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A B S T R A C T

Water wave energy is considered a promising renewable energy source, while currently little has been exploited
due to a number of unsolved challenges for present technologies. The triboelectric nanogenerator (TENG), as an
emerging energy harvesting technology, shows particular advantages in transforming low frequency mechanical
energy into electricity, providing new opportunities for harvesting water wave energy. In this work, an
integrated triboelectric nanogenerator array device based on air-driven membrane structures is demonstrated.
With novel designs of a spring-levitated oscillator structure and a mechanism to use air pressure to transfer and
distribute harvested water wave energy, the device can drive a series of integrated TENG units effectively and
simultaneously. While operating at low frequency near the resonant frequency of about 2.9 Hz, the device
integrating 38 TENG units shows high output of transferred charges per cycle of 15 μC, short-circuit current of
187 μA and optimized peak power density of 13.23 W m−3. The device can easily integrates large-scale high-
density TENG arrays in one package, as can greatly augment the output, providing a promising route to
effectively harvest water wave energy for various practical applications.

1. Introduction

Renewable and clean energy has been endowed increasingly
significance all over the world, owing to the ever greater environmental
problems and resource exhausting for exploiting traditional fossil fuels
[1–4]. The ocean contains abundant energy, both renewable and clean,
in the form of wave energy, tidal energy, current energy, thermal
energy and osmotic energy [5–7]. At present, an electromagnetic
generator with various mechanical structures is the major technological
scheme for extracting ocean energy [7–10]. Although being developed
for decades, it is still facing great engineering difficulties, not easy to
scale-up, and suffering from high cost, resulting in a low exploiting
level [7–9]. Among various alternative energy scavenging technologies,
such as approaches by photovoltaic [11,12], piezoelectric [13–16], and
thermoelectric [17,18] effects, the triboelectric nanogenerator (TENG),
based on the conjunction of contact electrification and electrostatic
induction, shows merits of low cost, light weight, simple structure and
abundant choice of materials [19–23]. It has particular advantages in
transforming low frequency mechanical energy into electricity [24],

and the efficiency and output power has been greatly elevated in recent
few years [25–30], providing new opportunities for large-scale harvest-
ing of water wave energy in the ocean and other water bodies [31–35].
Previous works have demonstrated the possibility of using TENGs in
water wave energy harvesting, mainly employing ball-shell structures
[34–38]. Such structures typically have only one TENG unit in working
at one time in a single package. Though can be organized in groups
using several devices [35], it should be more efficient and compact
while simultaneously driving several TENG units in a single packaged
device.

Here, an integrated triboelectric nanogenerator array device based
on air-driven membrane structures is presented. With novel designs of
a spring-levitated oscillator structure and a mechanism to use air
pressure to transfer and distribute harvested water wave energy, a
high-density array of TENG units integrated in the device can be driven
simultaneously and effectively. A device packaging 38 single TENG
units is demonstrated. While operating at low frequency near the
resonant frequency of about 2.9 Hz, the device shows high output of
transferred charges per cycle of 15 μC, short-circuit current of 187 μA
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and optimized peak power density of 13.23 W m−3. The output would
increase with augmented size of the array, providing a promising route
to efficiently harvesting water wave energy for various practical
applications.

2. Results and discussion

The basic structure of the device is shown in Fig. 1a. It is mainly
composed of two parts, the inner oscillator and the outer shell. The

oscillator is connected to the shell with elastic bands, forming a spring-
levitated oscillator structure. Fig. 1d gives an exploded view of the
device. The shell is composed of the upper shell and the lower shell,
both made of acrylic. The oscillator can be further divided into several
parts, as the upper and the lower air chamber wall made of soft
membrane, the separator made of acrylic, the TENG array. The soft
membrane contains 20% nylon and 80% polyethylene, and can endure
high pressure up to 80 KPa. The function of the shell is as a mounting
base and an enclosed protector to the oscillator, and the oscillator

Fig. 1. Structure of the TENG array device. (a, d) Schematic diagrams of the structural design of the device, and (d) shows an exploded view of the device structure. (b) Photograph of
the fabricated TENG array and the separator. (c) SEM image of nanostructures on the PTFE surface. (e) Sectional view and detailed structure of the TENG array. PU and PL represent the
pressure in the upper and lower air chambers, respectively.

Fig. 2. Working principle of the TENG array device. (a) The outer shell moves upwards with the water wave (shown in the right). There is PU = PL, and the upper and lower TENG units
are all in separate state (shown in the left). (b) The shell moves upwards further and the bottom of the lower chamber is pressed by the shell, causing PU < PL. The pressure difference
drives the reshape of the soft membranes and makes the upper units into contact state and the lower ones into fully separate state. (c) The outer shell moves downwards. There is PU =
PL, and the upper and lower TENG units get into separate state. (d) The shell moves downwards further and the top of the upper air chamber is pressed by the shell, causing PU > PL.
The upper units get into fully separate state and the lower units into contact state. For simplicity, the movement of the inner oscillator corresponding to the water waves is neglected in
above descriptions, and the external circuit for charge transfer are not shown in the figures.
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collects mechanical energy, then translate it into electricity. The
structure is quite stable due to that the elastic bands can provide
elastic force both in horizontal and perpendicular direction to the mass
center of the oscillator and make the oscillator seated firmly in position
in the shell.

Fig. 1e illustrates the detailed structure of the TENG array and the
separator with a sectional drawing. Soft membranes are glued to a hole
in the center of the separator to form air-pocket-like structures, and
separate the air chamber into the upper one and the lower one with
pressures denoted as PU and PL respectively, which would reshape the
soft membranes while the pressure changes. Rectangular TENG
electrodes are attached to soft membranes to form TENG units in the
way as shown in the sectional drawing, thus can move when soft
membranes deform. There are two kinds of TENG units, denoted as
TENG Un and TENG Ln (n=1,2,…), based on whether their electrodes
are attached to the upper side or lower side of the soft membranes, and
they form a TENG array which can be divided further as the upper
TENG array and the lower one. The two electrodes in a single TENG
unit are a Cu foil covered by a 50 µm thick polytetrafluoroethylene
(PTFE) film, and a Al foil, respectively, with a dimension of
4.5 cm×7.5 cm. The maximum distance of the two electrodes, namely
the gap size, is set to 6 mm, which is reasonable to get both high
transferred charges and open-circuit voltage, as shown in Fig. S1.
Nanostructures are fabricated on PTFE surfaces to enhance the contact
electrification effect, which is important to elevate the output of TENGs
(Fig. 1c) [39–41]. The photograph of a constructed TENG array and
separator is presented in Fig. 1b.

The fundamental working principle of the TENG units is based on
the conjunction of contact electrification and electrostatic induction
[20]. When the pressure drives the TENG units into contact state

(Fig. 1e), there would generate positive charges on the Al surface and
negative ones on the PTFE surface due to contact electrification effect.
Afterwards, when the two surfaces are separated by an external force, a
potential drop is created, which drives the free electrons in Cu foil to
move to the Al foil through an external circuit to achieve a balanced
state, showing an electrostatic induction effect. When the TENG units
get into contact state again, electrons would move back to Cu foil to
maintain the balanced state.

A detailed cycle with four stages for the working process of the
device is shown in Fig. 2, without illustrating the above initial contact
electrification process. When the water wave pushes the outer shell to
move upwards (Fig. 2a–b), the inner oscillator goes down relative to
the shell, thus compresses the lower air chamber, inducing PU < PL.
The pressure difference PDiff reshapes the soft membranes and makes
the upper TENG units into contact state and the lower TENG units into
fully separate state. Electrons would move from Al foils to Cu foils in
the upper TENG units and from Cu foils to Al foils in the lower TENG
units, generating current in the external circuit. When the shell moves
downwards with the water wave (Fig. 2c to d), the inner oscillator goes
up relative to the shell, thus compresses the upper air chamber, causing
PU > PL. The pressure difference reshapes the soft membranes and
makes the upper TENG units into fully separate state and the lower
TENG units into contact state, accompanied by electrons moving from
Cu foils to Al foils in the upper TENG units and from Al foils to Cu foils
in the lower TENG units through the external circuit. In such a way, the
device can generate electricity corresponding to the water wave. The
structures and the parameters are elaborately adjusted to make sure
the device would function with tiny stimulations.

The electrical output characteristics of a single TENG unit are
measured and shown in Fig. 3. The open-circuit voltage of a single unit

Fig. 3. Electrical output characterization of a single TENG unit. (a–c) Open-circuit voltage, rectified short-circuit current, and transferred charge of the single TENG unit. (d)
Dependence of the transferred charges on the pressure difference between the upper and lower air chambers.
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VOCS reaches 600 V (Fig. 3a). The peak rectified short-circuit current
ISCS is 12.5 μA, and the transferred charge QSCS is 0.22 μC per cycle,
as shown in Fig. 3b and c respectively. The pressure difference PDiff
between the two air chambers is crucial to the output of TENG units.
Fig. 3d shows the relationship between the transferred charges and the
peak driving pressure difference. With the increase of pressure
difference from 0 to 0.35 kPa, the amount of transferred charges
increases rapidly to about 0.21 μC. Afterwards, the transferred charges
would still grow with rising pressure difference, yet with gradually
slower rate. This indicates that with relatively small pressure, the two
electrodes of single TENG units can get into a good contact state, which
affects the transferred charges. The deviation in the figure should be
attributed to the complex factors that affect the transferred charges
under the same pressure difference, like the surface contact condition,
the reshape of the soft membranes and the air flow etc. The durability
of TENG units is also tested, with several thousand cycles, as shown in
Fig. S2. The output short-circuit current only has small variations
during the test, as can be attributed to the uncertainty in the pressure-
charge relation, indicating good durability in long-time operation.

A device containing 38 TENG units is fabricated, that is made of 20
TENG units in the upper array and 18 TENG units in the lower array.
The TENG units in the upper array or the lower array are parallel
connected respectively, namely all the PTFE+Cu electrodes in one array

are electrically connected and so do the Al electrodes. Due to the output
phase of the upper array and the lower array are not consistent, the
outputs of the two arrays would first get through respective rectifiers,
then connect together to produce the entire output of the device, as
shown in Fig. 4d. A vibration generator is used to push the bottom of
the shell of the device in the vertical direction, to simulate the driving
effect of water waves (Fig. S3). The vibration generator typically inputs
a sinusoidal motion to the shell, with 3.4 Hz frequency and 8 mm
amplitude. The frequency is near the resonant frequency of the device
as will be discussed later. The amplitude is subjected to the motion
capability of the vibration generator.

Fig. 4 shows the outputs of the device driving by the vibration
generator. Without a rectifier, the open-circuit voltage of the upper
array VOCU is 610 V (Fig. 4a). The peak short-circuit current ISCU is
126 μA (Fig. 4b). The transferred charge QSCU is 4.5 μC per cycle
(Fig. 4c). Due to the feature of parallel connection, the open-circuit
voltage of the upper array is comparable to that of a single TENG unit,
and the amount of transferred charges is roughly the superposition of
that of 20 single TENG units. The short-circuit current is decided by
the change rate of the transferred charge I dQ dt= /SCU SCU [42]. The
outputs of the lower array have similar characteristics as the upper
array. Considering the whole device using rectifiers, the peak short-
circuit current ISC reaches 187 μA, and the short-circuit accumulative

Fig. 4. Electrical output and dynamic characteristics of the TENG array device. (a–c) Open-circuit voltage, short-circuit current, and transferred charge of the upper TENG array. The
electrometer has a charge measurement range up to about 25 μC. (d) Schematic diagram of the rectification circuit for the whole device. (e, f) Rectified short-circuit current and
transferred charge of the whole device. (g) Dependence of the output peak power of the device on a resistive load. (h) Dependence of the transferred charges of the upper TENG array on
the driving frequency. (i) Oscillatory output of the upper TENG array under a single impact on the bottom of the outer shell.
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charge QSC is 15 μC per cycle, as shown in Fig. 4e and f. To test the
output power of the device, different resistors are connected to the
circuit as a load. The relationship of the peak power P to resistor R is
shown in Fig. 4g. It is evident that there exists an optimal resistive load,
about 8 MΩ, when the power reaches the largest value of about 10 mW,
consistent with previous theoretical results [42,43]. Considering the
volume of the TENG array, the optimized peak power density is
13.23 W m−3.

The frequency characteristic of the device is crucial to its perfor-
mance. When the frequency of the inner oscillator is equal to the
frequency of the driver, e.g. water waves, the device would enter a
resonant state, and the energy harvesting efficiency would be the
highest. The frequency of the oscillator can be estimated theoretically.
In the fabrication of the device, the oscillator is designed to let its
gravity force equal to the elastic force of the elastic bands, thus the
oscillator is actually like levitating in the shell, referring to the spring-
levitated oscillator structure. This design ensures that the oscillator
would vibrate under tiny water waves. In such context, kl mg= , where k
is the stiffness of the elastic bands, l is the static stretch length, andm is
the mass of the oscillator. Meanwhile, the vibration frequency of a
spring-oscillator system would be:

f
π

k
m

= 1
2 (1)

By simple substitution, one can get:

f
π

g
l l

= 1
2

≈ 0.5
(2)

While not considering complex factors like damping and dissipa-
tion, Eq. (2) gives a good semi-quantitative and convenient estimation
to the resonant frequency of the device. Here, the device has an
equivalent static stretch length of 3 cm considering the nonlinearity.

According to Eq. (2), its theoretical vibration frequency is about 2.9 Hz.
This is consistent with the experiment results as shown in Fig. 4h.
When the vibration generator drives the shell with sinusoidal motion of
different frequency and same amplitude 8 mm, the inner oscillator
would oscillate in different amplitude, thus would affect the output of
the TENG array. Take the transferred charge of the upper TENG array
as an indicator. In the frequency range of 2.5–3.6 Hz, there would be
an output plateau about 4.5 μC, showing a near resonant state. Beyond
the above frequency range, the output decreases rapidly. However, this
does not mean that the device can only work in such a frequency range.
With driving amplitude much larger than 8 mm, greater oscillation
would be stimulated, though not in a resonant way, resulting in the
enhancement of the output. Moreover, according to Eq. (2), such
frequency can be tuned by simply adjusting the static stretch length l,
depending on the characteristics of specific water circumstance where
the device would work in. The device also has the ability to output
several cycles under one impact. Fig. 4i shows the transferred charges
of the upper array under a 8 mm pulse drive at the bottom of the shell.
The output continues after the pulse, and gradually decays to zero after
about 10 cycles. It implies that the device has the ability to absorb
mechanical energy in single pulses and store it in the form of oscillation
energy, which gradually converts into electricity afterwards. This is
significant to improve the output of the device working in real
circumstance considering the randomicity of the motion of water
waves.

To better understand how the air chambers drive the TENG array, a
theoretical model is established. While in operation, the air-pocket-like
structures of the TENG array would expand or contract, accompanying
the up and down movement of the top of the upper chamber or the
bottom of the lower chamber, which is driven by contacts with the
outer shell. Due to the relative low pressure, the air compression in the
air chambers can be neglected and their volume is constant. Based on

Fig. 5. The TENG array device with a switch circuit. (a) Schematic illustration of the structure of switches. (b) Schematic diagram of the switch circuit. (c) Pulse current of the device.
Inlet: single current pulse. (d) Dependence of the pulse current and the instantaneous output power on a resistive load.
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such constant volume relation, there is:

S x NS d=AC TENG (3)

where SAC is the area of the top of the upper air chamber or the bottom
of the lower chamber, x is the length that the top or the bottom moves,
N is the number of air-pocket-like structures in the array, STENG is the
area of one sidewall of air pockets that TENG electrodes are attached
to, d is the relative movement of a pair of TENG electrodes in normal
direction. The pressure in each air chamber can be regarded as equal
anywhere, and for the chamber in low pressure state, the pressure is
usually equal to the pressure of circumstance owing to the slack
chamber wall in such a state. For the air chamber in high pressure
state, the pressure transfers the force from the top or the bottom of the
air chamber to the TENG electrodes:

F
S

F
S

=AC

AC

TENG

TENG (4)

where FAC is the pressure force on the top or bottom of the air
chamber originating from the contact with the outer shell, FTENG is
the force on the sidewall of air pockets that TENG electrodes are
attached to. Eqs. (3) and (4) indicate that with air pressure as a
medium, the force and movement from the outer shell is transferred
and distributed into each air pocket, then drives each TENG unit. This
is also how the mechanical energy flows. Owing to the flexibility of the
membranes and the pressure equality in air chamber space, all the
TENG units should be able to achieve good contact state which is vital
to the output, no matter how many units there exist. The above
mechanism ensures that all the TENG units in one device can be
driven effectively and simultaneously, unlike previous works where
only one TENG unit in a device is driven at one time [34,35]. This also
implies that the TENG array has superior ability for extension, and
there can integrate massive TENG units in only one package, achieving
much higher output.

The power output of the device can be further improved by a switch
circuit for high pulse power applications, as shown in Fig. 5a and b. Al
foils are attached to the top or the bottom of the air chambers, and to
the corresponding positions of the outer shell, forming four contact
switches S1, S2, S3, S4, as shown in Fig. 5a. The switches are closed
while corresponding foils contact. Thus when the inner oscillator
moves to the highest position, S1 and S3 would be closed, and when
the inner oscillator moves to the lowest position, S2 and S4 would be
closed. This four switches are connected into the circuit as in Fig. 5b.
With the switches, the device would only have output when the inner
oscillator is near the highest or lowest position, before which voltage
has been established between Cu and Al foils due to charge separation.
Once the switches are closed, free charges would flow through the
external circuit by the drive of the voltage. Such a switch circuit greatly

reduces the duration of the charge transfer process, intensifying the
output current and power, as discussed before by G. Cheng et al. [44].
The circuit can also elevate the possible output energy per cycle, and
such effect was discussed in details by Zi et al. [45]. Fig. 5c shows the
output current ISW with a resistive load of 100 Ω. The peak of the
current can reach 1.77 A, and a single current pulse rises to its
maximum at the moment when the switch is closed, then decays
exponentially with time. The instantaneous power PSW in such a
condition is 313 W, and the instantaneous power density is
414 kW m−3. For the device without a switch circuit, the current is
limited by the speed of the mechanical contact-separation motion of
two electrodes [42]. While with a switch circuit, the inductive charges
transfer as soon as the switch is closed, the process is rather short and
is not affected by the speed of the contact-separation motion. This is
essentially like the charging or discharging of a capacitor, which has
relations of ISW ∝ R−1 and PSW ∝ R−1[44]. Thus the instantaneous
current and instantaneous power would drop with increasing resistive
load, as shown in Fig. 5d. The results coincide well with previous
reports [44]. By using the switch circuit, the device is capable for
applications requiring high pulse power.

To test its performance in real water circumstance, the device was
put on water surface in a water tank. With the stimulation of water
waves [35], the device can work effectively and outputs comparable
short-circuit current as that of using the vibration generator, as shown
in Fig. 6a. The maximum short-circuit current reaches 174 μA,
indicating high working ability on water. To give a direct image of
the electricity generated by the device, 600 LEDs are placed on top of
the device floating in water (Fig. 6b). These LEDs can be lighted up
simultaneously with the electricity generated by the device, as shown in
Fig. 6b and Video S1 in Supplementary material. The produced
electricity can be further managed and stored in supercapacitors and
batteries as a power source for sensors and electronic circuits [25,34].

Supplementary material related to this article can be found online
at doi:10.1016/j.nanoen.2016.11.037.

As illustrated above, the device shows superior output performance
while possessing merits of light weight, low cost etc. Most importantly,
it has excellent extendibility based on the pressure driven mechanism.
The number of TENG units in one device can be augmented easily.
Thus the output can be greatly enlarged, and potentially meets the
requirement to power ocean instruments. The device can also be
organized in networks to harvest large-scale water wave energy [35],
and transmits the electricity to the land through cables, providing a
new route to harvest the renewable and clean ocean energy with low
cost.

Fig. 6. The TENG array device working on water. (a) Short-circuit current without a switch circuit. (b) Photographs of the device with 600 LEDs floating on water before and after being
lighten up.
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3. Conclusions

In summary, an integrated triboelectric nanogenerator array device
based on air-driven membrane structures is demonstrated. The device
shows several superior attributes. First, with a novel design of using air
pressure to transfer and distribute harvested water wave energy, the
device can drive a series of integrated TENG units effectively and
simultaneously. Second, based on the spring-levitated oscillator struc-
ture, the dynamics of the device can reach resonance with low
frequency water waves, achieving high energy harvesting ability. A
device integrating 38 TENG units is presented. While operating at low
frequency near the resonant frequency of about 2.9 Hz, the device
shows high output of transferred charges per cycle of 15 μC, short-
circuit current of 187 μA and optimized peak power density of
13.23 W m−3. Based on the air-driven mechanism, the device can
easily integrate large-scale high-density TENG arrays in one package.
It can also be organized in large networks. In these ways, the output
can be greatly augmented, providing a promising route to effectively
harvest water wave energy for various practical applications.

4. Experimental section

4.1. Fabrication of the nanostructures on PTFE surface

PTFE films of 50 µm thick were ultrasonicly cleaned with ethanol
and deionized water successively, and dried in a drying oven. A thin
layer of Cu film was deposited on the cleaned PTFE surface by
sputtering. Then inductively coupled plasma (ICP) etching was carried
out to etch the surface. O2, Ar and CF4 gases were introduced into the
ICP chamber with flow rates of 10.0, 15.0 and 30.0 sccm (standard
cubic centimeter per minute) respectively. A power of 400 W was used
for plasma generating, and another power of 100 W was used for
accelerating plasma ions. The Cu coated PTFE surface was etched for
6 min to obtain the nanostructures.

4.2. Fabrication of the TENG array

First, PTFE films, Cu and Al foils were cut into small pieces with a
dimension of 4.5 cm×7.5 cm. Soft membranes, which contained 20%
nylon and 80% polyethylene, were cut into a shape that can form an
air-pocket-like structure while folded. Then the PTFE films were
attached to the Cu foils, which were attached to the soft membranes
subsequently. Al foils were attached to the soft membranes in
corresponding positions. The PTFE films were treated with an electron
injection process to enhance the charge [37]. Finally, the soft mem-
branes were sealed in certain sides to form an array of air-pocket-like
structures.

4.3. Fabrication of the TENG device

A separator with a rectangular hole of 12 cm×9 cm in the center
was cut from an acrylic board of 4 mm thick. The TENG array was fixed
to the hole, and sealed with glue at the four sides. Then the upper and
the lower air chamber walls made from soft membrane were fixed on
the separator, ensuring air tightness in the two chambers respectively.
Then the above entirety was suspended with elastic bands to the outer
shell, which was made from acrylic.

4.4. Measurement of the device

The open-circuit voltage was measured by an electrostatic voltmeter
(Isoprobe 279). The transferred charges and the current without a
switch circuit were measured by an electrometer (Keithley 6514). The
pulse current with a switch circuit was measured by a digital oscillo-
scope (Agilent DSO-X 2014A). The pressure difference was measured
by a digital manometer (AZ 82062).
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