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A B S T R A C T   

Ocean current energy harvester is a promising infrastructure to achieve self-powered marine wireless sensing 
system. This study proposes and investigates an underwater flag-like Triboelectric Nanogenerator (UF-TENG) 
based on the flow-induced vibration. The UF-TENG consists of two conductive ink-coated polyethylene tere
phthalate membranes and one strip of poly tetra fluoroethylene membrane with their edges sealed up by a 
waterproof PTFE tape. In this way, the triboelectric layers are prevented from contacting water. It is verified that 
the vortex street induced by a cylinder enhances the vibration of the UF-TENG. The low velocity startup enables 
the UF-TENG to harvest extremely low-velocity ocean current energy, e.g., presently achieving 0.133 m/s as the 
critical startup velocity. The proposed UF-TENG has a simpler structure and better low velocity performance 
when comparing with electromagnetic generators and piezoelectric generators. Parametric studies are conducted 
to evaluate the influence of geometrical parameters of the UF-TENG on the vibration behavior and output 
performance. It is demonstrated that the underwater electrical appliance can be powered by parallel UF-TENG 
units. The present UF-TENG is a more cost-effective and more accessible hydroelectric technology to utilize 
the renewable ocean current for powering sensors or micro electric appliances in Internet of Things.   

1. Introduction 

The ocean energy occurs in various different forms such as wave 
energy, current energy, thermal gradient energy, etc [1]. The ocean 
current is a steady directional flow, in contrast to the tidal current along 
the shore. Ocean currents below and above 100 m deep are usually 
classified, respectively, as the surface and deep currents [2]; the former 
is driven primarily by wind. The surface current has a much higher 
velocity of up to about 300 cm/s, relative to the deep current which 
moves at less than 10 cm/s [3]. The ocean current has the characteristics 
of strong regularity, predictable energy density, and relatively stable 
power generation in different periods. In addition, the ocean current 
energy harvester does not occupy the land area and does not affect the 
landscape [4]. The power from ocean currents worldwide was estimated 
to be over 5000 GW [5]. Although there have been no commercial 
application cases so far, the ocean current energy is a renewable energy 
source with a great potential in the future. 

Electromagnetic and piezoelectric generators are the most common 
forms of harvesting the ocean current energy. The electromagnetic 
generator can effectively harvest ocean current energy, but mainly for 
the large-scale grid power supply. Electromagnetic generators (EMGs) 
have been applied for converting ocean current energy into electricity 
[6,7]. Current EMGs usually have complex hydraulic or mechanical 
structures to catch ocean current energy. Such designs make the whole 
device complicated, heavy, and costly [8,9]. More importantly, the 
EMGs cannot be started at low ocean current velocity. The flow-induced 
vibration harvester is suitable for harnessing micro-flow energy, such as 
ocean current energy [10]. Similar to a flag’s flapping in the wind, the 
flapping of a flag-type energy harvester can be also induced by an 
intrinsic instability of the coupled fluid/body system [11]. In recent 
years, a piezoelectric generator named Energy Harvesting Eel [12,13] 
has been proposed to convert hydro-mechanical energy into electricity 
for powering sensors and robots. The shim stock and electric eels flapped 
most consistently with the body size of 1.2 m long and 15.25 cm wide at 
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the design flow speed of 1.0 m/s [14]. The flow-induced vibration based 
piezoelectric generator has a relatively high critical velocity due to the 
characteristics of piezoelectric material. EMGs and piezoelectric gener
ators do not suit for harvesting the ocean current energy to power a 
marine wireless sensing system under low flow velocity conditions. 

Recently, triboelectric nanogenerator (TENG) has been invented, 
which has comprehensive applications in the various types of mechan
ical energy harvesting (wind energy [15–21], wave energy [22–30], 
vibration energy [31–36], sliding energy [37–39] and acoustic energy 
[40,41], etc.) and high sensitive self-powered sensing systems [42–46]. 
Numerous triboelectric nanogenerators have been developed to harvest 
blue energy, especially at low frequencies (i.e., below 5 Hz). Kim et al. 
[47] demonstrated a floating buoy-based triboelectric nanogenerator 
(FB-TENG) that can harvest wave energy effectively in a wild sea state. 
The electrical appliance can be powered by the FB-TENG in small 
amplitude waves. Xi et al. [48] designed a multifunctional TENG for 
scavenging blue energy. Their multifunctional TENG consisted of rota
tion TENG (r-TENG) and cylindrical TENG (c-TENG). Water flow energy 
can be harvested by r-TENG, while the water wave energy can be har
vested by c-TENG. Commercial LEDs were lightened to demonstrate its 
outstanding performance. Xu et al. [49] proposed a coupled TENG 
networks to efficiently harvest water wave energy. The network, based 
on optimized ball-shell structured TENG units, provides an effective 
approach toward massive harvesting of water wave energy in the ocean. 
A plenty of research has focused on wave energy harvesting. However, 
research on ocean current energy harvesting has not been systematically 
conducted. Most of the reported water current energy harvesting TENGs 
aim for usage on the surface of the water [50,51]. They can hardly 
harvest underwater ocean current energy as their tribo-layer structure is 
exposed in water. Meanwhile, no previous work has not studied the 
influence of flow velocity on power generation performance, which 
turns out to be a very important parameter of the ocean current. The 
TENG with inspirations from a flapping flag can be used to effectively 
harvest wind energy. Zhao et al. [52] proposed a flag-type TENG to 
harvest high-altitude wind energy. A flag-type hybrid wind energy 
harvester based on triboelectric and electromagnetic was invented by Ye 
et al. [53]. They showed that the flow-induced vibration on a TENG can 
be used to effectively harvest flow energy. More importantly, a novel 
humidity resisting flag-type TENG for harvesting wind energy was 
developed by Wang et al. [54]. They conducted parametric studies to 
evaluate the influence of geometrical parameters of the flag-type TENG 
on the flutter behavior and the resulting energy output. Their demon
stration experiments proved that a flag-type TENG can harvest ambient 
low-speed wind or airflow energy under high humidity natural condi
tions. Hence, the flag-type TENG is expected to act as an effective way to 
harvest ocean current energy. 

The present study is designated to verify this expectation. First, it 
proposes the following design for a flexible underwater flag-like TENG 
(UF-TENG) system for harvesting ocean current energy. This system 
includes a cylindrical structure that installs upstream of the UF-TENG. 
The present underwater flag-like triboelectric nanogenerator has a 
simpler structure and better low-velocity performance compared with 
electromagnetic generators and piezoelectric generators. It is antici
pated that the vortex street induced by the cylinder enhances the vi
bration of the UF-TENG, thus significantly improving the electrical 
output at lower flow velocities. Secondly, we study the dynamics of the 
UF-TENG immersed in flowing water. The effects of various parameters 
including the aspect ratio and the bending stiffness on the critical ve
locity and the electrical output performance of the UF-TENG are sys
tematically investigated so as to determine its optimal structural 
parameters. The proposed UF-TENG provides a feasible and cost- 
effective way to harvest extremely low velocity ocean current energy 
and power the marine sensing system. 

2. 2. Results and discussion 

2.1. Structure and working principle of the UF-TENG 

Obviously, flags can flap in the wind. Likewise, similar structures can 
also vibrate under water flow excitation. This phenomenon has inspired 
us to develop a UF-TENG which can be driven by the ocean current, see  
Fig. 1a. Combining the flow-induced vibration with the TENG is a 
feasible way to convert the mechanical energy to electricity [55–58]. As 
shown in Fig. 1b, the designed UF-TENG is installed in the flowing water 
to harvest water flow energy. As shown in the Fig. 1c, the UF-TENG is 
made of two conductive ink-coated polyethylene terephthalate (PET) 
and one strip of PTFE membrane pasted together by the PTFE water
proof tape. 

Contacting surface schematic of the UF-TENG is shown in Fig. 2a. 
There is an air gap between the conductive ink-coated PET film and 
PTFE film due to the separation of adhesive tape. The air gap and 
microstructure ensure that the UF-TENG can maintain a stable output 
performance even underwater. Both of the conductive ink-coated PET 
film surface and PTFE film surface are polished with the 10,000-mesh 
sandpaper. Fig. 2b and c show the micro-structure on the ink-coated 
PET film and the PTEF film. 

The working principle is demonstrated in Fig. 2d. The materials used 
in the UF-TENG have different bending modulus. Consequently, the 
corresponding deformation of materials in the vibration process be
comes different. The working mechanism is based on the contact sepa
ration model in which three major steps are involved. In the first step, 
the PTFE membrane and flexible electrode are separated as the adhesive 
tape exists. The same amounts of charges are generated on the PTFE and 
the flexible electrode, respectively, as a result of electrostatic induction, 
see Fig. 2d(i). The UF-TENG starts to vibrate when it is excited by the 
ocean current, while PTFE contacts with the flexible electrode. When the 
PTFE membrane comes into contact with the lower electrode, all the 
positive charges flow to this electrode, so that a transient current is 
generated in the external circuit, see Fig. 2d(ii). Subsequently, the 
reversed flapping of the PTFE membrane leads to a reversed transfer of 
electrons through the external circuit (Fig. 2d(iii)). The commercial 
software of COMSOL Multiphysics is employed to calculate the elec
trostatic field distribution of the TENG. The results are shown in Fig. 2e. 
Apparently, the simulation results are consistent with the above 
analysis. 

According to the theory of the contact-mode freestanding TENG, the 
output voltage (V) equation for the TENG can be written as [59]: 

V = −
1
C

Q + VOC = −
d0 + g

ε0S
Q +

2σx
ε0

(1) 

In Eq. (1), Q is the total transferred charge, VOC is the open circuit 
voltage, while C, d0, g, ε0 and S represent the capacitance of the TENG, 
the thickness of the membrane, the distance between two electrodes, the 
dielectric constant in vacuum and the area of the electrode, respectively; 
x denotes the displacement between the PTFE membrane and the elec
trode, and σ is the charge density. 

2.2. The flow-induced vibration of the UF-TENG 

The vibration of a flag-type structure is induced by the intrinsic 
instability of the coupled fluid/body system. According to the theoret
ical derivation of Shelley et al. [11] and Zhu et al. [60], a necessary 
condition for this kind of instability is that the structure has a large 
inertia. Increasing the mass of the flag-type structure in a limited range 
can enhance vibration amplitude. Considering that the flow velocity of 
the ocean current is normally low, the efficiency of the flag-type energy 
harvester is unsatisfactory at low flow velocity condition. An effective 
method to improve its performance is to place the flag-type energy 
harvester (or “eel”) in the near wake of a bluff body as shown in Fig. 3a. 
In this way, the vortex forming behind the bluff body can enhance the 
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vibration of the harvester [12,13]. As shown in Fig. 3a and b, the 
flexible UF-TENG with dimension of 140 × 35 mm2 is installed on a 
supporting frame and placed in a circulating water flume. At the flow 
velocity of 0.228 m/s, the non-vibration and vibration states of the 
UF-TENG are shown in Fig. 3c and d, respectively. The vibration 
amplitude is greatly enhanced by the vortex shedding and traveling 
while the critical velocity is decreased. 

Numerous studies investigated the flapping stability and response of 
a thin two-dimensional flag or cantilevered flexible plates in uniform 
flow [17,61–65]. The ratio of the fluid mass to flag mass M∗ defined 
below: 

M∗ =
ρf L
ρsh

(2)  

is the important nondimensional parameter that determines the critical 
flow velocity of the flag. In Eq. (2), L is the length of the flag, ρf is the 
density of the fluid, ρs is the density of the flag, h is the thickness of the 
flag. The work of Shelly et al. [11] emphasized the importance of flag 
inertia in overcoming the stabilizing effects of finite rigidity and water 
drag. By increasing the mass of the flag, the critical flow velocity 

decreased sharply. However, larger mass results in higher critical ve
locity of the flag-type structure in wind. This is the difference between 
the vibration of the flag in water and air. 

For the UF-TENG to achieve larger amplitude vibration at low flow 
velocity, placing a cylinder upstream of the flag-like energy harvester is 
a common method. Allen and Smits [12] placed an energy harvesting eel 
in the wake of a bluff body to use the von Karman vortex street forming 
behind the bluff body to induce oscillations in the membrane. The vi
bration of the UF-TENG can be demonstrated with a superposition of the 
free (f1) and forced (f2) vibrations [12], which is governed by the 
following equation: 

mÿ(t, x) + H(ẏ, y, x, t) = f1 + f2 . (3)  

here, y(x, t) is the displacement of the structure in the spanwise di
rection, m is the mass of the structure, H represents internal restoring 
forces related to the body stiffness and damping properties. The corre
sponding coordinate system is shown in Fig. S2. The term f1 is the free 
vibration which can be expressed as the Movement Induced Excitation 
(MIE) [66]. Kim et al. [67] revealed that a flexible foil can sustain large 
amplitude oscillations under low critical wind speed. In their work, the 

Fig. 1. Structure of the UF-TENG. (a) Prototypes of the UF-TENG and self-powered submerged buoys; (b) UF-TENG in flowing water; (c) detailed structure of the 
UF-TENG. 

Fig. 2. (a) Schematic illustration of the contacting surface; SEM micrograph of (b) the PTFE film surface; (c) the conductive ink-coated PET film surface; (d) working 
principle of the UF-TENG; (e) finite element simulation of the UF-TENG. 

Y. Wang et al.                                                                                                                                                                                                                                   



Nano Energy 90 (2021) 106503

4

non-dimensional bending stiffness (KB) defined below: 

KB =
Eh3

12(1 − ν2)ρf U
2L3 (4)  

(where h is the thickness of the UF-TENG, E the Young’s modulus and U 
the flow velocity, ν the Poisson’s ratio) is considered critical for the 
study of interaction between a fluid flow and an elastic sheet. The MIE is 
mainly caused by the force of the fluid acting on the elastic sheet. 

Moreover, the term f2 in Eq. (3) denotes the effect of an external force 
induced by the Karman vortex, which can be expressed as Extraneously 
Induced Excitation (EIE). Allen and Smits [12] studied the enhancement 
of the bluff-body vortex shedding on the membrane oscillation, experi
mentally showing that the vortex street forming behind a bluff body 
induces the oscillation. 

Present experiments on the parameter sensitivities for the UF-TENG 
are performed in a circulating water flume. Parameters of the flag in this 
work are listed in Table S1. A high-speed camera is used to record the 
vibration trails. Fig. 4a and Supplementary movie 1 shows the vibration 
and enhanced vibration of the UF-TENG when M∗ = 1270 and L/W = 4. 
When the UF-TENG is tested in the water current of 0.156 m/s, the vi
bration amplitude is very low (the UF-TENG almost keeps stable), as 
shown in Fig. 4a(i). After a cylinder with D = 35 mm diameter is 
installed upstream of the UF-TENG, the vibration amplitude is greatly 
enhanced by the Karman vortices shedding from the cylinder, as shown 
in Fig. 4a(ii). Also, the amplitude of the UF-TENG increases as the flow 
velocity rises, see Fig. 4a(iii). Fig. 4b shows the critical velocity (Uc) 
versus the UF-TENG’s length (L) and aspect ratio (L/W) when the cyl
inder is installed upstream of the UF-TENG. Increasing L (then the flag 
mass) results in a lower Uc, which agrees well with the prediction of 
Argentina and Mahadevan [73] on the critical speed of a flag. Besides, a 
decrease in L/W due to increasing W (also the flag mass) leads to a lower 
critical velocity as a lower L/W results to a higher mass (or higher 
inertia) of the flag. This somehow coincides with Shelley et al. [11] who 
found a lower critical velocity under a higher inertia of flag in water. 

Note that the magnitude of Voc is associated to the fluid–solid mass ratio 
M∗ as shown in Fig. 4c and d, which means that an increase of the mass 
ratio leads to an increase of the open circuit voltage at the flow velocity 
of 0.223 m/s. As the lower L/W means a large area of the flag, thus it 
could lead to a high output voltage with the same M∗. This result can be 
obtained from Eq. (1) that higher S can result in a high output voltage. 
As depicted in Fig. 4a(ii) and a(iii), the amplitude of the UF-TENG in
creases as the flow velocity rises. Larger amplitude leads to a larger S, 
thus the output voltage at a flow velocity of 0.461 m/s is higher than 
that of 0.223 m/s as shown in Fig. 4d. As shown in Fig. 4e, when the 
distance between the UF-TENG and the cylinder is within the range of 
1D ∼ 5D, the critical velocity stays almost unchanged. However, when 
the distance is increased beyond 6D, the critical velocity increases 
sharply by 68%. This indicates that the enhancement of the vortex street 
depends on the Karman vortex strength, which decays with downstream 
distance. When the distance exceeds 6D, the enhancement has dis
appeared, or the vortex street has no effect on the vibration of the 
UF-TENG. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106503. 

The present UF-TENG appears to have overcome the problem of 
various existing ocean current harvesters that cannot work well under 
low-velocity current conditions. Despite a huge potential of ocean cur
rents, a practical challenge in harvesting the current energy is how to 
reduce the critical velocity of energy harvesters. The experimental data 
[13,68–72,74] concerning output performances of electromagnetic 
generators, piezoelectric generators and triboelectric nanogenerators 
are presented in Table S2 for comparison, which includes ocean current 
energy harvesters with good output performance for each method. 
Fig. 4f depicts the critical velocity comparison. The present UF-TENG 
has the lowest critical velocity, which implies its application potential 
under low-velocity conditions. The enhancing effect occurs when the 
UF-TENG is placed in the vortex street. Here we have used the cylinder 
diameter (D) as the characteristic length of the system, and examined the 
critical velocity of the UF-TENG. 

Fig. 3. Experimental setup of the UF-TENG. (a) Schematic of the experimental setup; (b) UF-TENG in flowing water; (c) the none-vibration state, and (d) the vi
bration state induced by the cylinder vortices at the flow velocity of 0.228 m/s. 
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2.3. Electrical output performance of the UF-TENG 

In the water flume experiments, the vortex enhancing effect on the 
vibration of the UF-TENG has been verified. Fig. 5a shows the schematic 
diagram of the UF-TENG’s working state while Fig. 5b compares the 
voltage signals of the two UF-TENG (L = 140 mm, L/W = 4) with M∗ =

1270. Evidently, at the flow velocity of 0.461 m/s, the existence of a 
cylinder increases the output performance substantially by 170%. It 
follows that the output voltage, current, and transferred charge all rise 
greatly, as seen in Fig. 5c. The open circuit voltages of the UF-TENG are 
presented in Fig. 5d–f as a function of the flow velocity (U) or the 
bending stiffness (KB). Note that KB ~ U− 2, see Eq. (4). A higher output 
voltage is produced by the UF-TENG at a lower bending stiffness and/or 
an aspect ratio. The output voltage of 14.4 V is obtained at 
U = 0.461 m/s (or KB = 0.06× 10− 4) when M∗ = 1590 and L/W = 2 in 
the circulating water flume. Higher output voltage can be observed at 
higher mass ratio as shown in Fig. 5d–f. The critical velocity for the 
vibration is determined by the mass ratio as shown in Fig. 5d–i. Lower 
critical velocity and higher output performance can be obtained by 
increasing the mass ratio from 955 to1590. An output voltage of about 
12.8 V and output current of about 0.81 μA is achieved at a low critical 
velocity of 0.133 m/s with a flag mass ratio of 1590, as shown in Fig. 5f 
and i. Higher flow velocity results in larger vibration amplitude ac
cording to Fig. 4a. Larger contact area of the triboelectric layer can be 
obtained by larger vibration amplitude. The small voltage slope may be 
due to the small increase rate of the contact area with the flow velocity. 
The output current of the UF-TENG continues to rise with the flow 

velocity, and the slope is larger than that of voltage. Shelley et al. [11] 
showed that the vibration frequency of a flag is proportional to the flow 
speed. The vibration frequency of the UF-TENG is also increased by 
increasing the flow velocity, which results to an increasing of the output 
current as shown in Fig. 5g–i. Output current of 1.43 μA can be reached 
when the flow velocity increases from 0.133 m/s to 0.461 m/s as shown 
in Fig. 5i. 

There have been many studies on the vibration mode of the flag-like 
structure which depends on the flow velocity [75–77]. High flow ve
locities result in multi-ordered vibration modes. There are multiple vi
bration crests in the multi-ordered mode. The triboelectric electrons 
generated by the opposite crests cancel out each other, thus reducing the 
electric output of the TENG. The designed UF-TENG is mainly for the 
extremely low velocity conditions. Physical dimensions for the experi
mental samples are listed in Table S3. In the tested flow velocities 
(0.133–0.461 m/s), the vibration of the UF-TENG is stable or of the 1st 
mode. Besides, the flag-like TENG can tune itself with the flow direction, 
which can be considered as another advantage of the UF-TENG. The 
ocean current is a steady directional flow. Once there is a slight change 
in the flow direction, the UF-TENG can tune itself in that direction. The 
UF-TENG can keep a constant output performance in theory. 

According to Eq. (1), the distance between the two electrodes (g) is 
one of the key parameters that determine the performance of the UF- 
TENG. Increasing the thickness of the flag-type TENG (d0) results in 
the increase of the bending stiffness of the TENG. The critical speed 
increases dramatically with the increment in g. It is not appropriate to 
enhance the output performance by increasing g. The similar results 

Fig. 4. Vibration characteristic of the UF-TENG. (a) The vibration dynamics comparison between the UF-TENG and vortex enhanced UF-TENG; (b) effect of the 
aspect ratio on the critical flow velocity; dependence of the open circuit voltage on mass ratio with (c) flow velocity 0.223 m/s; (d) flow velocity 0.461 m/s; (e) 
dependence of the critical velocity on the distance between the UF-TENG and the cylinder; (g) the present starting velocity versus those previously of, piezo-flag [68], 
VIPEH [69], EEL [13], pressure fluctuation piezoelectric energy harvester [70], TUSK [71] and MHK [72]. 
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Fig. 5. Output performance comparison and voltage, current vs. flow velocity and bending stiffness (not to scale) for different aspect ratios (L/W) of the UF-TENG. 
(a) Schematic of the UF-TENG working state; (b) output voltage signal comparison of the UF-TENG with M∗ = 1270; (c) comparison in the output performance 
between the UF-TENGs with and without cylinder; open circuit voltages of the UF-TENG at different aspect ratios and bending stiffnesses with (d) L = 105 mm, (e) 
140 mm and (f) 175 mm; short circuit currents of the UF-TENG with (g) L = 105 mm, (h) 140 mm and (i) 175 mm. 

Fig. 6. Integrated UF-TENG unit array. (a) Schematic of the six UF-TENG units; (b) dependence of the output current and power on the external resistance for the UF- 
TENG; (c) the output power when working under different unit of the UF-TENG; (d) schematic diagram of six UF-TENG units and working circuit to power sensor; (e) 
the photograph an underwater thermometer powered by six UF-TENG units; (f) powering an underwater thermometer with six UF-TENG units. 
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have been achieved from the UF-TENG. As shown in Fig. S3, increasing g 
from 0.11 mm to 0.23 mm, the critical velocity of the UF-TENG in
creases greatly. In addition, the output voltage and current reduction as 
the contact area and/or the vibrating frequency decrease. 

The durability test is conducted to show the robustness of the UF- 
TENG. As shown in Fig. S4, the output voltage is steady over 3000 s at 
the flow velocity of 0.175 m/s, and the device output voltage is 
consistent over 300 s in 3 days, implying that the device is durable. 

2.4. Integrated UF-TENG array 

The demonstration experiments are conducted to illustrate the 
application of the UF-TENG. The electrical output performance can be 
improved by connecting manifold UF-TENG units in parallel. The 
schematic diagram of six UF-TENG units is presented in Fig. 6a. The 
peak output power of a UF-TENG can reach 9.1 μW under a loading 
resistance of 10 MΩ, see Fig. 6b. Fig. 6c shows the total output power of 
the UF-TENG (PN) versus the number of the UF-TENG units (N). Mani
festly, the total output power grows almost linearly with the unit 
number, i.e., PN = NP1. For example, the total output power of 6 UF- 
TENG units is six times that of one UF-TENG unit as N is increased 
from one to six. The structure diagram of the integrated devices 
composed of 6 UF-TENG units and the corresponding circuit is presented 
in Fig. 6d. As can be seen in Fig. 6e, an underwater thermometer is 
powered by six UF-TENG units. The video of powering an underwater 
thermometer is shown in Supplementary movie 2. Fig. 6f demonstrates 
that the underwater thermometer has been successfully activated after 
charging the 100 µF capacitor for 100 s. Some commonly used sensors in 
ocean monitoring systems are shown in the Fig. S5. By implementing 
sufficient number of UF-TENG units, various sensors can be driven. As 
can be observed from the figure, the proposed UF-TENG is more suitable 
for harvesting extremely low-velocity ocean current energy and pow
ering distributed sensor nodes with its simple structure, low-cost and 
better low-velocity outputs. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106503. 

3. Conclusion 

Most ocean-current-power applications are limited to a relatively 
high starting ocean current velocity. An ocean current energy harvester 
with a lower velocity startup and a wider working range is desperately 
needed. To address this need, we have developed and studied a flexible 
underwater flag-like TENG for harvesting ocean current energy. In 
particular, the present UF-TENG can work through its vibration induced 
by the ocean current. In order to further improve the output perfor
mance of the UF-TENG, a cylindrical structure is adopted to induce the 
Karman vortex street, which proves to greatly enhance the vibration of 
the UF-TENG. The vortex street enhanced UF-TENG vibration is evident 
by the envelope captured by high-speed camera, the critical velocities 
measured under various cylinder distances are the evidence of vortex 
street enhancing UF-TENG vibration. The enhanced vibration UF-TENG 
turns out to be capable of harvesting ocean current energy at a low 
current speed. The UF-TENG can be induced to vibrate by a water flow 
with the velocity ≥ 0.0133 m/s via adjusting its bending stiffness (KB ≤

0.65× 10− 4). Meanwhile, by conducting experiments in a circulating 
water flume, the UF-TENG with the mass ratio of 1590 demonstrates a 
higher output performance. A peak output power of 52.3 μW can be 
achieved with six UF-TENG units at the flow velocity of 0.461 m/s. 
Compared with the PEG/EMG, the UF-TENG yields a lower critical ve
locity, which is a significant advantage in harvesting low-velocity ocean 
currents. This study contains systematic experimental fluid dynamics 
studies, which is a quite meaningful addition to the endeavor of har
vesting ocean kinetic energy with TENG. However, the effect of high 
pressure under deep water condition on the output performance remains 

open to explore. A UF-TENG that can work in deep water is to be 
developed in the future. 

4. Experimental section 

4.1. Manufacture of the UF-TENG 

The fabrication of the UF-TENG is shown in Fig. 1c. The thickness of 
the PTFE, PET membranes, the waterproof PTFE tape and the adhesive 
tape is 50 μm, 25 μm, 30 μm and 30 μm, respectively. A conductive ink 
electrode with a micrometer thickness was attached to the back side of 
the PET as the flexible electrode. The conductive ink (#CH-8(MOD2) 
from JUJO printing supplies & technology (Pinghu) Co. Ltd) is printed 
on the FEP and PET membrane by the screen-printing technology. Then, 
it dries under the atmospheric temperature. Fig. 1c demonstrates that 
the dimension of the lower flexible electrode is smaller than the PTFE, 
while the upper flexible electrode is larger than PTFE. The waterproof 
PTEF tape has the largest dimension when comparing to the PTFE 
membrane and two flexible electrodes. The PTFE tape and the upper 
flexible electrode are pasted together by the adhesiveness of the PTFE 
tape itself, so that the triboelectric layers can be sealed by the PTFE tape. 
The UF-TENG and the flagpole are connected together by the sticky tape. 
The integrated device is installed in a PLA supporting frame as shown in 
Fig. 3a. When water current flows along the UF-TENG, it can vibrate 
periodically, thereby producing alternating voltage and current signals. 
By installing a cylinder upstream of the UF-TENG, the vibration effect 
and power generation performance of the UF-TENG can be improved. 

4.2. Electrical output measurement 

The experiments for the UF-TENG are performed in a circulating 
water flume with a test section of 0.25 m (width) × 0.25 m (height) ×
0.9 m (length). The water current velocity varies from 0.133 m/s to 
0.511 m/s. A propeller is used to generate water current, and an inverter 
is used to control the rotating speed of the propeller. The detailed en
velope is captured by the high-speed camera (FATCAM Mini UX50). A 
flow meter is placed at the test domain to calibrate the water current 
velocity. To measure the electrical output of the UF-TENG, a program
mable electrometer (Keithley Model 6514) is used. 
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