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ABSTRACT
The hydrokinetic energy of river current, as one of the essential and widespread renewable energies, is difficult to be harvested
in low flow velocity and shallow water areas. In this work, a three-dimensional (3D) fully-enclosed triboelectric nanogenerator (FE-
TENG) with bionic fish-like structure for harvesting hydrokinetic energy is reported, which is comprised of the triboelectric power-
generation  unit,  bionic  fish-like  structure  and  connection  unit.  Through  the  bionic  structure,  the  FE-TENG  realizes  zero  head
power generation in shallow water with low flow velocity. What’s more, the effect of external excitations and bionic structures on
the electrical performance are systematically studied in this work. The FE-TENG can generate peak power density of 7 and 0.36
W/m3 respectively under the simulated swing state with frequency of 1.25 Hz and simulated river current with flow velocity of 0.81
m/s.  In practical  applications, due to the 3D fully-enclosed design, the FE-TENG immersed in water for 35 days demonstrates
excellent  immersion  durability  with  undiminished  electrical  performance.  Therefore,  the  work  proposes  an  efficient  method
realizing zero head power generation, and provides a good candidate for long-term service in the river current.
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1    Introduction
With the  sustainable  expansion of  the  world  economy and rapid
advancement  of  industrialization,  the  demand  for  energy
continues to increase. Therefore, developing renewable energies is
required  to  reduce  dependence  on  the  fossil  fuels  [1–4].  At
present,  the hydro energy that  occupies  an important  position in
large-scale  available  energy  is  mainly  generated  from  the
gravitational  potential  energy  of  water  stored  by  the  dam.
However,  the  construction  of  dams  is  severely  restricted  by
geographical environment, and causes permanent and irreversible
damage to the ecological environment [5, 6]. Therefore, harvesting
the  hydrokinetic  energy  of  river  current  directly  becomes  an
attractive strategy. Zero head turbine realizes power generation by
harvesting kinetic energy of river current without dams, which is
mainly composed of electromagnetic generators submerged under
water with deep water levels and poor harvesting efficiency in the
low frequency driven by the low flow velocity of river current [7,
8].

Triboelectric  nanogenerator  (TENG,  also  called  Wang
generator), invented by Wang's group in 2012, has been showing
great  prospect  to  convert  mechanical  energy  into  electricity

[9–12].  Based  on  the  coupling  of  the  triboelectric  effect  and
electrostatic  induction  [13–17],  TENGs  exhibit  large  potential
applications  in  the  fields  of  micro/nano  power  sources  [18–21],
self-powered  sensing  [22–27],  blue  energy  [28–31],  and  high-
voltage  power  sources  [32–34].  In  addition,  various  kinds  of
TENGs  had  been  designed  to  harvest  hydrokinetic  energy,  but
mainly  related  to  water  wave  energy  [35–41].  And  all  these
researches  are  difficult  to  harvest  hydrokinetic  energy  of  river
current  in  low  flow  velocity  and  achieve  zero  head  power
generation  in  shallow  water  environment.  The  bionic  design
provides the effective means [42–45], i.e., the fins and body of fish
can  harvest  hydrokinetic  energy  used  for  the  balanced  and
coordinated movement in river current [46]. Taking advantages of
the  fish-like  structure,  it  is  significant  to  develop  a  bionic  TENG
for harvesting hydrokinetic energy of river current.

Herein,  a  3D  fully-enclosed  triboelectric  nanogenerator  (FE-
TENG) with bionic fish-like structure for harvesting hydrokinetic
energy is proposed, which realizes zero head power generation in
shallow water  with  low flow velocity.  The  FE-TENG is  consisted
of the bionic fish-like structure including a bionic shell and a pair
of  bionic  fins,  the  triboelectric  power-generation  unit  comprised
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of  PTFE  balls,  copper  electrodes  and  substrates,  and  the
connection  unit  with  two  connectors  at  both  ends  and  a  spring
held in the middle. In addition, finite element analysis of the FE-
TENG  is  performed,  demonstrating  that  the  electrical
performance and bionic fish-like structure are feasible. And then,
the  electrical  performance  is  systematically  explored  under
different  external  excitations  and  different  flow  velocities  of
simulated  river  current  respectively.  In  practical  applications,  the
FE-TENG shows excellent water immersion durability due to the
3D  fully-enclosed  design  and  demonstrates  the  ability  to  power
the  electronic  devices.  Therefore,  the  FE-TENG  provides  an
efficient approach toward harvesting hydrokinetic energy of river
current. 

2    Results and discussion
 

2.1    Structure design and operating principle
The  prospective  applications  of  the  FE-TENGs  distributed  in  a
river  current  to  harvest  hydrokinetic  energy  that  provides  power
supply  for  electronic  devices  is  shown  in Fig. 1(a). Figure  1(b)
illustrates  the  detailed  structure  of  the  FE-TENG,  which  can  be
divided  into  three  parts:  the  triboelectric  power-generation  unit,
bionic fish-like structure, and connection unit. The bionic fish-like
structure  includes  a  bionic  shell  and  a  pair  of  bionic  fins,  and
connection unit is composed of two connectors at both ends and a
spring  held  in  the  middle,  which  are  combined  to  convert
hydrokinetic  energy  of  river  current  into  regularly  movement  of
the device required by the triboelectric power-generation unit that
can  be  divided  into  the  copper  electrodes,  PTFE  balls  and
substrates.  Copper  electrodes  are  attached  onto  two  sides  of  the
substrates,  with PTFE balls moving freely on it,  which makes full
utilization  of  space  through  stacking  multi-layers  substrates  in
parallel.  Accordingly,  the  triboelectric  power-generation  unit  is
inlaid and sealed in the bionic  shell,  and converts  the movement

of the device into electrical output. Photographs of the FE-TENG
and  three  different  lengths  of  the  bionic  fins  are  presented  in
Figs. 1(c)(i) and 1(c)(ii) respectively.

Three  operation  states  of  the  FE-TENG  for  half  a  cycle  are
schematically illustrated in Fig. 2(a). Under the impact of the river
current,  a  vertical  downward  force F1 is  generated  on  the  bionic
fins, which drives the device to swing sideways (Fig. 2(a)(i)).  And
then, when the device swings to the maximum angle position, the
torsion  of  the  spring M1 drives  it  to  swing  to  the  other  side
(Fig. 2(a)(ii)),  and  arrive  in  the  consistent  maximum  angle
position due to the action of the inertia and force F1' (Fig. 2(a)(iii)).
Detailed operating principle of the device and the force analysis of
the  spring  are  shown  in  Figs.  S1  and  S2  in  the  Electronic
Supplementary Material (ESM) respectively.

The working mechanism of  the  triboelectric  power-generation
unit  is  indicated  in Fig. 2(b).  At  first,  based  on  electrostatic
induction, the negative electrons and positive charges are obtained
respectively  when  the  PTFE  balls  contacte  with  the  copper
electrodes  with  different  electronegativity  [47, 48]  (Fig. 2(b)(i)).
When PTFE balls  moving from left  to  right,  the  positive  charges
on the right electrode are induced by negative electrons gradually,
and  the  current  in  the  circuit  is  generated  by  the  flow  of
negative  electrons  to  the  left  copper  electrode  at  the  same  time
(Fig. 2(b)(ii)).  When  the  PTFE  balls  are  gathered  in  the  right
corner,  positive  charges  are  accumulated  on  the  right  copper
electrode (Fig. 2(b)(iii)). Therefore, alternating current is generated
as  the  reciprocating  periodic  motion  of  the  PTFE  balls.
Furthermore,  the  electric  potential  distributions  of  the  device  are
analyzed by  the  COMSOL Multiphysics  software,  as  indicated  in
Fig. 2(c), verifies the feasible operation principle. And the pressure
field  distributions  of  the  device  are  simulated  with  the  flow
velocity of 0.5 m/s as shown in Fig. S3 in the ESM. 

2.2    Output performance
A swing apparatus is shown in Fig. 3(a), which is used to simulate
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Figure 1    Schematic  of  the  3D  fully-enclosed  triboelectric  nanogenerator  (FE-TENG).  (a)  The  concept  diagrams  of  the  FE-TENG  applied  in  river  current.  (b)
Structure and materials of the FE-TENG. (c) Photographs of the FE-TENG and three different lengths of the bionic fins.
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the swing state of the FE-TENG in river current environment. The
PTFE balls move from left to right on the copper electrodes as the
swinging  apparatus  swing  from  the  left  tilted  state  (LTS)  to  the
intermediate  equilibrium  state  (IES)  and  then  to  the  right  tilted
state  (RTS).  The  swing  angle,  as  indicated  in Fig. 3(b),  is  kept  at
60°,  and the  influence  of  frequency  ranged from 0.50  Hz to  2.00
Hz  on  open-circuit  voltage,  short-circuit  current  and  transferred
charge  of  the  FE-TENG  is  explored  under  the  acceleration  of  5
m/s2,  which  is  shown  in Fig. 3(c).  The  transfer  rate  of  negative
electrons  between  the  copper  electrodes  rises  with  the  increasing
of  the  swing  frequency,  resulting  in  increasing  of  short-circuit
current  from  1.4  to  6.8  μA  (Fig. 3(c)(ii)),  and  the  open-circuit

voltage  measured  by  a  super  phosphor  oscilloscope  varies  from
220 to  940 V (Fig. 3(c)(i)).  The transferred charge attained about
320 nC at 0.50 Hz and approximately remain stable as the PTFE
balls and the copper electrodes have been almost fully contacted in
the swing angle of 60° (Fig. 3(c)(iii)). The electrical performance of
the  device  on  swing  angle  ranged  from  15°  to  105°  is  further
explored under the swing frequency of 1.25 Hz and acceleration of
5 m/s2 (Fig. 3(d)). As the increasing of the swing angle implies that
the effective contact  area between the PTFE balls  and the copper
electrodes  expands,  all  of  the  open-circuit  voltage,  short-circuit
current and transferred charge display an increasing trend, and the
electrical  output  of  520  V,  4.3  μA,  and  340  nC  are  obtained  at

 

Figure 2    Operating principle of the FE-TENG: (a) Different operation states of the FE-TENG for half a cycle. (b) The working mechanism of the triboelectric power-
generation unit. (c) Electrical potential distributions of the FE-TENG analyzed by COMSOL Multiphysics software.
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Figure 3    Electrical performance of the FE-TENG in the simulated swing state:  (a) Working process of the left  tilted state (LTS), the intermediate equilibrium state
(IES), and the right tilted state (RTS) in a cycle and (b) swing angle of the FE-TENG. (c) Electrical performance of the FE-TENG by varying swing frequency from 0.50
to 2.00 Hz at swing angle of 60° and (d) ranging swing angle from 15° to 105° at frequency of 1.25 Hz.
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swing angle of  75° respectively.  The electrical  performance of  the
device  with  simulated  translation  state  are  depicted  in Fig. S4  in
the  ESM.  And Fig. S5  in  the  ESM  shows  the  research  on
accelerations in the simulated translation state and swing state.

A water pump is used to power the simulated river current in a
water tank to preferably explore the electrical  performance of the
FE-TENG.  Since  the  flow  velocity  is  unstable,  the  average  flow
velocities measured by a current meter are applied to represent the
five flow states,  and detailed information can be seen from Table
S1  in  the  ESM. Figure  4 demonstrates  the  electrical  performance
of  the  device  based  on  the  relative  position H representing  the
vertical  distance  from  the  horizontal  center  of  the  bionic  fins  to
the O1 at  different  flow  velocities  ranged  from  0.21  to  0.81  m/s,
and  the  length  of  bionic  fins  is  50  mm.  The  bionic  fins  are
submerged  in  water  at  the  relative  position H1 and H2,  and  the
device with relative position H1 of the bionic fins has slightly lower
electrical  performance  than H2 as  the  later  is  closer  to  water
surface  that  containes  more  hydrokinetic  energy  due  to  the  wall
effect,  which  are  plotted  in Figs.  4(a) and 4(b).  The  comparison
between Figs.  4(b) and 4(c) shows  that  the  device  with  relative
position H3 of  the  bionic  fins  partially  immersed  in  water  has
higher  electrical  performance,  especially  at  lower  flow  velocities
such as  0.21 m/s,  which proves  that  the device  with high relative
position  of  the  bionic  fins  is  conducive  to  harvest  hydrokinetic
energy  of  river  current  and  benefit  to  realize  zero  head  power
generation in shallow water.  But overhigh relative position of the
bionic  fins  breaking  out  of  the  water  is  disadvantageous  to  be
impacted  by  the  river  current.  Increasing  the  flow  velocity  will
enhance the impact force exerted to the bionic fins (Eq. (S1) in the
ESM),  resulting in a  larger  swing angle  of  the device  with higher
electrical  performance.  When  the  flow  velocity  is  0.81  m/s,  the
power generation potential of the device with relative positions H3
of  the  bionic  fins  has  been  fully  exploited  with  the  approximate
electrical  output  of  150  V,  1.3  μA  and  140  nC.  The  detailed
measurement  results  are  shown  in Fig. S6  in  the  ESM.  Average
output power of the device with relative positions H3 of the bionic
fins  indicates  the  obvious  advantage  of  electrical  performance,
which proves the rationality of the analyses (Fig. 4(d)). More than
that, the device shows stable swing frequency ranged between 1.0
and 1.2 Hz at different flow velocities, indicating the capability to
harvest  hydrokinetic  energy  of  river  current  at  low  flow  velocity
(Fig. 4(e)).

The electrical performance of the FE-TENG with the bionic fins

at  the  length L1 of  30  mm, L2 of  50  mm  and L3 of  70  mm  is
measured respectively at different flow velocities ranged from 0.21
to  0.81  m/s,  and  relative  position  of  the  bionic  fins  is  15  mm,
which  is  sketched  in Fig. 5.  When  the  device  with  bionic  fins  at
length L1,  the  potential  electrical  performance  is  laborious  to  be
exploited  (Fig. 5(a)).  The  longer  bionic  fins  with  larger  bearing
areas  are  taken  a  lot  more  impact  force  (Eq.  (S1)  in  the  ESM),
demonstrating  more  prominent  ability  to  harvest  hydrokinetic
energy of  river  current  at  lower  flow velocities,  such as  0.21  m/s,
and the device with bionic fins at length L2 and L3 can generate the
maximum electrical output of approximate 150 V, 1.3 μA and 140
nC (Figs. 5(b) and 5(c)).  But the overlong bionic fins applied too
much impact  force  are  more  likely  to  be  damaged,  and it  would
cause  the  uncoordinated  swing  of  the  device  and  affect  the
adaptability  in  the  river  current  environment.  The  detailed
measurement results are shown in Fig. S7 in the ESM. The device
shows  obvious  advantages  of  electrical  performance  with  bionic
fins at length L3 according to the average output power of the FE-
TENG  at  different  flow  velocities  as  shown  in Fig. 5(d).  In
addition, Fig. 5(e) shows  steady  swing  frequency  of  the  device
ranged  between  1.0  and  1.2  Hz,  which  indicates  the  adaptability
for  the  low  flow  velocity.  The  results  show  that  the  device  with
bionic fish-like structure is capable to work at a low flow velocity
continuously  and  realize  potential  applications  to  harvest
hydrokinetic energy of river current. 

2.3    Demonstration
The capacitors with capacitances ranged from 4.7 to 47.0 μF and a
rectifier  are  used  to  investigate  the  charging  capacity  of  the  FE-
TENG with swing angle of 75° and swing frequency of 1.25 Hz in
90 s, which is depicted in Fig. 6(a). The 4.7 μF capacitor is charged
to  2  V in  13  s.  With  increasing  of  the  capacitance,  it  takes  more
time to be charged to the same voltage, for example, 50 seconds is
needed to charge a 22.0 μF capacitor to 2 V. In addition, the peak
power  density P1 and P2 under  the  simulated  swing  state  and
simulated  river  current  environment  are  7  and  0.36  W/m3

respectively  with  load  resistance  of  1,000  MΩ,  as  shown  in
Fig. 6(b).  Furthermore,  the  device  is  immersed  in  water  for  35
days  without  diminished  electrical  performance  due  to  the  3D
fully-enclosed  design,  demonstrating  excellent  immersion
durability (Fig. 6(c)). The experimental platform based on the FE-
TENG is installed to harvest hydrokinetic energy of river current,
which  can  power  a  thermometer  with  the  assistance  of  a  100  μF
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Figure 4    Research on the electrical performance of the FE-TENG with varying relative positions of the bionic fins. (a)‒(c) Electrical performance of the
FE-TENG with the bionic fins at relative position H1 of -5 mm, H2 of 5 mm and H3 of 15 mm, respectively. (d) Average output power with load resistance of 1,000
MΩ and (e) swing frequency of the FE-TENG with varying relative positions of the bionic fins at different flow velocities.
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capacitor  (Fig. 6(d) and  Movie  ESM1)  and  illumine  67  light-
emitting  diodes  (LEDs)  in  series  through  the  rectifier  (Fig. 6(e)
and Movie ESM2) under the simulated river current environment.
Therefore,  the FE-TENG provides a potential  approach for long-
term  service  in  river  current  to  harvest  hydrokinetic  energy  and
provide power supply for electronic devices. 

3    Conclusions
In summary, a 3D fully-enclosed triboelectric nanogenerator (FE-
TENG)  with  bionic  fish-like  structure  is  proposed  to  convert
hydrokinetic energy of river current to electrical output. It consists
of  the  triboelectric  power-generation  unit,  bionic  fish-like
structure  and  connection  unit.  The  device  realizes  zero  head
power  generation in  shallow water  with  low flow velocity  due  to
the  bionic  fish-like  structure.  In  addition,  the  effects  of  external
excitations  on  the  electrical  performances  are  also  investigated
from  both  experimental  and  theoretical  aspects.  The  experiment
results show the FE-TENG can generate output of 520 V, 4.3 μA,
340  nC and  peak  power  density  of  7  W/m3 under  the  simulated
swing state with frequency of 1.25 Hz. To explore the performance
under  practical  river  current  environment,  the  output  of  150  V,

1.3 μA, 140 nC and peak power density of 0.36 W/m3 is generated
under the excitation of  simulated river current with flow velocity
of  0.81  m/s.  What’s  more,  the  FE-TENG immersed  in  water  for
35 days without diminished electrical performance due to the 3D
fully-enclosed  design,  which  indicates  the  excellent  water
immersion  durability  and  demonstrates  the  great  potencial
capacity for long-term service in the river current. Therefore, it has
the potential  to  open up new applications in remote regions and
other difficult-to-access locations where batteries and conventional
power are unrealistic. 

4    Experimental section
 

4.1    Fabrication of the FE-TENG
The  3D  fully-enclosed  triboelectric  nanogenerator  (FE-TENG)
device  is  composed  of  a  bionic  shell,  a  pair  of  bionic  fins,  PTFE
balls,  copper  electrodes,  substrates,  and  connection  unit.  The
connection  unit  consists  of  two  connectors  at  both  ends  and  a
spring  held  in  the  middle.  In  addition,  the  bionic  shell  has
dimensions  of  135  mm  (length)  ×  80  mm  (height)  ×  60  mm
(width), and it is 3D printed with a thickness of 2 mm. In order to
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Figure 5    Research on the electrical performance of the FE-TENG with varying lengths of the bionic fins. (a)‒(c) Electrical performance of the FE-TENG
with the bionic fins at the length L1 of 30 mm, L2 of 50 mm and L3 of 70 mm respectively. (d) Average output power with load resistance of 1,000 MΩ and (e) swing
frequency of the FE-TENG with varying lengths of the bionic fins at different flow velocities.
 

Figure 6    Electrical measurements and applications of the FE-TENG. (a) The capacitors ranged from 4.7 to 47.0 μF charged by the FE-TENG in 90 s. (b) Electrical
performance of power density with load resistances ranged from 0.2 to 3,000 MΩ. (c) Water immersion durability of the device within 35 days. (d) A thermometer or
(e) 67 LEDs powered by the FE-TENG.

  Nano Res.  5
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



explore  the  influence  of  the  bionic  structure  on  electrical
performance,  three  specifications  of  the  bionic  fins  are  designed
with  the  lengths  of  30,  50,  and  70  mm,  respectively.  The  copper
electrodes with thickness of 50 μm are attached onto two sides of
the  substrates  cut  from  PMMA  sheets  with  thickness  of  3  mm.
The PTFE balls with a mass of 38 g and a diameter of 5 mm move
freely  on  the  surface  of  the  copper  electrodes.  Additional
information are presented in Electronic Supplementary Material. 

4.2    Electrical measurement
A  linear  motor  (LinMot  PL01-19  ×  600/520)  and  a  water  pump
(SCP-180,  Jiebao,  China)  provide  the  power  supply  for  the
movement of the FE-TENG. A programmable electrometer (6514,
Keithley, USA) and a data acquisition system (USB-6218, National
Instruments,  USA)  are  employed  for  measuring  the  short-circuit
current  and  the  transferred  charge,  and  a  super  phosphor
oscilloscope (SDS2204X, Siglent,  China) is used to measuring the
open-circuit voltage. The flow velocities are measured by a current
meter (LS300-A, Zhuoma, China). 
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