvesting based on TENG has become a research hotspot, which is 
expected to become the technical foundation for the in-situ power 
supply of ocean sensors. 

Wang et al. opened the TENG in wave energy harvesting and pro
poses a rolling-structured freestanding triboelectric-layer-based nano
generator named RF-TENG (Fig. 15 (a)) [154]. The RF-TENG contains a 
rolling ball (Nylon) and a Kapton (Polyethylene-Naphtholate) film 
coated on the internal spherical shell. It works based on the contact 
electrification effect between traditional polymer materials, with the 
advantages of light weight, low cost, and exceptional charge transfer 
efficiency under low frequency. The structural optimization results show 
that a spherical TENG with 6.0 cm diameter can provide a peak current 

of 1 µA and an instantaneous output power of up to 10 mW. As shown in 
Fig. 15 (b) and (c), the TENG can directly drive tens of LEDs and charge a 
series of supercapacitors to a rated voltage within several hours at the 
wave frequency of 1.43 Hz. Thus, the authors believe that RF-TENG, 
with its self-powered support system is an effective green energy tech
nology [154]. 

On top of this, Fig. 15 (d), Zhang et al. proposed a sea snake struc
tured triboelectric nanogenerator (SS-TENG) [187]. The SS-TENG works 
in the freestanding-layer mode. When excited by waves, the internal 
PTFE balls roll back and forth between the electrodes, generating AC 
across the external resistance. The SS-TENG has the characteristics of 
light weight, simple structure and low cost, and it can effectively harvest 
energy from low amplitude ocean waves [187]. Fig. 15 (e) shows the 
maximum power of the SS-TENG can reach about 4 μW. Although the 
researchers have claimed that the SS-TENG could be used in actual 
ocean conditions with high salinity, the electrical energy collected by 
this device had not meet the power requirements of ocean wireless 
sensor network. Nevertheless, it is interesting to note that when more 
SS-TENG units are connected in parallel, the output voltage will increase 
exponentially, which provides a feasible method for improving the 
output performance of TENGs, as demonstrated in Fig. 15 (f). 

By designing a tower-like triboelectric nanogenerator (T-TENG), Xu 
et al. [156]. significantly enhance the output of TENG-based OKEH. As 
plotted in Fig. 15 (g), the T-TENG is composed of multiple parallel TENG 
units. Each unit covers several PTFE balls, a metal electrode membrane 
and a 3D printed arc surface coated with a melt adhesive reticulation 
nylon film (Fig. 15 (h)). The experimental results suggest that the 
T-TENG can effectively convert arbitrary directional and low-frequency 
wave energy into electrical energy by utilizing charged PTFE balls to roll 
on an arc surface. It is further noted that the power density of the 
T-TENG increases proportionally with the number of units connected in 
parallel without rectifiers due to its distinctive mechanism and structure 
(Fig. 15 (i)) [156]. Finally, a maximum power density reaches 11 W/m3 

with 10 TENG units connected. Therefore, the design of T-TENG is 
considered as an innovative and effective approach for large-scale blue 
energy harvesting by connecting more blocks to form T-TENG networks 
[156]. 

In Fig. 15 (j), Cheng et al. reported a soft spherical triboelectric 
nanogenerator (SS-TENG) to increase the output of spherical TENG 
[207]. It uses acrylic hollow spheres as the shell and a rolling flexible 
liquid/silicone as the soft core. Due to the significant increase in contact 
area, the maximum transferred charge (Qsc) with a diameter of 3.9 cm 
can reach about 500 nC, as displayed in Fig. 15 (k). Compared with the 
traditional spherical TENG, it adopts soft core to replace inertial hard 
ball, and the output performance is improved by 10 times [207]. By 
reasonably controlling the softness of the power generation element, the 
output of SS-TENG can be adjusted to match the frequency of the 
external wave. Fig. 15 (l) shows it can charge a 2.2 µF capacitor to 
approximately 3 V in 40 s at the wave frequency of 2 Hz [207]. 

In addition, an breakthrough in generator network performance was 
achieved by Yang et al. [183]. The research group developed a 
self-assembled wave energy harvesting network based on 
high-performance TENGs. For a single spherical TENG with a package 
diameter of 8 cm, the average power density under wave excitation is 
8.69 W/m3, 18 times more than the average power of the shell struc
tured TENG [183]. In terms of the self-assembled networking, the 
rotatable nested magnetic ball structure is used to realize the magnetic 
connection between TENG units. As indicated by the authors, the 
self-assembled network may pave the way for the application of 
large-scale triboelectric nanogenerator networks for powering ocean 
sensors [183]. 

2.4.3. Liquid-solid mode 
The above-mentioned TENGs studies are based on the direct contact 

of two solid materials with different electronegativity. In order to reduce 
the influence of seawater corrosion and electrostatic interference on 
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Fig. 15. RF-TENG, (a) The freestanding-structured design of RF-TENG. (b) Schematic diagrams of the self-power system with TENG, rectification circuits, EDLC, and 
load. (c) The charging curves for one, two, and four EDLC capacitors in series, respectively. SS-TENG. (d) Array of sea snake triboelectric nanogenerators on an ocean 
energy farm. (e) Voltage vs time of SS-TENG without air gap in the water at different concentrations of NaCl. (f) The placement of the SS-TENG in the water 
environment with a linear motor actuating the water waves. T-TENG. (g) Schematic diagram of the designed tower-like TENG consisting of multiple units. (h) The 
internal structure of one unit and the nylon film coated on the 3D printed arc surface. (i) Comparison of the power density of the present T-TENG and previous 
TENGs. (j) Structural scheme of the soft-contact model spherical TENG (SS-TENG) with a flexible rolling sphere. (k) Typical electric output curves of SS-TENG under 
various working frequencies. (l) The charging curves of SS-TENG and S-TENG for a capacitor (2.2 μF) at the frequency of 2 Hz. 
(a–c) Reproduced with permission from Wiley [154]. (d–f) Reproduced with permission from Elsevier [187]. (g–i) Reproduced with permission from American 
Chemical Society [156]. (g–l) Reproduced with permission from Elsevier [207]. 
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TENG, Li et al. fabricated a liquid–solid triboelectric nanogenerator (LS- 
TENG) [200]. Fig. 16 (a) and (b) shows the physical structure and 
application scenario of LS-TENG. Compared with the solid–solid TENG 
with the same contact area, the output has been magnified by 48.7 
times. The output voltage, current and transfer charge of the LS-TENGs 
network can reach 290 µA, 300 V and 16,725 nC, respectively. This 
suggests that the LS-TENGs network can directly power hundreds of 
LEDs and drive a radio frequency emitter to form a self-powered wireless 
save our souls (SOS) system in marine emergency. Moreover, the 
buoy-like LS-TENG can harvest energy from different types of 
low-frequency vibration, including up–down, shaking and rotation 
movements. Thus, the authors concluded that this work rendered an 
innovative and effective approach toward large-scale blue energy har
vesting and applications [200]. 

Liu et al. designed a special cable TENG with its integral and internal 
structure, as shown in Fig. 16 (c) [218]. It consists of two spring steel 
strips and three polymer films. The spring steel strip inside the cable is of 
high elasticity and good fatigue resistance, and is suitable for long-term 
operation. The wires sandwiched between the two spring steel strips are 
protected from seawater corrosion. The contact-separation movement 
can produce considerable electrical energy output. The most significant 
advantage of this structure is that spring steel and other materials are 

used as the rigid connection structure between the cable TENG units. 
Experimental analysis shows that a single TENG cable can achieve a 
maximum voltage of 36 V and a maximum transfer charge of 26 nC in 
one cycle. Finally, in Fig. 16 (d), the multiple connected TENG cables are 
tested in a water tank, and the output voltage of the four TENG cables 
does not drop significantly after rectification. Thus, the novel design can 
prevent the entanglement between the units, protect the transmission 
line from seawater erosion or interference and eliminate the ionization 
in the seawater [218]. 

2.4.4. Disk and rotation mode 
In Fig. 17 (a), Jiang et al. reported a TENG with a robust swing- 

structure for ultra-low frequency wave energy harvesting (SS-TENG) 
[219]. Its characteristic is that the air gap inside the device and the 
flexible brush can realize the smallest friction resistance and sustainable 
friction charge, thereby enhancing the robustness and durability. The 
SS-TENG with dimensions of 7 cm and 7.5 m s− 2 has a maximum output 
of 342 V, 5.9 µA and 256 nC. The maximum and average power density 
can reach 144.3 mW/m3 and 26.3 mW/m3, respectively. The theoretical 
energy conversion efficiency is 28.2%, and the electrical output per
formance remains unchanged after 4,000,000 cycles of continuous 
triggering [219]. Fig. 17 (b) shows that the SS-TENG successfully power 

Fig. 16. (a) The structure of liquid–solid-contact buoy triboelectric nanogenerators. (b) The schematic illustration of the TENG network which contains thousands of 
single units. (c) TENGs connected by power cables for large-scale blue energy harvesting with honeycomb-like topology structure. (d) Output voltage of four cables. 
(a,b) Reproduced with permission from Wiley [200]. (c,d) Reproduced with permission from Elsevier [218]. 
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Fig. 17. (a) Schematic diagram of the 3D structure and cross-section for the SS-TENG. (b) Photograph of a digital thermometer powered by the SS-TENG and (c) the 
charging process for a capacitor of 220 µF to power the thermometer under the wave conditions of 10 cm and 1.2 Hz. (d) Schematic diagram of the water quality 
monitoring system and the illustration of the side view (e) of the TD-TENG. (f) The peak current, peak power and average power of the TD-TENG under various loads 
in water. 
(a–c) Reproduced with permission from Wiley [219]. (d–f) Reproduced with permission from Elsevier [158]. 

Fig. 18. The SIBS for sustainable and autonomous wireless sensing (a) and data transmission driven by wave energy (b), (c). (d) Exploded view of the spherical 
TENG. (e) Framework for the integrated marine information detection/display/alarm system driven by the power-managed spherical TENG. (f) Application 
demonstration for powering a digital thermometer. 
(a,b) Reproduced with permission from Elsevier [220]. (c,d) Reproduced with permission from Royal Society of Chemistry [221]. 
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a portable electronic product under waves. In Fig. 17 (c). The ther
mometer is successfully powered for self-powered sensing and envi
ronment monitoring, which proves its potential application in 
self-powered temperature sensing and blue energy environmental 
monitoring [219]. 

In order to enable ocean sensors to continuously and stably monitor 
water quality, a new energy harvester is urgently needed for monitoring 
equipment [158]. To this end, Bai et al. designed a high-performance 

tandem disk triboelectric nanogenerator (TD-TENG) to collect wave 
energy (Fig. 17 (d)) [158]. Fig. 17 (e) displays that it adopts a radial 
grating disc structure to convert the agitation of low-frequency waves 
into high-frequency electric energy. The friction surface is made of 
frosted material, which greatly improves the rotation of the TENG rotor 
disc in water. In this way, the peak and average power of the TENG 
reached 45.0 mW and 7.5 mW, respectively, as show in Fig. 17 (f) [158]. 
Besides, through a convenient power management circuit, the 

Fig. 19. Structural design of ocean energy hybrid nanogenerator. (a) Schematic illustration of the hybrid system with a double-wing structure riding on the water 
wave, which is basically constituted by (b) a cubic structured unit hybridizing TENG and EMG. (c) Charging performances of TENG, EMG, and hybrid nanogenerator 
for a capacitor of 10 µF at different water wave frequencies. (d) Schematic diagram of the WWEH and (e) charging characteristics of the TENG-P and EMG-S 
connected in parallel and in series. (f) Typical working waveform of the temperature alarm system. (g) Schematic illustration of the buoy network based on the 
WWEH for environmental monitoring. (h) Structure design of the blue energy hybrid nanogenerator [222]. The optimized average power densities of S-TENG and 
W-EMG under (i) rotation and (j) fluctuation modes. (k) Structural schematic diagram of the HH based on inertia pendulum. (l) Stability of the triboelectric 
nanogenerator. Output power and converted energy of TENG (m) and EMG (n) for a trigger with impedance of 400 MΩ. 
(a–c) Reproduced with permission from Wiley [184]. (d–g) Reproduced with permission from American Chemical Society [223]. (h–j) Reproduced with permission 
from American Chemical Society[222]. (k–n) Reproduced with permission from Elsevier [224]. 
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short-circuit current increases to 11 mA, and can fully meet the power 
supply for water quality monitoring equipment. It creates a way to solve 
the power bottleneck of the multifunctional sensing platform that needs 
to work autonomously in water [158]. 

2.4.5. Contact-separation mode 
Xi et al. designed a self-powered intelligent buoy system (SIBS) by 

using a multilayered-TENG for harvesting wave energy, as displayed in  
Fig. 18 (a) [220]. The TENG unit operates in the contact-separation 
mode and can yield an average output power density of 13.2 mW/m2 

with the wave frequency of 2 Hz. In Fig. 18 (b) and (c), the SIBS can 
achieve a sustainable and autonomous wireless sensing of vibration 
acceleration, magnetic intensity and temperature within a range of 
15 m. A power management module is adopted in the micro program 
control unit (MCU) to form an intelligent monitoring mechanism, so that 
the collected energy can be allocated to sensors with different priorities 
[220]. Thus, the authors believe that SIBS can provide a universal 
platform for powering ocean sensors and has broad prospects in the 
internet of things, big data, artificial intelligence and blue energy [220]. 

Based on a spring-assisted multilayered structure, Liang et al. man
ufactured a spherical TENG to collect multi-directional wave energy 
(Fig. 18 (d)) [221]. It can achieve a maximum output of 80 µA, 250 V 
and 8.5 mW under the wave frequency of 1.0 Hz. Fig. 18 (e) shows 
integrating a power management module (PMM) to manage the output 
energy of the TENG. Through integration with PMM, a stable and 
continuous DC voltage can be generated on the load resistance, as shown 
in Fig. 18 (f). Once a 0.1 F supercapacitor is charged, the stored energy is 
increased by 100 times. Further, the TENG device is used to power the 
digital thermometer and the water level detection/alarm device suc
cessfully, which proves its broad application prospects for powering 
ocean sensors [221]. 

2.5. Hybrid harvesters 

The development of marine technology requires energy harvesters to 
collect blue energy efficiently under different sea states. Multiple studies 
have shown that the integration of various energy harvesting technol
ogies (namely hybrid harvesters, HHs) seems to be a very promising 
solution [70, 223, 225–227]. 

Wang et al. proposed a hybrid wave energy harvester based on TENG 
and EMH (Fig. 19 (a)) [184]. As demonstrated in Fig. 19 (b), the TENG 
consists of an acrylic box and four shakable boards pasted with flexible 
PTFE films. The acrylic box is divided into four separate chambers and 
Cu electrodes are anchored on the internal walls of each chamber. The 
PTFE film is attached on the board to get full contact with Cu electrodes 
under wave excitation [184]. In this wok, the contact-freestanding mode 
is first utilized to enhance the efficiency of energy harvesting [184]. The 
charging characteristics of TENG, EMG and the hybrid nanogenerator 
are obtained by using a 10 µF capacitor at different wave frequencies, 
and their charging curves are plotted in Fig. 19 (c). For TENG, it can get 
a Voc of 400 V and a maximum Isc of 15.3 µA from the simulated water 
wave, while the EMG obtained a Voc of 1.7 V and an Isc of 5.4 mA. The 
integration of TENG and EMG achieves compensation of their respective 
advantages, enabling the hybrid system to provide satisfactory output in 
a wide range of operating frequencies (0.2–7 Hz) [184]. 

Wu et al. presented a HH based on water wave energy harvester 
(WWEH), as shown in Fig. 19 (d) [223]. The electrodes of the WWEH 
design as the Tai Chi shape in order to achieve an ideally performance. 
Two coils are adopted to transform the motion of the magnetic sphere 
into electricity. The charging curves of the device in Fig. 19 (e) illus
trates that the series connection of EMG-S (i.e. two coils connected in 
series) and TENG-P (i.e. two friction layers connected in parallel) are 
undoubtedly the best scheme [223]. Moreover, the WWEH adapts a 
paper-based supercapacitor for power management circuit to power 
temperature alarm system, as illustrated in Fig. 19 (f). The performance 
of the WWEH is tested in Lake Lanier on a buoy. The results indicate the 

supercapacitor can be charged to 1.84 V and the electric energy storage 
can reach about 1.64 mJ within 162 s [223]. This work demonstrates 
the WWEH can be successfully utilized to drive distributed ocean sensors 
for environmental monitoring. 

As shown in Fig. 19 (h), Wen et al. reported a HH consists of a spiral- 
interdigitated-electrode triboelectric nanogenerator (S-TENG) and a 
wrap-around electromagnetic generator (W-EMG) for harvesting OKE 
[222]. Notably, due to the unique structural design, the HH could collect 
energy in ocean tide, current, and wave energy to generate electricity 
under either rotation mode or translation mode [222]. The Fig. 19 (i) 
and (j) shows that the S-TENG is irreplaceable for harvesting energy 
with low rotation speeds (< 100 rpm) or low motion frequencies 
(< 2 Hz), while the W-EMG is able to produce larger output at high 
frequencies (> 10 Hz). Thus, the complementary output can be maxi
mized and the hybridized nanogenerator can harvest energy in a broader 
frequency range. The proposed hybrid nanogenerator renders an effec
tive and sustainable progress in practical applications of the hybrid 
nanogenerator toward harvesting water wave energy offered by nature 
[222]. 

Chen et al. proposed a disordered pendulum type HH integrated with 
a power management circuit to power ocean sensors through wave en
ergy, as shown in Fig. 19 (k) [224]. The maximum output power of 
TENG can reach 15.21 μW, and the EMG can reach 1.23 mW, and can 
light up about 100 LEDs [224]. Moreover, this work has realized the 
long-distance wireless transmission of sensors signals, and the data 
transmission capacity can exceed 300 m. Fig. 19 (i)–(n) shows it has 
excellent long life and stable output performance. The author believes 
that this can become a new direction for collecting low-frequency vi
bration energy from the marine environment, aerospace and industry 
[224]. 

Fig. 20 (a) shows a concept based on point absorber type wave en
ergy harvester operating with both EMG and TENG. Due to the wave 
excitations, the slider in linear motor oscillates up and down to generate 
electricity. In Fig. 20 (b), the rectified outputs of the EMG phases are 
connected in series and then connected to the rectified TEMG [228]. 
This kind of connection can maximize the output. As shown in Fig. 20 
(c), the hybrid system displays a great boost not only in the magnitude, 
but also in the speed of charging voltage. In terms of output, a maximum 
Isc of 59 µA at 3 Hz is obtained and the power density reaches 
271.1 W/m− 3(TENG) and 700 W/m− 3 [205]. As illustrated in Fig. 20 
(d), Lee et al. designed a blue hybrid energy harvester based on a 
friction-electromagnetic hybrid generator [230]. Fig. 20 (e) and (f) 
shows by using a newly designed hybrid circuit, the output power can 
reach 95.4 mW under a 100 Ω load, and an IoT platform has been 
established to monitor humidity and temperature around the clock 
[230]. 

Furthermore, Feng et al. designed a HH that uses the flexible rabbit 
fur as an electric brush [229]. The brush has the function of pumping 
charge onto the dielectric surface, thus reducing the operating resistance 
and improving the durability of the device. At a frequency of 0.1 Hz, the 
peak power density is 10.16 W/m3 and the average power density is 
0.23 W/m3 [229]. This HH has successfully realized self-powered tem
perature mapping and wireless transmission. Liang et al. developed a 
new type of charge excitation circuit (CEC) specially for HH, which has 
greatly improved the output performance [227]. A maximum power 
density of 49.3 W/m3 and an enhanced current of 25.1 mA have been 
reached [227]. The device can monitor the marine environment by 
transmitting radio frequency (RF) signals and it can also power wireless 
communication systems successfully [227]. 

3. Comparison and prospects 

3.1. Comparisons among all technologies 

3.1.1. Comparison of OKEHs 
It is worth noting that the goal is to utilize the various "disordered" 
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forms of kinetic energy in the ocean to supply power for numerous 
distributed ocean sensors, rather than building large-scale centralized 
OKEHs [100,108]. In recent years, EMH, EAH, and TENG have made 
progress in small-scale OKE for powering distributed sensors. Four ap
proaches for collecting OKE, EMHs, EAHs, TENGs, and HHs, have been 
reviewed in this article and their respective energy conversion perfor
mances and characteristics are summarized in Fig. 21. 

For the EMH, the Lorentz force induces the electrons to flow in a 
conductor. The EAH produces electricity mainly based on the fluid- 
induced vibration and the coupling between the generation parts and 
mechanical motion. TENG functions based on the principles of tribo
electrification and electrostatic induction. The future scope for the 
further study on TENG to harvest current energy is enormous. Although 
TENG is studied extensively for wave energy conversion, these studies 
have not considered the mooring systems or wind/wave loads. The 
current applications are limited to shallow water or small waves in deep 
water. Compared with wave energy, energy is more abundant in tidal 
currents nearshore and also generous in the ocean currents offshore. 
With ocean currents, it has the advantages of high predictability, low 
flow rate, stable energy, and wide distribution. To realize the self-supply 
of ocean sensors, TENG, as a low-cost and high-entropy energy 
harvester, can be deployed not only on ocean surfaces, but also 
underwater. 

In Fig. 21, TENG, EAH, HH and most small-scale EMHs have their 
own advantages in flow-mechanical-electric conversion due to their 
simple structure and less-complicated internal mechanical structure. 
Among them, TENG is a favorable approach for harvesting low- 
frequency, low-amplitude, and random-direction wave energy (called 
high entropy energy). First, it is an exceptional choice as the power 
source for micro-nano systems that may be crucial for the ocean IoT 
sensor networks [87]. Second, because the voltage of TENG is high and 
is less related to the running frequency, TENG can be matched with 
various commercial sensors in the market. Third, the cost of TENG is 
low, the structure is simple, and the damage of a single unit will not 

affect the overall performance. A hybridization of TENG with the other 
harvesters is recommended for a general case. However, due to the lack 
of universal metrics, comparing the different technologies has proved to 
be a complex task [162]. To evaluate the level of OKEHs to power 
distributed ocean sensors, five key properties has been set as the criteria 
that include the output voltage, output current, power density, 
cost-effectiveness, and robustness. The corresponding radar charts are 
presented in Fig. 21. Robustness is a measure of the ability of a sub
system or device to experience a survival event outside the expected 
design conditions, and not sustain damage or loss of functionality 
beyond an acceptable level, allowing a return to an acceptable level of 
operation after the event have passed [233]. In the case of the partial 
destruction of an OKEH, the smaller final destruction degree indicates a 
stronger robustness. Currently, collecting scientific evidence to quanti
tatively evaluate the robustness and cost-effectiveness of each trans
duction mechanism is still complicated. To resolve this problem, the 
method proposed by Mariello et al. is adopted in this review [162]. After 
a comprehensive study of the existing literature, a dynamic picture 
representing the current OKEH development status has been obtained 
that can be used to evaluate the pros and cons of each technology. As 
shown in Fig. 21, the pentagon covering the largest surface represents 
the most suitable energy harvester for distributed monitoring equipment 
and sensors in the ocean. Specifically, the HH appears to be the ideal 
harvester to power ocean sensors at present. HH combines the advan
tages of EMH and TENG. TENG can provide the highest voltage, while 
EMH can provide the highest current. The advantage of EAH lies in its 
satisfactory robustness. Due to its unique material and flexible structure, 
it can maintain stability even under extreme sea states. However, the 
lower voltage and current make it only capable of powering a small 
number of ocean sensors. In the following parts, the five characteristics 
of the radar chart are summarized into three aspects: materials, output, 
and application scenarios. Both the choice of materials and application 
scenarios are the indicators of cost-effectiveness, and the robustness is a 
comprehensive result of the various causes in the system. 

Fig. 20. (a) Schematic and the internal structure of the HH floating on waves surface. The (b) Schematic configuration and (c) capacitor charging curves for different 
motion frequencies of the hybridized system. (d) Schematic diagram of the pendulum structure containing an Interdigital electrodes-TENG (I-TENG), a Switches- 
TENG (S-TENG) and an Electromagnetic generator (EMG). (e) Output power under different load resistance. (f) Voltage curve as a temperature sensor is pow
ered with the hybridized blue energy harvester and working continuously. 
(a–c) Reproduced with permission from Wiley [228]. (d–f) Reproduced with permission from Elsevier [230]. 
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Fig. 21. Flow-machine-electrical conversion and the characteristics of the various OKEHs: OWC [103], inertial pendulum [102,105], wave induction turbine [96], 
flow induced vibration [112,113,144,146,231], dielectric elastomer [111,113], vortex induced oscillation [137], two-stage energy harvesting [232], rolling-structure 
mode TENG [154,156,187,207], liquid-solid mode TENG [200,218], disk mode TENG [158,219], contact-separation TENG [220,221], and hybrid TENG [183,184, 
223,224]. 
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3.1.2. Comparison of output 
The method proposed by Mariello et al. is selected for the power 

density calculation [162]: 

P =
Pout

V
, (11)  

where Pout is the instantaneous peak electrical power output, and V is the 
volume of the device. It is calculated that the highest instantaneous peak 
power density of EMHs, EAHs, TENGs, and HHs are 553 W/m3, 43 W/ 
m3, 60.93 W/m3, and 971.1 W/m3, respectively. The detailed compar
ison is shown in Table 1. The research of EAH mainly focuses on nu
merical simulation and lab testing. In addition, most EAHs can only 
fulfill few small marine sensors for environmental monitoring, me
chanical sensing, and structural diagnosis. Furthermore, the TENGs and 
HHs have been tested in real seas and can provide power for small 
marine monitoring equipment and sensors. They are usually character
ized by a high mobility, environmental adaptability, and anti- 
interference ability for powering distributed ocean sensors. Therefore, 
with the further research of TENG, it is expected to match various types 

of commercial sensors or larger marine monitoring equipment, such as, 
AUV, ROV, and Glider, to provide a foundation for smart ocean. 

3.1.3. Comparison of materials 
In terms of the EMH, the selection of power generation materials 

includes the rotor and stator. Currently, most rotor materials are per
manent magnets (such as, NdFeB) [234], while the stator is mainly made 
of rigid materials to reduce magnetic resistance. The distinguished 
feature of the PEH is the application of piezoelectric anticorrosive ma
terials, such as, PVDF, PZT, and tourmaline, that makes it possible to 
cope with the extremely harsh sea conditions and seawater erosion. The 
TENG can adopt much inexpensive dielectric friction materials, such as, 
PTFE, Nylon, FEP, aluminum, and copper, that significantly reduce the 
cost and threshold of generators [143, 191–193, 195–198, 229, 
235–238]. In addition, the solid-solid contact, liquid-solid contact, or 
suspension induction methods can be utilized between the TENG power 
generation components to avoid damage (such as, excessive piezoelec
tric device variables) and improve the stability and endurance of the 
ocean sensors. 

Table 1 
Comparison of OKEH in terms of the type, materials, power source, output, and applications.  

Mode Type Representative 
harvester 

Major material Power 
source 

Power density Applications 

Electromagnetic 
harvesters (EMH) 

OWC BBDB [103] Permanent magnet Wave 11.3 W/m3; 78% 
(Theoretically) 

Ideal design for powering marine 
ranches and sensor node 

Inertial 
pendulum 

Ding et al. [105] Permanent magnet Wave N/A Ideal design for powering the sensors in 
underwater glider or platforms 

OWEH [102] Permanent magnet 31 W/m3 (Instantaneous 
output power, real sea 
test) 

Powering sensors and improving buoy 
service life 

Wave induction 
turbine 

Mooring-less 
sensor buoy [96] 

Permanent magnet Wave 553 W/m3 (Real sea test) Powering sensor buoy 

Electroactive polymers 
harvesters（EAH） 

Flow induced 
vibration 

EFED, EFHAS  
[144,146] 

PVDF; Silicon; 
PDMS 

Wave 0.6–2.9 μW/cm3 (Real 
sea test) 

Powering buoy 

IPMC [112,113, 
115,117] 

Nafion film; 
Graphene-based 
inks 

Current and 
Wave 

N/A 

Dielectric 
elastomer 

Pseudo-OWC  
[113] 

DE material Wave N/A Ideal design for powering distributed 
ocean sensors (prospect) 

FEC [111] Current N/A 
Vortex induced 
oscillation 

Eel [137] PVDF Current N/A Ideal design for powering remote 
sensors and robots (prospect) 

Two-stage 
energy 
harvesting 

Two-stage [232] PZT; PVDF Wave 14.4–43 W/m3; 33% 
(Theoretical experiment) 

Ideal design for powering the small, 
remote, and unmoored buoys 

Triboelectric 
nanogenerator 
harvesters (TENG) 

Rolling- 
structure mode 
TENG 

RF-TENG [154] Nylon; Kapton; 
Aluminum; Silicone 

Wave 8 W/m3–11 W/m3 (Sink 
test) 

Powering buoy, temperature sensor, 
super capacitor, and LEDs SS-TENG [187] 

T-TENG [156] 
SS-TENG [207] 

Liquid-Solid 
mode TENG 

LS-TENG [200] PTFE; Copper; 
PDMS 

Wave 60.93 W/m3 (Sink test) Power buoy, wireless SOS system 
wireless sensor, cable, and LEDs Cable TENG [218] N/A (Sink test) 

Disk and 
rotation mode 
TENG 

SS-TENG [219] Epoxy glass fiber; 
Copper; PTFE; 
Acrylic 

Wave 144.3 mW/m3 (Sink test) Power buoy, water quality sensors, 
wireless transmitter, and thermometer TD-TENG [158] 7.3 W/m3 (Sink and real 

sea test) 
Contact- 
separation 
TENG 

SIBS [220] Copper, FEP, 
Kapton, PTFE, 
Acrylic, sponge 

Wave 13.2 mW/m2; (Sink test) Power marine information detection/ 
display/alarm system, buoy, wireless 
sensor, digital thermometer, and LEDs 

Liang et al. [221] 36.83 W/m3 under 
1.0 Hz (Real sea test) 

Hybrid harvesters (HH) Hybrid TENG Wang et al. [184] Permanent 
magnets; PTFE; 
Copper Coil 

Wave 10.2 W/m3 (TENG) +

15.3 W/m3 (EMH) (Sink 
test) 

Powering buoy, wireless sensing node 
system, digital thermometer, and LEDs 

WWEH [223] Wave N/A (Real sea test) 
Wen et al. [222] Wave, tidal, 

ocean 
current 

N/A (Sink test) 

Chen et al. [224]. Wave 0.82 W/m3 (TENG) +

66.6 W/m3 (EMH) (Real 
sea test) 

Saadatnia et al.  
[228] 

Wave 271.1 W/m3 (TENG) +

700 W/m3 (EMH) (Sink 
test) 

Lee et al. [230]  Wave 94 W/m3 (Hybrid) (Sink 
test)  
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3.1.4. Comparison of application scenarios 
With respect to the application scenarios, different OKEHs corre

spond to various marine monitoring equipment or sensors. Because the 
current ocean monitoring nodes are heterogeneous, highly-distributed, 
and mobile, it is necessary to understand the power supply. Appar
ently, except for the AUV, ROV, and sonar equipped with numerous 
ocean sensors, OKEH can completely meet the power demand of marine 
sensors with energy requirements below 20 W. The ocean sensors can be 
characterized by wide distribution, low power consumption, high pre
cision, robust sensing, mobility, heterogeneity, and high reliability. 
These also introduce higher requirements for the existing OKEHs. The 
hybrid TENG has shown its advantages in ocean sensing and made 
remarkable progress. The subsequent OKEH design should have efficient 
resource utilization to reduce the cost of manufacturing, deployment, 
operation, and maintenance. On this basis, a hybrid energy harvesting 
system can utilize the several renewable power sources comprehen
sively, such as, solar, tidal, and wind energy that is suggested for marine 
environment monitoring in the future. 

3.2. Prospects 

This study systematically reviews the four OKEHs currently used to 
power ocean sensors through analyzing the energy conversion, mate
rials, output, and application fields. The OKEHs for powering distributed 
ocean sensors in the marine environment is still in its early stage and has 
a long way ahead. In view of the demand for the small-scale energy 
utilization of distributed ocean sensors, the following recommendations 
are proposed for the future design of OKEH. 

3.2.1. Enhancement of OKEH output 
The usage of proper materials can improve the effectiveness and 

output efficiency of OKEHs in many marine applications. For material 
selection, while ensuring the excellent power generation performance of 
OKEH, environmentally friendly and anti-corrosion materials should be 
appropriately selected to reduce microplastics in the ocean. 

The design of OKEHs should ensure sufficient flexibility and can be 
customized to adapt to heterogeneous ocean sensors. It is critical to 
minimize the number of connectors because they are sensitive to marine 
corrosion. The OKEHs should utilize novel resources to reduce the 
manufacturing, deployment, operation, and maintenance costs. It 
should be easy to maintain and disassemble, that includes replacing the 
power supply system, replacing or calibrating the sensors used, and 
recycling after completing the monitoring tasks. 

At sea, the ocean monitors or sensors are usually integrated into a 
sensor node, such as, a buoy or an underwater vehicle, as shown in Fig. 1 
and 2. With respect to the OKEH, using a single collection method can 
provide a small amount of energy continuously; however, it cannot 
provide high power in a short time. Different types of sensors have 
different energy requirements due to the heterogeneous characteristics. 
It can lead to load fluctuations and may force the specifications to 
exceed the requirements while designing OKEH. Therefore, for small- 
scale OKE acquisition, the OKEHs based on two/multiple-stage hybrid 
power may be more practical. 

3.2.2. Highly efficient power management system 
Energy storage technologies affect the size, cost, and operating life of 

the node [31]. Therefore, effective power management is extremely 
essential to maximize the energy. Nowadays, while using energy har
vesters in ocean sensors, the common metrics (such as, remaining bat
tery power) are no longer available for power management [3]. Instead, 
the best decision must be made about the future availability of energy. 
To this end, an algorithm can be developed to adaptively learn the 
environment around ocean sensors and to efficiently use energy to 
improve the performance of the sensor network. In addition, a power 
management system can be developed to study the transfer process from 
OKE to stored electrical energy. Owing to the optimization of the design 

of energy harvester and power transmission, the efficiency of conversion 
and transferring electrical energy to the ocean sensors is improving. By 
incorporating power management with these schemes, a large amount of 
energy can be conserved, resulting in decreased issues related to 
harvesting. 

3.2.3. Integration of energy harvester, power management circuit, energy 
storage, and sensor system 

Growing marine unmanned systems and sensors are rapidly pro
moting the innovation of marine monitoring. The evolution of ocean 
sensor not only miniaturizes marine unmanned systems, but also leads to 
its widespread utilization. It enables a wide application in in-situ energy 
harvesting by combining ocean energy harvesting techniques. The 
OKEH described in this review is adopted as an energy storage device to 
power sensors or monitoring equipment. According to the working 
principles of EMHs, EAHs, TENG, and HHs, it is expected to realize the 
in-situ power supply and self-powering in marine monitoring. By inte
grating the energy harvesting function into the system of ocean sensors, 
it is possible to achieve a coverage of the ocean sensor network for 
reasonable observation/monitoring, governance, and further explora
tion. An envisaged ocean sensor node generally consists of the following 
three main modules:  

(1) An ocean sensing module for data acquisition and incorporates 
several probes and sensors (Fig. 22).  

(2) A wireless transceiver module for wireless data communication 
and consists of a radio frequency (RF) transceiver and an antenna 
to send data and receive instructions from the sink node [17].  

(3) A power supply module usually consisting of energy storage 
equipment (rechargeable batteries), power management systems, 
and energy harvesters (OKEH, solar energy harvesters, wind en
ergy harvesters, and thermal energy harvesters). 

In the early working state, an analysis of the available energy sources 
from ocean should be performed to convert the irregular, high-entropy 
energy into regular electrical energy. To exploit these orderly en
ergies, one or more energy sources must be selected and composed into 
the power management system to obtain the effective electrical energy. 
For durability and hybrid topologies, an energy storage technology 
should be added to the system to ensure the long-term and stable 
operation of ocean sensors. The next stage is to use the energy supply 
module to power the ocean sensing module and the wireless transceiver 
module. In the ocean sensing module, through the use of algorithms, 
such as adaptive and predictive control technology, the robustness and 
working life of the system can be improved. The wireless transceiver 
module should adapt to the data reduction/compression and cloud 
control algorithm update to reduce energy loss. 

3.2.4. Resistance to biofouling and corrosion of OKEH 
The degradation of OKEH is a highly complicated phenomenon 

because of their inherent extreme operating conditions, corrosive envi
ronment, and extended operations away from maintenance facilities. To 
further improve the durability of OKEH in harsh marine environment, it 
needs to investigate effects of biofouling and corrosion on the perfor
mance of OKEH and methods to resist them. Biofouling can interfere 
with transducer elements, materials, cover optical ports and clog bear
ings. Excessive biological attachment would vary the center of gravity, 
metacenter and draft of the OKEH, thus the hydrodynamic performance 
of OKEH would change. It is worth to note that there is still less sys
tematic study on how the biofouling affects the hydrodynamic and 
electrical performance of OKEHs, particularly for the nanogenerators. 
Low-drag and low-adhesion surfaces are commonly utilized to resist 
biofouling [239]. At the same time, some works [61,62] show that the 
high-voltage electrical field generated by TENGs can also be used to 
prevent biofouling. For marine corrosion, it is known as a highly 

T. Zhao et al.                                                                                                                                                                                                                                    



Nano Energy 88 (2021) 106199

21

nonlinear process during the long exposures due to the involvement of 
numerous dependent/independent variables [240]. A multidisciplinary 
knowledge of material science, structural mechanics, electrochemistry, 
marine science and hydrodynamic is required. The methods to resist 
corrosion of OKEH may include sacrificial anodes, impressed current 
cathodic protection, various types of anti-fouling, anti-corrosive paints, 
and ultrasonic guided wave methods. Recently, based on the method of 
sacrificial anodes, TENG is adopted by using its electrical energy to 
protect the device from corrosion [63]. Thus, to ensure long-term sur
vival of OKEH, it would be interesting and useful to investigate novel 
methods to protect OKEH structure and sensor node from biofouling and 
corrosion in the future. 

4. Conclusions 

In this study, the authors review the research status of OKEHs for 
powering distributed ocean sensors. Four major types of energy har
vesters based on diverse mechanisms, including EMHs, EAHs, TENGs, 
and HHs, are introduced along with the corresponding representative 
progress in small-scale OKE harvesting. The four types of energy har
vesters are analyzed and compared for energy conversion, device ma
terials, output performance, marine sensor energy requirements, and 
application fields. The OKEH output enhancement, highly efficient 
power management system, integration of energy harvester, power 
management circuit, energy storage and sensor system, and resistance to 
biofouling and corrosion of OKEH are also proposed. The results suggest 
that OKEHs have an exceptional development prospective in powering 
ocean sensors. Based on the results, it has been concluded that TENG is 
the most appropriate technology for harvesting low-frequency, low- 
amplitude, random-direction wave energy. A hybridization of TENG 
with the other harvesters is highly recommended for harvesting high- 
entropy energy in ocean. 

Meanwhile, it is worth noting that the ocean has entered the era of 
IoT. The underlying reason behind developing and utilizing marine re
sources is the real-time detection and collection of marine information. 
The construction of smart ocean requires more "energy of the new era" 
[100], to power the widespread marine equipment. From this perspec
tive, the possible revolution in small-scale energy harvesting, ocean 
monitoring, marine resources exploitation, and self-powered sensor can 
further improve the marine safety and ecological resource utilization to 
a higher level that has never been achieved before. 
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[29] M. Ayob, V. Castellucci, M. Göteman, J. Widén, J. Abrahamsson, J. Engström, 
R. Waters, Small-scale renewable energy converters for battery charging, JMSE 6 
(2018) 26, https://doi.org/10.3390/jmse6010026. 

[30] M. Marcelli, V. Piermattei, A. Madonia, U. Mainardi, Design and application of 
new low-cost instruments for marine environmental research, Sensors 14 (2014) 
23348–23364, https://doi.org/10.3390/s141223348. 

[31] F. Akhtar, M.H. Rehmani, Energy replenishment using renewable and traditional 
energy resources for sustainable wireless sensor networks: a review, Renew. 
Sustain. Energy Rev. 45 (2015) 769–784, https://doi.org/10.1016/j. 
rser.2015.02.021. 

[32] Observation ROV system, 〈http://www.robosea.org/rov.html〉, 2020. (Accessed 1 
March 2020). 

[33] X. Xiang, Z. Niu, L. Lapierre, M. Zuo, Hybrid underwater robotic vehicles: the 
state-of-the-art and future trends, HKIE Trans. 22 (2015) 103–116. 

[34] J. Yuh, M. West, Underwater robotics, Adv. Robot. 15 (2012) 609–639, https:// 
doi.org/10.1163/156855301317033595. 

[35] High-quality data buoy, 〈https://www.ysi.com/File%20Library/Documen 
ts/Specification%20Sheets/DB600-Buoy-Specification-Sheet.pdf〉, 2020. 
(Accessed 1 March 2020). 

[36] Buoy automatic monitoring system, 〈https://www.ysi.com/EMM150〉, 2020. 
(Accessed 1 March 2020). 

[37] D.L. Rudnick, R. Davis, C.C. Eriksen, D. Fratantoni, M.J. Perry, Underwater 
Gliders for Ocean Research, 38 (2004) 73–84. https://doi.org/10.4031/ 
002533204787522703. 

[38] Current profile, 〈https://www.sontek.com/adp-acoustic-doppler-profiler/〉, 2020. 
(Accessed 1 March 2020). 

[39] Ultrasonic Thickness Gauge, 〈https://www.cygnus-instruments.com/wp-content/ 
uploads/2019/06/cygnus-mini-rov-mountable-data-sheet-iss5–1.pdf〉, 2020. 
(Accessed 1 March 2020). 

[40] Oxygen sensor, 〈https://www.aanderaa.com/productsdetail.php?Oxygen-Sensors 
-2〉, 2020. (Accessed 1 March 2020). 

[41] Conductive sensor, 〈https://www.aanderaa.com/productsdetail.php?Conductivi 
ty-sensor-9〉, 2020. (Accessed 1 March 2020). 

[42] Radiation, 〈https://www.seabird.com/multispectral-radiometers/〉, 2020. 
(Accessed 1 March 2020). 

[43] Dissolved oxygen sensor, 〈https://www.ysi.com/File%20Library/Documents 
/Manuals/ba76014-FDO-70x-IQ-YSI.PDF〉, 2020. (Accessed 1 March 2020). 

[44] Temperature sensor, 〈https://www.aanderaa.com/productsdetail.php?Temper 
ature-Sensor-12〉, 2020. (Accessed 1 March 2020). 

[45] Pressure sensor, 〈https://www.aanderaa.com/productsdetail.php?Pressure-Sens 
or-11〉, 2020. (Accessed 1 March 2020). 

[46] Tide &Wave recorder, 〈https://www.aanderaa.com/productsdetail.php?Wave-an 
d-Tide-Sensor-13〉, 2020. (Accessed 1 March 2020). 

[47] Wave staff, 〈http://oceansensorsystems.com/PDF/OSSI-010–002F.pdf〉, 2020. 
(Accessed 1 March 2020). 

[48] pHsensor, 〈https://www.seabird.com/seafet-v2-ocean-pHsensor/product-down 
loads?id=54627921732〉, 2020. (Accessed 1 March 2020). 

[49] Chlorophyll sensor, 〈https://www.ysi.com/File%20Library/Documents/Manual 
s/EXO_User_Manual_Deutsch.pdf〉, 2020. (Accessed 1 March 2020). 

[50] Nitrate, 〈https://www.ysi.com/File%20Library/Documents/Manuals/EXO-User- 
Manual-Web.pdf〉, 2020. (Accessed 1 March 2020). 

[51] Glider Payload CTD, 〈https://www.seabird.com/〉, 2020. (Accessed 1 March 
2020). 

[52] Turbidity sensor, 〈https://www.aanderaa.com/media/pdfs/d377_aanderaa_tur 
bidity_sensor_4112.pdf〉, 2020. (Accessed 1 March 2020). 

[53] Wave Gauge, 〈http://oceansensorsystems.com/PDF/OSSI-010–003C.pdf〉, 2020. 
(Accessed 1 March 2020). 

[54] Sonic Wave Sensor XB, 〈http://oceansensorsystems.com/PDF/OSS 
I-010–035Sonic%20Wave%20Sensor%20XB.pdf〉, 2020. (Accessed 1 March 
2020). 

[55] Wave Logger, 〈http://oceansensorsystems.com/PDF/OSSI-010–004%2009–28 
-10.pdf〉, 2020. (Accessed 1 March 2020). 

[56] M. Sudhakar, A. Trishul, M. Doble, K. Suresh Kumar, S. Syed Jahan, 
D. Inbakandan, R.R. Viduthalai, V.R. Umadevi, P. Sriyutha Murthy, 
R. Venkatesan, Biofouling and biodegradation of polyolefins in ocean waters, 
Polym. Degrad. Stabil. 92 (2007) 1743–1752, https://doi.org/10.1016/j. 
polymdegradstab.2007.03.029. 

[57] J. Jacquin, J. Cheng, C. Odobel, C. Pandin, P. Conan, M. Pujo-Pay, V. Barbe, A. 
L. Meistertzheim, J.F. Ghiglione, Microbial ecotoxicology of marine plastic debris: 
a review on colonization and biodegradation by the “Plastisphere”, Front. 
Microbiol. 10 (2019) 865, https://doi.org/10.3389/fmicb.2019.00865. 

[58] V. Martínez-Vicente, J.R. Clark, P. Corradi, S. Aliani, M. Arias, M. Bochow, 
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Vittorio, Nanogenerators for harvesting mechanical energy conveyed by liquids, 
Nano Energy 57 (2019) 141–156, https://doi.org/10.1016/j. 
nanoen.2018.12.027. 

[163] M. Xu, P. Wang, Y.-C. Wang, S.L. Zhang, A.C. Wang, C. Zhang, Z. Wang, X. Pan, Z. 
L. Wang, A soft and robust spring based triboelectric nanogenerator for harvesting 
arbitrary directional vibration energy and self-powered vibration sensing, Adv. 
Energy Mater. 8 (2018), 1702432, https://doi.org/10.1002/aenm.201702432. 

[164] L. Xu, T. Jiang, P. Lin, J.J. Shao, C. He, W. Zhong, X.Y. Chen, Z.L. Wang, Coupled 
triboelectric nanogenerator networks for efficient water wave energy harvesting, 
ACS Nano 12 (2018) 1849–1858, https://doi.org/10.1021/acsnano.7b08674. 

[165] L. Xu, T.Z. Bu, X.D. Yang, C. Zhang, Z.L. Wang, Ultrahigh charge density realized 
by charge pumping at ambient conditions for triboelectric nanogenerators, Nano 
Energy 49 (2018) 625–633, https://doi.org/10.1016/j.nanoen.2018.05.011. 

[166] T.X. Xiao, T. Jiang, J.X. Zhu, X. Liang, L. Xu, J.J. Shao, C.L. Zhang, J. Wang, Z. 
L. Wang, Silicone-based triboelectric nanogenerator for water wave energy 
harvesting, ACS Appl. Mater. Interfaces 10 (2018) 3616–3623, https://doi.org/ 
10.1021/acsami.7b17239. 

[167] S.-J. Park, S. Kim, M.-L. Seol, S.-B. Jeon, I.-W. Tcho, D. Kim, Y.-K. Choi, A multi- 
directional wind based triboelectric generator with investigation of frequency 
effects, Extrem. Mech. Lett. 19 (2018) 46–53, https://doi.org/10.1016/j. 
eml.2017.12.009. 

[168] L. Pan, J. Wang, P. Wang, R. Gao, Y.-C. Wang, X. Zhang, J.-J. Zou, Z.L. Wang, 
Liquid-FEP-based U-tube triboelectric nanogenerator for harvesting water-wave 
energy, Nano Res. 11 (2018) 4062–4073, https://doi.org/10.1007/s12274-018- 
1989-9. 

[169] G. Liu, J. Chen, Q. Tang, L. Feng, H. Yang, J. Li, Y. Xi, X. Wang, C. Hu, Wireless 
electric energy transmission through various isolated solid media based on 
triboelectric nanogenerator, Adv. Energy Mater. 8 (2018), 1703086, https://doi. 
org/10.1002/aenm.201703086. 

[170] Q. Jiang, C. Wu, Z. Wang, A.C. Wang, J.-H. He, Z.L. Wang, H.N. Alshareef, MXene 
electrochemical microsupercapacitor integrated with triboelectric nanogenerator 
as a wearable self-charging power unit, Nano Energy 45 (2018) 266–272, https:// 
doi.org/10.1016/j.nanoen.2018.01.004. 

[171] X.X. Zhu, X.S. Meng, S.Y. Kuang, X.D. Wang, C.F. Pan, G. Zhu, Z.L. Wang, 
Triboelectrification-enabled touch sensing for self-powered position mapping and 
dynamic tracking by a flexible and area-scalable sensor array, Nano Energy 41 
(2017) 387–393, https://doi.org/10.1016/j.nanoen.2017.09.025. 

[172] H. Xue, Q. Yang, D. Wang, W. Luo, W. Wang, M. Lin, D. Liang, Q. Luo, A wearable 
pyroelectric nanogenerator and self-powered breathing sensor, Nano Energy 38 
(2017) 147–154, https://doi.org/10.1016/j.nanoen.2017.05.056. 

[173] M. Xu, Y.-C. Wang, S.L. Zhang, W. Ding, J. Cheng, X. He, P. Zhang, Z. Wang, 
X. Pan, Z.L. Wang, An aeroelastic flutter based triboelectric nanogenerator as a 
self-powered active wind speed sensor in harsh environment, Extrem. Mech. Lett. 
15 (2017) 122–129, https://doi.org/10.1016/j.eml.2017.07.005. 

[174] Y. Xi, J. Wang, Y. Zi, X. Li, C. Han, X. Cao, C. Hu, Z. Wang, High efficient 
harvesting of underwater ultrasonic wave energy by triboelectric nanogenerator, 
Nano Energy 38 (2017) 101–108, https://doi.org/10.1016/j. 
nanoen.2017.04.053. 

[175] F. Xi, Y. Pang, W. Li, T. Jiang, L. Zhang, T. Guo, G. Liu, C. Zhang, Z.L. Wang, 
Universal power management strategy for triboelectric nanogenerator, Nano 
Energy 37 (2017) 168–176, https://doi.org/10.1016/j.nanoen.2017.05.027. 

[176] C. Wu, R. Liu, J. Wang, Y. Zi, L. Lin, Z.L. Wang, A spring-based resonance 
coupling for hugely enhancing the performance of triboelectric nanogenerators 
for harvesting low-frequency vibration energy, Nano Energy 32 (2017) 287–293, 
https://doi.org/10.1016/j.nanoen.2016.12.061. 

[177] J. Wang, C. Wu, Y. Dai, Z. Zhao, A. Wang, T. Zhang, Z.L. Wang, Achieving 
ultrahigh triboelectric charge density for efficient energy harvesting, Nat. 
Commun. 8 (2017) 88, https://doi.org/10.1038/s41467-017-00131-4. 

[178] H. Zou, L. Guo, H. Xue, Y. Zhang, X. Shen, X. Liu, P. Wang, X. He, G. Dai, P. Jiang, 
H. Zheng, B. Zhang, C. Xu, Z.L. Wang, Quantifying and understanding the 
triboelectric series of inorganic non-metallic materials, Nat. Commun. 11 (2020) 
2093, https://doi.org/10.1038/s41467-020-15926-1. 

[180] B. Shi, Z. Li, Y. Fan, Implantable energy-harvesting devices, Adv. Mater. 30 
(2018), 1801511, https://doi.org/10.1002/adma.201801511. 

T. Zhao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/s40722-014-0008-9
https://doi.org/10.1007/s40722-014-0008-9
https://doi.org/10.1143/jjap.8.975
https://doi.org/10.1109/TUFFC.2005.1428041
https://doi.org/10.1109/TUFFC.2005.1428041
https://doi.org/10.1088/0960-1317/16/11/026
https://doi.org/10.1088/0960-1317/16/11/026
https://doi.org/10.1088/0960-1317/14/5/009
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref94
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref94
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref94
https://doi.org/10.1115/1.2957913
https://doi.org/10.1007/s00348-010-0871-7
https://doi.org/10.1038/srep35180
https://doi.org/10.1038/srep35180
https://doi.org/10.1016/j.jfluidstructs.2015.03.009
https://doi.org/10.1016/j.jfluidstructs.2015.03.009
https://doi.org/10.1089/soro.2016.0069
https://doi.org/10.1016/j.apenergy.2020.114902
https://doi.org/10.1016/j.apor.2017.08.008
https://doi.org/10.1016/j.sna.2017.04.026
https://doi.org/10.1016/j.sna.2017.04.026
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref103
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref103
https://doi.org/10.1109/tpel.2002.802194
https://doi.org/10.1109/tpel.2003.809379
https://doi.org/10.1109/tpel.2003.809379
https://doi.org/10.1111/j.1475-1305.2004.00120.x
https://doi.org/10.1111/j.1475-1305.2004.00120.x
https://doi.org/10.1109/tpel.2007.904230
https://doi.org/10.1109/tpel.2007.904230
https://doi.org/10.1002/aenm.201501467
https://doi.org/10.1002/aenm.201501467
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref109
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref109
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref109
https://doi.org/10.1021/acsnano.8b08274
https://doi.org/10.1021/acsnano.8b08274
https://doi.org/10.1515/ntrev-2017-0178
https://doi.org/10.1016/j.nanoen.2019.104117
https://doi.org/10.1016/j.nanoen.2019.104117
https://doi.org/10.1002/admt.201800560
https://doi.org/10.1002/admt.201800560
https://doi.org/10.1002/aenm.201901731
https://doi.org/10.1002/aenm.201901731
https://doi.org/10.1016/j.nanoen.2017.12.025
https://doi.org/10.1016/j.nanoen.2018.12.027
https://doi.org/10.1016/j.nanoen.2018.12.027
https://doi.org/10.1002/aenm.201702432
https://doi.org/10.1021/acsnano.7b08674
https://doi.org/10.1016/j.nanoen.2018.05.011
https://doi.org/10.1021/acsami.7b17239
https://doi.org/10.1021/acsami.7b17239
https://doi.org/10.1016/j.eml.2017.12.009
https://doi.org/10.1016/j.eml.2017.12.009
https://doi.org/10.1007/s12274-018-1989-9
https://doi.org/10.1007/s12274-018-1989-9
https://doi.org/10.1002/aenm.201703086
https://doi.org/10.1002/aenm.201703086
https://doi.org/10.1016/j.nanoen.2018.01.004
https://doi.org/10.1016/j.nanoen.2018.01.004
https://doi.org/10.1016/j.nanoen.2017.09.025
https://doi.org/10.1016/j.nanoen.2017.05.056
https://doi.org/10.1016/j.eml.2017.07.005
https://doi.org/10.1016/j.nanoen.2017.04.053
https://doi.org/10.1016/j.nanoen.2017.04.053
https://doi.org/10.1016/j.nanoen.2017.05.027
https://doi.org/10.1016/j.nanoen.2016.12.061
https://doi.org/10.1038/s41467-017-00131-4
https://doi.org/10.1038/s41467-020-15926-1
https://doi.org/10.1002/adma.201801511


Nano Energy 88 (2021) 106199

25

[182] X. Zhang, M. Yu, Z. Ma, H. Ouyang, Y. Zou, S.L. Zhang, H. Niu, X. Pan, M. Xu, 
Z. Li, Z.L. Wang, Self-powered distributed water level sensors based on 
liquid–solid triboelectric nanogenerators for ship draft detecting, Adv. Funct. 
Mater. 29 (2019), 1900327, https://doi.org/10.1002/adfm.201900327. 

[183] X. Yang, L. Xu, P. Lin, W. Zhong, Y. Bai, J. Luo, J. Chen, Z.L. Wang, Macroscopic 
self-assembly network of encapsulated high-performance triboelectric 
nanogenerators for water wave energy harvesting, Nano Energy 60 (2019) 
404–412, https://doi.org/10.1016/j.nanoen.2019.03.054. 

[184] J. Wang, L. Pan, H. Guo, B. Zhang, R. Zhang, Z. Wu, C. Wu, L. Yang, R. Liao, Z. 
L. Wang, Rational structure optimized hybrid nanogenerator for highly efficient 
water wave energy harvesting, Adv. Energy Mater. 9 (2019), 1802892, https:// 
doi.org/10.1002/aenm.201802892. 

[185] J. Luo, Z.L. Wang, Recent advances in triboelectric nanogenerator based self- 
charging power systems, Energy Storage Mater. 23 (2019) 617–628, https://doi. 
org/10.1016/j.ensm.2019.03.009. 

[186] X. Liang, T. Jiang, G. Liu, T. Xiao, L. Xu, W. Li, F. Xi, C. Zhang, Z.L. Wang, 
Triboelectric nanogenerator networks integrated with power management 
module for water wave energy harvesting, Adv. Funct. Mater. 29 (2019), 
1807241, https://doi.org/10.1002/adfm.201807241. 

[187] S.L. Zhang, M. Xu, C. Zhang, Y.-C. Wang, H. Zou, X. He, Z. Wang, Z.L. Wang, 
Rationally designed sea snake structure based triboelectric nanogenerators for 
effectively and efficiently harvesting ocean wave energy with minimized water 
screening effect, Nano Energy 48 (2018) 421–429, https://doi.org/10.1016/j. 
nanoen.2018.03.062. 

[188] M. Xu, S. Wang, S.L. Zhang, W. Ding, P.T. Kien, C. Wang, Z. Li, X. Pan, Z.L. Wang, 
A highly-sensitive wave sensor based on liquid-solid interfacing triboelectric 
nanogenerator for smart marine equipment, Nano Energy 57 (2019) 574–580, 
https://doi.org/10.1016/j.nanoen.2018.12.041. 

[189] Q. Shi, H. Wang, H. Wu, C. Lee, Self-powered triboelectric nanogenerator buoy 
ball for applications ranging from environment monitoring to water wave energy 
farm, Nano Energy 40 (2017) 203–213, https://doi.org/10.1016/j. 
nanoen.2017.08.018. 

[190] Z. Zhang, D. Jiang, J. Zhao, G. Liu, T. Bu, C. Zhang, Z.L. Wang, Tribovoltaic effect 
on metal–semiconductor interface for direct-current low-impedance triboelectric 
nanogenerators, Adv. Energy Mater. 10 (2020), 1903713, https://doi.org/ 
10.1002/aenm.201903713. 

[191] W. Zhang, G. Gu, H. Qin, S. Li, W. Shang, T. Wang, B. Zhang, P. Cui, J. Guo, 
F. Yang, G. Cheng, Z. Du, Measuring the actual voltage of a triboelectric 
nanogenerator using the non-grounded method, Nano Energy 77 (2020), 105108, 
https://doi.org/10.1016/j.nanoen.2020.105108. 

[192] H.J. Yoon, M. Kang, W. Seung, S.S. Kwak, J. Kim, H.T. Kim, S.W. Kim, 
Microdischarge-based direct current triboelectric nanogenerator via 
accumulation of triboelectric charge in atmospheric condition, Adv. Energy 
Mater. 10 (2020), 2000730, https://doi.org/10.1002/aenm.202000730. 

[193] Z. Wu, T. Cheng, Z.L. Wang, Self-powered sensors and systems based on 
nanogenerators, Sensors 20 (2020) 2925, https://doi.org/10.3390/s20102925. 

[194] F. Wen, Z. Sun, T. He, Q. Shi, M. Zhu, Z. Zhang, L. Li, T. Zhang, C. Lee, Machine 
learning glove using self-powered conductive superhydrophobic triboelectric 
textile for gesture recognition in VR/AR applications, Adv. Sci. 7 (2020), 
2000261, https://doi.org/10.1002/advs.202000261. 

[195] Z.L. Wang, Triboelectric nanogenerator (TENG)—sparking an energy and sensor 
revolution, Adv. Energy Mater. 10 (2020), 2000137, https://doi.org/10.1002/ 
aenm.202000137. 

[196] Z.L. Wang, On the first principle theory of nanogenerators from Maxwell’s 
equations, Nano Energy 68 (2020), 104272, https://doi.org/10.1016/j. 
nanoen.2019.104272. 

[197] Z. Wang, Y. Yu, Y. Wang, X. Lu, T. Cheng, G. Bao, Z.L. Wang, Magnetic flap-type 
difunctional sensor for detecting pneumatic flow and liquid level based on 
triboelectric nanogenerator, ACS Nano 14 (2020) 5981–5987, https://doi.org/ 
10.1021/acsnano.0c01436. 

[198] Q. Wang, H.-X. Zou, L.-C. Zhao, M. Li, K.-X. Wei, L.-P. Huang, W.-M. Zhang, 
A synergetic hybrid mechanism of piezoelectric and triboelectric for galloping 
wind energy harvesting, Appl. Phys. Lett. 117 (2020), 043902, https://doi.org/ 
10.1063/5.0014484. 

[199] F.R. Fan, W. Tang, Z.L. Wang, Flexible nanogenerators for energy harvesting and 
self-powered electronics, Adv. Mater. 28 (2016) 4283–4305, https://doi.org/ 
10.1002/adma.201504299. 

[200] X. Li, J. Tao, X. Wang, J. Zhu, C. Pan, Z.L. Wang, Networks of high performance 
triboelectric nanogenerators based on liquid-solid interface contact electrification 
for harvesting low-frequency blue energy, Adv. Energy Mater. 8 (2018), 1800705, 
https://doi.org/10.1002/aenm.201800705. 

[201] L. Xu, Y. Pang, C. Zhang, T. Jiang, X. Chen, J. Luo, W. Tang, X. Cao, Z.L. Wang, 
Integrated triboelectric nanogenerator array based on air-driven membrane 
structures for water wave energy harvesting, Nano Energy 31 (2017) 351–358, 
https://doi.org/10.1016/j.nanoen.2016.11.037. 

[202] S. Wang, L. Lin, Z.L. Wang, Triboelectric nanogenerators as self-powered active 
sensors, Nano Energy 11 (2015) 436–462, https://doi.org/10.1016/j. 
nanoen.2014.10.034. 

[203] J. Shao, M. Willatzen, Z. Wang, Theoretical modeling of triboelectric 
nanogenerators (TENGs), J. Appl. Phys. 128 (2020), 111101, https://doi.org/ 
10.1063/5.0020961. 

[204] C. Rodrigues, D. Nunes, D. Clemente, N. Mathias, J.M. Correia, P. Rosa-Santos, 
F. Taveira-Pinto, T. Morais, A. Pereira, J. Ventura, Emerging triboelectric 
nanogenerators for ocean wave energy harvesting: state of the art and future 
perspectives, Energy Environ. Sci. 13 (2020) 2657–2683, https://doi.org/ 
10.1039/D0EE01258K. 

[205] C. Rodrigues, D. Nunes, D. Clemente, N. Mathias, J. Correia, P. Santos, F. Taveira- 
Pinto, T. Morais, A. Pereira, J. Ventura, Emerging triboelectric nanogenerators for 
ocean wave energy harvesting: state of the art and future perspectives, Energy 
Environ. Sci. 13 (2020) 2657–2683, https://doi.org/10.1039/D0EE01258K. 

[206] T.X. Xiao, X. Liang, T. Jiang, L. Xu, J.J. Shao, J.H. Nie, Y. Bai, W. Zhong, Z. 
L. Wang, Spherical triboelectric nanogenerators based on spring-assisted 
multilayered structure for efficient water wave energy harvesting, Adv. Funct. 
Mater. 28 (2018), 1802634, https://doi.org/10.1002/adfm.201802634. 

[207] P. Cheng, H. Guo, Z. Wen, C. Zhang, X. Yin, X. Li, D. Liu, W. Song, X. Sun, 
J. Wang, Z.L. Wang, Largely enhanced triboelectric nanogenerator for efficient 
harvesting of water wave energy by soft contacted structure, Nano Energy 57 
(2019) 432–439, https://doi.org/10.1016/j.nanoen.2018.12.054. 

[208] Z. Xuejiao, G. Zhu, Y. Fan, H. Yang Li, Z. Lin Wang, Triboelectric charging at the 
nanostructured solid/liquid interface for area-scalable wave energy conversion 
and its use in corrosion protection, 9 (2015). https://doi.org/10.1021/acsnano 
.5b03093. 

[209] Y. Zi, S. Niu, J. Wang, Z. Wen, W. Tang, Z.L. Wang, Standards and figure-of-merits 
for quantifying the performance of triboelectric nanogenerators, Nat. Commun. 6 
(2015) 8376, https://doi.org/10.1038/ncomms9376. 

[210] W. Zhong, L. Xu, X. Yang, W. Tang, J. Shao, B. Chen, Z.L. Wang, Open-book-like 
triboelectric nanogenerators based on low-frequency roll-swing oscillators for 
wave energy harvesting, Nanoscale 11 (2019) 7199–7208, https://doi.org/ 
10.1039/c8nr09978b. 

[211] Y.C. Lai, Y.C. Hsiao, H.M. Wu, Z.L. Wang, Waterproof fabric-based 
multifunctional triboelectric nanogenerator for universally harvesting energy 
from raindrops, wind, and human motions and as self-powered sensors, Adv. Sci. 
6 (2019), 1801883, https://doi.org/10.1002/advs.201801883. 

[212] R. Lei, H. Zhai, J. Nie, W. Zhong, Y. Bai, X. Liang, L. Xu, T. Jiang, X. Chen, Z. 
L. Wang, Butterfly-inspired triboelectric nanogenerators with spring-assisted 
linkage structure for water wave energy harvesting, Adv. Mater. Technol. 4 
(2019), 1800514, https://doi.org/10.1002/admt.201800514. 

[213] W. Liu, Z. Wang, G. Wang, G. Liu, J. Chen, X. Pu, Y. Xi, X. Wang, H. Guo, C. Hu, Z. 
L. Wang, Integrated charge excitation triboelectric nanogenerator, Nat. Commun. 
10 (2019) 1426, https://doi.org/10.1038/s41467-019-09464-8. 

[214] X. Wen, W. Yang, Q. Jing, Z.L. Wang, Harvesting broadband kinetic impact 
energy from mechanical triggering/vibration and water waves, ACS Nano 8 
(2014) 7405–7412. 

[215] S. Niu, Y.S. Zhou, S. Wang, Y. Liu, L. Lin, Y. Bando, Z.L. Wang, Simulation method 
for optimizing the performance of an integrated triboelectric nanogenerator 
energy harvesting system, Nano Energy 8 (2014) 150–156, https://doi.org/ 
10.1016/j.nanoen.2014.05.018. 

[216] S. Wang, Y. Xie, S. Niu, L. Lin, Z.L. Wang, Freestanding triboelectric-layer-based 
nanogenerators for harvesting energy from a moving object or human motion in 
contact and non-contact modes, Adv. Mater. 26 (2014) 2818–2824, https://doi. 
org/10.1002/adma.201305303. 

[217] Z.H. Lin, G. Cheng, S. Lee, K.C. Pradel, Z.L. Wang, Harvesting water drop energy 
by a sequential contact-electrification and electrostatic-induction process, Adv. 
Mater. 26 (2014) 4690–4696, https://doi.org/10.1002/adma.201400373. 

[218] G. Liu, L. Xiao, C. Chen, W. Liu, X. Pu, Z. Wu, C. Hu, Z.L. Wang, Power cables for 
triboelectric nanogenerator networks for large-scale blue energy harvesting, Nano 
Energy 75 (2020), 104975, https://doi.org/10.1016/j.nanoen.2020.104975. 

[219] T. Jiang, H. Pang, J. An, P. Lu, Y. Feng, X. Liang, W. Zhong, Z.L. Wang, Robust 
swing-structured triboelectric nanogenerator for efficient blue energy harvesting, 
Adv. Energy Mater. 10 (2020), 2000064, https://doi.org/10.1002/ 
aenm.202000064. 

[220] F. Xi, Y. Pang, G. Liu, S. Wang, W. Li, C. Zhang, Z.L. Wang, Self-powered 
intelligent buoy system by water wave energy for sustainable and autonomous 
wireless sensing and data transmission, Nano Energy 61 (2019) 1–9, https://doi. 
org/10.1016/j.nanoen.2019.04.026. 

[221] X. Liang, T. Jiang, G. Liu, Y. Feng, C. Zhang, Z.L. Wang, Spherical triboelectric 
nanogenerator integrated with power management module for harvesting 
multidirectional water wave energy, Energy Environ. Sci. 13 (2020) 277–285, 
https://doi.org/10.1039/c9ee03258d. 

[222] Z. Wen, H. Guo, Y. Zi, M.-H. Yeh, X. Wang, J. Deng, J. Wang, S. Li, C. Hu, L. Zhu, 
Z.L. Wang, Harvesting broad frequency band blue energy by a 
triboelectric–electromagnetic hybrid nanogenerator, ACS Nano 10 (2016) 
6526–6534, https://doi.org/10.1021/acsnano.6b03293. 

[223] Z. Wu, H. Guo, W. Ding, Y.C. Wang, L. Zhang, Z.L. Wang, A hybridized 
triboelectric-electromagnetic water wave energy harvester based on a magnetic 
sphere, ACS Nano 13 (2019) 2349–2356, https://doi.org/10.1021/ 
acsnano.8b09088. 

[224] X. Chen, L. Gao, J. Chen, S. Lu, H. Zhou, T. Wang, A. Wang, Z. Zhang, S. Guo, 
X. Mu, Z.L. Wang, Y. Yang, A chaotic pendulum triboelectric-electromagnetic 
hybridized nanogenerator for wave energy scavenging and self-powered wireless 
sensing system, Nano Energy 69 (2020), 104440, https://doi.org/10.1016/j. 
nanoen.2019.104440. 

[225] H. Shao, Z. Wen, P. Cheng, N. Sun, Q. Shen, C. Zhou, M. Peng, Y. Yang, X. Xie, 
X. Sun, Multifunctional power unit by hybridizing contact-separate triboelectric 
nanogenerator, electromagnetic generator and solar cell for harvesting blue 
energy, Nano Energy 39 (2017) 608–615, https://doi.org/10.1016/j. 
nanoen.2017.07.045. 

[226] X. Wang, Z. Wen, H. Guo, C. Wu, X. He, L. Lin, X. Cao, Z.L. Wang, Fully packaged 
blue energy harvester by hybridizing a rolling triboelectric nanogenerator and an 
electromagnetic generator, ACS Nano 10 (2016) 11369–11376, https://doi.org/ 
10.1021/acsnano.6b06622. 

T. Zhao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1002/adfm.201900327
https://doi.org/10.1016/j.nanoen.2019.03.054
https://doi.org/10.1002/aenm.201802892
https://doi.org/10.1002/aenm.201802892
https://doi.org/10.1016/j.ensm.2019.03.009
https://doi.org/10.1016/j.ensm.2019.03.009
https://doi.org/10.1002/adfm.201807241
https://doi.org/10.1016/j.nanoen.2018.03.062
https://doi.org/10.1016/j.nanoen.2018.03.062
https://doi.org/10.1016/j.nanoen.2018.12.041
https://doi.org/10.1016/j.nanoen.2017.08.018
https://doi.org/10.1016/j.nanoen.2017.08.018
https://doi.org/10.1002/aenm.201903713
https://doi.org/10.1002/aenm.201903713
https://doi.org/10.1016/j.nanoen.2020.105108
https://doi.org/10.1002/aenm.202000730
https://doi.org/10.3390/s20102925
https://doi.org/10.1002/advs.202000261
https://doi.org/10.1002/aenm.202000137
https://doi.org/10.1002/aenm.202000137
https://doi.org/10.1016/j.nanoen.2019.104272
https://doi.org/10.1016/j.nanoen.2019.104272
https://doi.org/10.1021/acsnano.0c01436
https://doi.org/10.1021/acsnano.0c01436
https://doi.org/10.1063/5.0014484
https://doi.org/10.1063/5.0014484
https://doi.org/10.1002/adma.201504299
https://doi.org/10.1002/adma.201504299
https://doi.org/10.1002/aenm.201800705
https://doi.org/10.1016/j.nanoen.2016.11.037
https://doi.org/10.1016/j.nanoen.2014.10.034
https://doi.org/10.1016/j.nanoen.2014.10.034
https://doi.org/10.1063/5.0020961
https://doi.org/10.1063/5.0020961
https://doi.org/10.1039/D0EE01258K
https://doi.org/10.1039/D0EE01258K
https://doi.org/10.1039/D0EE01258K
https://doi.org/10.1002/adfm.201802634
https://doi.org/10.1016/j.nanoen.2018.12.054
https://doi.org/10.1021/acsnano.5b03093
https://doi.org/10.1021/acsnano.5b03093
https://doi.org/10.1038/ncomms9376
https://doi.org/10.1039/c8nr09978b
https://doi.org/10.1039/c8nr09978b
https://doi.org/10.1002/advs.201801883
https://doi.org/10.1002/admt.201800514
https://doi.org/10.1038/s41467-019-09464-8
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref165
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref165
http://refhub.elsevier.com/S2211-2855(21)00455-9/sbref165
https://doi.org/10.1016/j.nanoen.2014.05.018
https://doi.org/10.1016/j.nanoen.2014.05.018
https://doi.org/10.1002/adma.201305303
https://doi.org/10.1002/adma.201305303
https://doi.org/10.1002/adma.201400373
https://doi.org/10.1016/j.nanoen.2020.104975
https://doi.org/10.1002/aenm.202000064
https://doi.org/10.1002/aenm.202000064
https://doi.org/10.1016/j.nanoen.2019.04.026
https://doi.org/10.1016/j.nanoen.2019.04.026
https://doi.org/10.1039/c9ee03258d
https://doi.org/10.1021/acsnano.6b03293
https://doi.org/10.1021/acsnano.8b09088
https://doi.org/10.1021/acsnano.8b09088
https://doi.org/10.1016/j.nanoen.2019.104440
https://doi.org/10.1016/j.nanoen.2019.104440
https://doi.org/10.1016/j.nanoen.2017.07.045
https://doi.org/10.1016/j.nanoen.2017.07.045
https://doi.org/10.1021/acsnano.6b06622
https://doi.org/10.1021/acsnano.6b06622


Nano Energy 88 (2021) 106199

26

[227] X. Liang, T. Jiang, Y. Feng, P. Lu, J. An, Z.L. Wang, Triboelectric nanogenerator 
network integrated with charge excitation circuit for effective water wave energy 
harvesting, Adv. Energy Mater. 10 (2020), 2002123, https://doi.org/10.1002/ 
aenm.202002123. 

[228] Z. Saadatnia, E. Asadi, H. Askari, E. Esmailzadeh, H.E. Naguib, A heaving point 
absorber-based triboelectric-electromagnetic wave energy harvester: an efficient 
approach toward blue energy, Int. J. Energy Res. 42 (2018) 2431–2447, https:// 
doi.org/10.1002/er.4024. 

[229] Y. Feng, X. Liang, J. An, T. Jiang, Z.L. Wang, Soft-contact cylindrical triboelectric- 
electromagnetic hybrid nanogenerator based on swing structure for ultra-low 
frequency water wave energy harvesting, Nano Energy 81 (2021), 105625, 
https://doi.org/10.1016/j.nanoen.2020.105625. 

[230] L. Liu, Q. Shi, C. Lee, Cluster-mining: an approach for determining core structures 
of metallic nanoparticles from atomic pair distribution function data, Acta 
Crystallogr. Sect. A Found. Adv. 76 (2020) 24–31, https://doi.org/10.1016/j. 
nanoen.2020.105052. 

[231] H. Mutsuda, K. Kawakami, T. Kurokawa, Y. Doi, Y. Tanaka, A technology of 
electrical energy generated from ocean power using flexible piezoelectric device, 
(2010) 313–321. https://doi.org/10.1115/OMAE2010–20103. 

[232] M. Ahmadian, R. Murray, M.N. Ghasemi-Nejhad, J. Rastegar, Novel two-stage 
piezoelectric-based ocean wave energy harvesters for moored or unmoored buoys, 
in: The 16th International Symposium on: Smart Structures and Materials & 
Nondestructive Evaluation and Health Monitoring, 2009. 

[233] H.J. Hodges, J. Ruedy, L. Soede, M. Weber, J. Ruiz-Minguela, P. Jeffrey, H. 
Bannon, E. Holland, M. Maciver, R. Hume, D. Villate, J.-L. Ramsey, An 
International Evaluation and Guidance Framework for Ocean Energy Technology, 
2021. 

[234] P. Zeng, A. Khaligh, A permanent-magnet linear motion driven kinetic energy 
harvester, IEEE Trans. Ind. Electron. 60 (2013) 5737–5746, https://doi.org/ 
10.1109/tie.2012.2229674. 

[235] Z. Wang, J. An, J. Nie, J. Luo, J. Shao, T. Jiang, B. Chen, W. Tang, Z.L. Wang, 
A self-powered angle sensor at nanoradian-resolution for robotic arms and 
personalized medicare, Adv. Mater. 32 (2020), 2001466, https://doi.org/ 
10.1002/adma.202001466. 

[236] Y. Wang, H. Wu, L. Xu, H. Zhang, Y. Yang, Z.L. Wang, Hierarchically patterned 
self-powered sensors for multifunctional tactile sensing, Sci. Adv. 6 (2020) 9083, 
https://doi.org/10.1126/sciadv.abb9083. 

[237] J. Tian, X. Chen, Z.L. Wang, Environmental energy harvesting based on 
triboelectric nanogenerators, Nanotechnology 31 (2020), 242001, https://doi. 
org/10.1088/1361-6528/ab793e. 

[238] H. Tao, J. Gibert, Multifunctional mechanical metamaterials with embedded 
triboelectric nanogenerators, Adv. Funct. Mater. 30 (2020), 2001720, https://doi. 
org/10.1002/adfm.202001720. 

[239] G.D. Bixler, B. Bhushan, Biofouling: lessons from nature, Philos. Trans. R Soc. 370 
(2012) 2381–2417, https://doi.org/10.1098/rsta.2011.0502. 

[240] M. Abbas, M. Shafiee, An overview of maintenance management strategies for 
corroded steel structures in extreme marine environments, Mar. Struct. 71 (2020), 
102718, https://doi.org/10.1016/j.marstruc.2020.102718.  

Tiancong Zhao received the M.S. degree from the School of 
Dalian Maritime University, China., in 2017. He is currently 
pursuing the Ph.D. degree at Sun Yat-sen University, China. His 
research interests focus on energy harvesters.  

Prof. Minyi Xu received his Ph.D. degree from Peking Uni
versity in 2012. During 2016–2017, he joined Professor Zhong 
Lin Wang’ group at Georgia Institute of Technology. Now he is 
a Professor in the Marine Engineering College, Dalian Maritime 
University. His current research is mainly focused on the areas 
of blue energy, self-powered systems, triboelectric nano
generators and its practical applications in smart ship and 
ocean.  

Dr. Xiu Xiao graduated from Tsinghua University in 2017. She 
was a visiting scholar at Purdue University during 2014–2016. 
Now she is an assistant professor in the Marine Engineering 
College, Dalian Maritime University. Her current research is 
mainly focused on new energy and its applications.  

Prof. Yong Ma received his Ph.D. degree from Harbin Engi
neering University in 2013. Now he is a Professor in the School 
of Marine Engineering and Technology, Sun Yat-sen Univer
sity. His current research is mainly focused on the floating 
structure hydrodynamic performance prediction, ocean energy 
devices, fluid dynamics testing technology and triboelectric 
nanogenerators.  

Zhou Li is a Professor and Principal Investigator of Beijing 
Institute of Nanoenergy and Nanosystems (BINN) and School of 
Nanoscience and Technology, University of Chinese Academy 
of Sciences. He is also the director of Nanoenergy and Bio
system Lab in BINN. His research focused on self-powered 
medical electronics, implantable triboelectric nanogenerator 
(iTENG), bioabsorbable energy harvestor, biosensors and 
wearable medical devices. He was supported by the National 
Youth Talent Support Program and award “Young In
vestigator’s Award” by International Federation for Medical 
and Biological Engineering (IFMBE).  

Prof. Zhong Lin Wang received his Ph.D. degree from Arizona 
State University in Physics. He now is the Hightower Chair in 
Materials Science and Engineering, Regents’ Professor at 
Georgia Tech, the chief scientist and director of the Beijing 
Institute of Nanoenergy and Nanosystems, Chinese Academy of 
Sciences. Prof. Wang has made original and innovative con
tributions to the synthesis, discovery, characterization and 
understanding of fundamental physical properties of oxide 
nanobelts and nanowires, as well as applications of nanowires 
in energy sciences, electronics, optoelectronics and biological 
science. His discovery and breakthroughs in developing nano
generators establish the principle and technological road map 

for harvesting mechanical energy from environmental and biological systems for powering 
personal electronics. His research on self-powered nanosystems has inspired the world
wide efforts in academia and industry for studying energy for micro-nano-systems, which 
is now a distinct disciplinary in energy research and future sensor networks. He coined and 
pioneered the fields of piezotronics and piezophototronics by introducing piezoelectric 
potential gated charge transport process in fabricating new electronic and optoelectronic 
devices. 

T. Zhao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1002/aenm.202002123
https://doi.org/10.1002/aenm.202002123
https://doi.org/10.1002/er.4024
https://doi.org/10.1002/er.4024
https://doi.org/10.1016/j.nanoen.2020.105625
https://doi.org/10.1016/j.nanoen.2020.105052
https://doi.org/10.1016/j.nanoen.2020.105052
https://doi.org/10.1115/OMAE2010-20103
https://doi.org/10.1109/tie.2012.2229674
https://doi.org/10.1109/tie.2012.2229674
https://doi.org/10.1002/adma.202001466
https://doi.org/10.1002/adma.202001466
https://doi.org/10.1126/sciadv.abb9083
https://doi.org/10.1088/1361-6528/ab793e
https://doi.org/10.1088/1361-6528/ab793e
https://doi.org/10.1002/adfm.202001720
https://doi.org/10.1002/adfm.202001720
https://doi.org/10.1098/rsta.2011.0502
https://doi.org/10.1016/j.marstruc.2020.102718

	Recent progress in blue energy harvesting for powering distributed sensors in ocean
	1 Introduction
	2 Types of energy harvesters for powering distributed sensors
	2.1 Characteristics of kinetic energy harvested from ocean
	2.2 Electromagnetic harvesters
	2.2.1 Working principle
	2.2.2 Oscillating water column mode
	2.2.3 Inertial pendulum mode
	2.2.4 Wave induction turbine mode

	2.3 Electroactive polymers harvester
	2.3.1 Dielectric elastomer
	2.3.2 Piezoelectric harvester
	2.3.3 Ionic polymer metal composite harvesters

	2.4 Triboelectric nanogenerator
	2.4.1 The four fundamental working modes
	2.4.2 Rolling-structure mode
	2.4.3 Liquid-solid mode
	2.4.4 Disk and rotation mode
	2.4.5 Contact-separation mode

	2.5 Hybrid harvesters

	3 Comparison and prospects
	3.1 Comparisons among all technologies
	3.1.1 Comparison of OKEHs
	3.1.2 Comparison of output
	3.1.3 Comparison of materials
	3.1.4 Comparison of application scenarios

	3.2 Prospects
	3.2.1 Enhancement of OKEH output
	3.2.2 Highly efficient power management system
	3.2.3 Integration of energy harvester, power management circuit, energy storage, and sensor system
	3.2.4 Resistance to biofouling and corrosion of OKEH


	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


