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The water flow (so called “tides”) and
water waves are quite unique among the
ocean mechanical energies. Even though
the sun affects all ocean activities, tides are
primarily driven by the gravitational pull
of the moon and water waves are primarily
driven by the winds. Thus, the water flow
and water waves are intermittent sources
of energy. The electricity conversion from
both water flow and water wave energy
usually involves the mechanical devices.
These mechanical devices are mainly
based on the conventional electromagnetic
generators. However, they are not likely to
effectively harvest the ocean waves since
these waves have a much lower frequency,
usually below 5 Hz.[1]
Recently, a new type of the electricity
nanogenerators has been invented that
can be implemented to collect most types
of energy such as mechanical energy,[2–8]
wind energy,[9–12] water energy,[13–17] especially at the lower frequencies (i.e., below
5 Hz).[15] The triboeletrical nanogenerator (TENG) is based on
the well-known triboelectric and electrostatic induction effects.
The devices usually use the conventional polymer materials as
the two electrodes, thus making them very light, low-cost, and
easy to fabricate.
In this work, a new multifunctional TENG has been developed for simultaneously harvesting water wave energy, water
flow energy, and wind energy. Moreover, it has also been studied
for a self-powered sensor for measuring the wind speed above
the ocean surface. To our best knowledge, such type of integrated multifunctional TENG has not been explored before.[1,13]

Triboelectric nanogenerator (TENG) has been considered to be a more
effective technology to harvest various types of mechanic vibration energies
such as wind energy, water energy in the blue energy, and so on. Considering
the vast energy from the blue oceans, harvesting of the water energy has
attracted huge attention. There are two major types of “mechanical” water
energy, water wave energy in random direction and water flow kinetic energy.
However, although the most reported TENG can be used to efficiently harvest
one type of water energy, to simultaneously collect two or more types of such
energy still remains challenging. In this work, two different freestanding,
multifunctional TENGs are successfully developed that can be used to
harvest three types of energies including water waves, air flowing, and water
flowing. These two new TENGs designed in accordance with the same freestanding model yield the output voltages of 490 and ≈100 V with short circuit
currents of 24 and 2.7 µA, respectively, when operated at a rotation frequency
of 200 rpm and the movement frequency of 3 Hz. Moreover, the developed
multifunctional TENG can also be explored as a self-powered speed sensor of
wind by correlating the short-circuit current with the wind speed.

1. Introduction
Water covers more than 70% of Earth’s surface and there are
enriched resources in water. The ocean energy, also called as
blue energy, is renewable and clean energy, and includes many
kinds of energy such as tidal (water flow), water wave, temperature gradient, salinity gradient, ocean current, and so on.
Therefore, it is a very important but challenging task to make
effective utilization of the ocean energy.
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2. Results and Discussion
The multifunctional TENG illustrated in Figure 1 mainly consists of two parts, the rotational part and the vertical cylindrical
part. Rotation TENG (r-TENG) is used to harvest the wind and
water flow energy. Cylindrical TENG (c-TENG) has the multielectrode structure with the width of electrode at 1.7 cm and the
width of the gap at 0.16 cm and is employed to harvest the wave
water energy.
As illustrated in Figure 2, the working mechanism of the
multifunctional TENG is based on the conjugation of the tribo
electric effect and electrostatic induction.[18,19] For r-TENG
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the freestanding electrode approached to the
top of fluorinated ethylene propylene (FEP)
tribolayer, the equal amounts of charges
were generated on the top surface of upper
electrode and bottom electrode (Figure 2a(i)).
When the electrode rotated from the left electrode toward the right electrode, the negative
charges flew from the right to the left via the
external load, thanks to the conservation of
charge (Figure 2a(ii)). When the upper electrode reached the overlapping position of the
right electrode (Figure 2a(iii)), it went back to
the similar situation as shown in Figure 2a(i).
In the same way, when the upper electrode
kept rotating, the positive charges would flow
from the left to the right electrode on the
bottom electrode, forming a reverse current
in the load.
Figure 1. Structure design of the multifunctional TENG. a) A schematic illustration of the
To theoretically predict the distribution of
functional components of multifunctional TENG, which mainly consists of two parts, a rotathe electrical potential (i.e., the open-circuit
tional TENG and vertical cylindrical TENG. A photograph of b) an as-fabricated r-TENG, c) an
voltage, Voc) between the bottom electrodes,
as-fabricated vertical c-TENG, and d) an as-fabricated multifunctional TENG (their scale bars
COMSOL software that employs the finite
are 5 cm). e) A scanning electron microscope (SEM) image of the FEP polymer nanowires
element method (FEM) was implemented
(scale bar, 500 nm).
to model the multifunctional TENG. At the
starting point as shown in Figure 2a(iv), the calculated electrical
that is used to strip out the wind and water flow energies, the
potential difference between the two electrodes is zero when
working mechanism is based on the freestanding model in
the upper electrode is overlapped with the bottom electrode
which three major steps are involved. At the first step, when

Figure 2. The working principles of multifunctional TENG with the freestanding module. a) Schematic working principle of r-TENG (i–iii) and the
simulated potential distributions for r-TENG at three different rolling displacements by COMSOL software employing the finite element method (FEM)
(iv–vi). b) Schematic working principle of a c-TENG (i–iii) and the simulated potential distributions for c-TENG at three different displacements by
FEM (iv–vi).

1602397 (2 of 6)

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Energy Mater. 2017, 1602397

www.advancedsciencenews.com

www.advenergymat.de

that the open-circuit voltages are rarely affected by the rotate
speed and are saturated at 490 V, regardless of the rotation rates
from 10 to 200 rpm. Figure 3c shows the charges generated
by r-TENG at the rotation rates from 10 to 200 rpm. Similar
to the open-circuit voltage, there is no increase as the rotate
speeds accelerate. It keeps a steady value at 275 nC. According
to the theory of freestanding triboelectric-layer-based nano
generator,[20] the TENG could be considered to be a capacitor
with a constant charge on both electrodes if the rotation rate is
not fast. The reason is as follows. The movement of the rotator
part would induce the electrostatic charges which is equivalent
to charge/discharge the capacitor (i.e., r-TENG). Within the low
rotation speeds used in this work, the charging/discharging
time is shorter than the rotation time and the charge/discharge
would complete within each rotation cycle. Using the capacitor
model, the output voltage is defined by the formula
V = Q /C

(1)

where C is the capacitance of the capacitor, which is a constant. Q is the charge of capacitor of electrode. The open-circuit
voltage of the r-TENG is directly related to the transferred
charges between two electrodes according to Equation (1).
However, the transferred charges are constant under the operating condition of the low rotation speeds. Therefore, the opencircuit voltage remains almost constant as the rotation speeds
varies as well. However, the short-circuit current will be varied
as the rotation speed changed. It could be explained as follows.
The output current is given by the below equation
I = dQ /dt

(2)

Figure 3. The output performance of the r-TENG. a) The short-circuit current of the r-TENG under the different rotation speeds. b) The open-circuit
voltage of the r-TENG under the different rotation speeds. c) The charges of the r-TENG under the different rotation speeds. d) The cycles for maximized
energy output (CMEO) with various load resistances for the r-TENG.
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by the spacing FEP. Then, a potential is generated to keep the
charge balance when the upper electrode rotates to the regions
between the left electrode and the right electrode at the bottom.
The resultant distribution of the electrical potentials is shown
in Figure 2a(v) according to the simulation.
Figure 2b is the mechanism of c-TENG for harvesting the water
wave energy and it is based on a different type of freestanding
model. For this TENG, it is also implemented by the three steps.
At initial stage as shown in Figure 2b(i), the distribution of the
electrical potential on both electrodes simulated by COMSOL is
uniform and thus no current flow occurs. However, as the water
waves beat on c-TENG, the positive charges in water could screen
the negative triboelectric charges on the FEP surface by forming
an interfacial electrical double layer as illustrated in Figure 2b(ii).
As a result, the unbalanced electrical potential between the two
electrodes also as simulated in Figure 2b(ii) due to the asymmetric
distribution of charges drives the net charges (i.e., electrons) to
flow between the two electrodes, yielding out electrical energy.[13]
When the device is completely covered by water, the triboelectric
charges would be entirely screened and then all induced charges
vanish again as illustrated in Figure 2b(iii), which is equivalent
to the initial stage illustrated in Figure 2b(i). We have simulated
the theoretical model of the c-TENG for the change of the opencircuit voltage (Voc) between the electrodes by FEM and each state
is shown in Figure 2b(v,vi), respectively.
Figure 3 is the output performance of the r-TENG. The
output short-currents (Isc) at different rotation rates are shown
in Figure 3a. The output short-currents of the r-TENG increased
from 2 to 21 µA with the increase of the rotation rates from
10 to 200 rpm. Figure 3b shows the open-circuit voltages of
r-TENG as the function of the rotation rates. It can be observed
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Figure 4. The output performance of the c-TENG with the different frequencies. a) The short-circuit current of c-TENG. b) The open-circuit voltage of
c-TENG. c) The transfer charge quantity of the c-TENG. d) The average power of the c-TENG under varied external load resistances.

Since the transferred charges are constant under the low
rotation speeds whereas the rotation time is varied under
the different rotation speeds, the short-circuit current would
change.
Clearly, the generated current flow is due to the broken
balance of the induced electrostatic charges by the periodic
relative motions between triboelectric layers. Thus, it has
been proposed that the basic features of a TENG could be
described by the relationship among the transferred charges
between the electrodes Q, the built-up voltage V, and the
relative displacement x between the triboelectric layers.[21] The
cycles for maximized energy output (CMEO) of the multifunctional TENG developed herein is displayed in Figure 3d. For
a continuous periodic mechanical motion, the output energy
per cycle E can be given as the equation below, given a certain
period of time T[21]
T

t =T

0

t =0

E = PT = ∫ VI dt =

∫ V dQ = ∫ V dQ

(3)

where P is the average output power. From Figure 3d, the maximized power of the developed multifunctional TENG reaches
34.790 µJ with the resistance about 140 MΩ and Qc defined as
the difference between the maximum and the minimum transferred charges in its steady state is 156.2 nC.
Figure 4 shows the output performance of the c-TENG.
The short-circuit current of the c-TENG as the increase of
the frequency of the water wave and water flow is shown in
Figure 4a. The short-circuit current increased from about 0.2 to
about 2.6 µA as the frequency slightly increased from 0.5 to
3.0 Hz, respectively. Figure 4b shows the change of the output
1602397 (4 of 6)
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open-circuit voltage with the different frequency applied. The
output open-circuit voltage of c-TENG increased as the frequency increased from 0.5 to 2.0 Hz and then became saturated
at 2.0 Hz. Further increasing the frequency could not improve
the output open-circuit voltage. The saturated value is about
105 V which is the maximum output open-circuit value. The
transferred charges of the c-TENG at different operating frequencies are shown in Figure 4c. It can be observed that the
transferred charges remain almost constant with the varied
water wave and flow frequencies. The results are in accordance with the theory of freestanding of TENG[20] and r-TENG
models. Figure 4d shows the output average power with different external load resistance. When the external load resistance is 80 MΩ, the output average power reaches the maximum
0.15 mW. This shows that the c-TENG inner resistance is about
80 MΩ. A slight variation in the output voltage and current as
shown in Figure 4c was noticed. The c-TENG was driven by the
straight line motor and it would immerse and come out from
the water during the cycling measurements, thus generating
the extra water waves. These generated waves would in turn
slightly change the effective covered surface area of the c-TENG
by water. Consequently, the output voltage and current would
slightly vary during the cycling operations of the device.
To further explore the possible applications for the developed
multifunctional TENG, a practical demonstration in the simulant scenes of the water wave and flow energy, and wind energy
had been conducted. Figure 5 shows the demo of the developed
multifunctional TENG for harvesting in the water wave and flow
energy and wind energy. The photograph of the whole testing
apparatus is shown in Figure 5a. Figure 5b shows r-TENG for
harvesting the wind energy (the current signals were tested
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Figure 5. Application of the multifunctional TENG. a) The photograph of the multifunctional TENG for harvesting wind energy. b) The output current
signals of the multifunctional TENG with the different wind speeds. c) Digital photograph of the multifunctional TENG system harvesting energy in
blue energy. d) The working states by water waver and water flow.

when the output of the device stays stable). As the wind speed is
increased, the output current can attain 0.45 µA at the wind speed
of 5 m s−1. The maximum output current can achieve 1.8 µA at
the wind speed of 13 m s−1. Moreover, the output current signals
were varied with the wind speeds almost linearly. This excellent
linear relationship indicates that r-TENG could also be used for
a good sensor for measuring the magnitude of wind speeds as
self-powered sensing devices. While, there would be hysteresis
occurring when varying the wind speed. And this effect was
tested by turning on or off the wind source as demonstrated
below in Figure S1 (Supporting Information). This hysteresis
effect is mainly caused from the inertia of the device, so it can be
tuned by device design. Figure 5c,d demonstrated the utilization
of the electrical energy obtained by the developed multifunctional TENG from the water wave and flow energies to power the
light emitting diodes (LEDs). Figure 5c shows the whole multifunctional TENG system. When the multifunctional TENG was
driven by the water wave and water flow, the corresponding commercial LEDs were lightened as shown in Figure 5d. The demo
of multifunctional TENG is shown in the Supporting Information. It demonstrates that the multifunctional TENG can be used
to harvest the water wave and flow energy, wind energy and also
be designed for a self-powered wind-speed sensor.

3. Conclusion
The new multifunctional TENG developed in this work demonstrates a significant potential to be employed to harvest different

Adv. Energy Mater. 2017, 1602397

water wave and flow energies, and wind energy working in
accordance with the freestanding model. The multifunctional
TENG consists of two parts: r- and c-TENGs, which are working
based on the different freestanding models, respectively. The
r-TENG is designed to harvest the wind and water flow energy,
the maximum output voltage achieved is about 490 V and the
open current is 24 µA. Moreover, the linear relationship of the
output short-circuit currents of the r-TENG with the applied
wind speed could be used for a self-powered wind-speed sensing
device. The integrated c-TENG is employed to harvest the water
wave energy. It can attain the maximum output voltage of 100 V
and the short current of 2.7 µA at the water wave frequency of
3.0 Hz. The output performances of the multifunctional TENG
have been demonstrated in the simulated situation of the water
wave and flow, and wind flow. The energy converted by the
developed TENG from above mechanical vibrations can light
on 50 or more LEDs. The multifunctional TENGs can have significant potential applications in water wave and flow and wind
energies, and also a self-powered wind-speed sensor.

4. Experimental Section
Fabrication of Nanowire Array on FEP Surface: Nanowire array on FEP
surface was prepared by a one-step plasma reactive ion etching process
as described in detail elsewhere.[22]
Fabrication of the Multifunctional TENG for Harvesting Blue Energy: The
fabricated multifunctional TENG had two main components as shown in
Figure 1. One was the r-TENG for harvesting air and water flow energy,
the other was the c-TENG for harvesting water wave energy. A 75 µm
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thick FEP film was prepared to serve as the friction layer subsequently
covered with the copper current collecting electrode. A precision laser
cutter (Universal Laser Systems) was employed to cut a 3 mm thick
acrylic sheet into the desired cylinder shape which was used as the
supporter for the electrodes as shown in Figure 1. The number and
density of electrodes were determined by the designed mask.[13] Physical
vapor deposition (PVD) was used to deposit a copper layer (450 nm)
onto the exposed Kapton surface. Copper wires were connected to the
copper electrodes as output terminals with one-to-one correspondence.
Then, the film was attached to a substrate with the assistance of
adhesive with the electrode layer imbedded underneath.
Experimental Setup for Quantitative Measurement: The multifunctional
TENG included two major components including an r-TENG and a c-TENG
as shown in Figure 1. The r-TENG consisted of a stator and a rotator.
To make the stator, the 2.5 mm thick acrylic sheet was shaped to form a
disk substrate and the diameter of disk was about 90 mm. Based on the
complementary patterns, the electrodes had been deposited onto the
substrate by PVD and well separated by the laser cutter-defined fine trenches
in between copper electrodes. Two lead wires were connected, respectively,
to the two sets of electrodes. The as-prepared FEP film was aligned onto
the substrate as one of the triboelectric layers.[22] For making the rotator,
with the other acrylic sheet as the substrate (75 mm in diameter), the
sponge was deposited with a copper layer as the tribolayer and had the
same pattern as that of one electrode. The soft sponge foam was acting as a
buffer layer to ensure an intimate contact between the two.[22]
Subsequently, c-TENG was fabricated as also shown in Figure 1 and
then attached to a vertically mounted linear motor to obtain the final
multifunctional TENG. The moving direction of the linear motor was
perpendicular to the array of strip-shaped electrodes parallel to the
c-axial direction as shown in Figure 1.[5] Figure 1d is the photograph of
the whole multifunctional TENG.
During the measurements, a glass container filled with tap water was
placed under c-TENG. Then, the force to drive the reciprocating motion
of c-TENG was applied through the programed linear motor. The output
voltages of c-TENG were measured by the voltage preamplifier (Keithley
6514 System Electrometer) and the output currents were measured by a
low-noise current preamplifier (Stanford Research System SR570). The
LabVIEW software platform was used for realizing real-time data acquisition
and analysis. A wave simulation system equipped with a variable flow pump
was used to simulate the motion of water waves in an actual environment
and provide a stable external force to make TENG move.[15]

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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