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ABSTRACT
Ocean wave energy is a promising energy source for large-scale exploitation owing to its abundant reserve and renewability. An effort is
underway to develop a generator that can adapt to the ultra-low frequency of ocean wave vibration. Here, we designed a cylindrical triboelectric nanogenerator with an internal swing structure for effective water wave energy harvesting. Based on the supporting effect of the bearing
component, the rotary dielectric ﬁlms can be suspended over the stator electrodes, rather than coming into direct contact with them.
Beneﬁting from the largely reduced resistance and continuous swing of an internal rotary component, the fabricated triboelectric nanogenerator can operate for about 85 s and produce over one thousand current pulses after one water wave excitation. Being agitated by a 0.033 Hz
water wave (during a period of 30 s), the optimized cylindrical triboelectric nanogenerator can produce a peak power density of 231.6 mWm3
and an average one of 39.8 mWm3. Successful demonstrations of powering portable electronic devices and iron material corrosion inhibition
under such simulated excitation indicate the robust capability for ultra-low-frequency water wave energy conversion. This triboelectric nanogenerator offers a new vision for efﬁcient ultra-low-frequency wave energy harvesting with the possibility of large-scale blue energy.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5135734
I. INTRODUCTION
Fossil-based energy is the dominant source for supporting the
development of society at present.1 Because of the ﬁnite storage of
basic fossil fuels and their association with the pollution problem,
exploiting renewable and clean energy has become an urgent need.2–6
Because 71% of the earth’s surface is covered by ocean water, ocean
wave energy promises to be a featured energy source for large-scale
applications.7–9 So far, the dominant technology for ocean wave
energy harvesting is based on the electromagnetic generator,10,11 which
is restrictive due to its cost, complicated components, and unsatisfactory energy conversion efﬁciency. Therefore, new methods for ocean/
water wave energy harvesting should be a pressing interest.
The triboelectric nanogenerator (TENG) is a newly developed
technology that has the advantages of low cost, easy manipulation, and
high energy conversion efﬁciency, which has been proven to have
impressive applications for water wave energy harvesting.7,12–24 The
contact-separation motions of dielectric layers and electrodes result in
current pulses that generate electric power. The operation principle is
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based on triboelectriﬁcation and electrostatic induction, and more fundamentally, can be attributed to Maxwell’s displacement current
(Wang Term in the expanded Maxwell’s equations).25,26 In a recent
report, an advanced TENG unit with a three-dimensional electrode
structure achieved an average power density of 8.69 Wm3 under
ideal excitation conditions, and the self-assembled network of 18 units
produced an average power of 9.89 mW in water waves, setting a
record for the average power of a spherical TENG for water wave
energy harvesting.27 The output frequency of TENG depends on the
applied external mechanical excitation.13,28,29 Taking a contactseparation mode TENG as an example, even under the assistance of
spring, only a few current pulses can be generated by one triggering.30
One characteristic of the ocean waves is that the period between them
can be as long as tens of seconds,31 far longer than the simulated water
wave period (usually 1–2 Hz in frequency). Developing TENGs with
an extended work period of time for one triggering at the ultra-low frequency of ocean/water wave is vitally important. Recently, Lin et al.
presented a pendulum-inspired spherical TENG.32 An air gap between
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bladed acrylic rotor [Fig. 1(b)] adhered with FEP ﬁlm (30 lm in thickness) and the other is a stator acrylic shell attached by twelve Cu electrodes with the same size of 25 mm  40 mm  30 lm [Fig. 1(c)]. A
stacked bearing component strung by a steel shaft was used. The rotor
is a special-shaped structure with a total of six hollow or solid blades,
so the barycenter of the rotor deviates from the central axis of bearing,
ensuring a long-time swing of the rotor under an external force excitation. To support the swing motion of the rotor, two disk-like acrylic
plates were ﬁxed to the internal edge of the cylinder to maintain a gap
between the rotor and Cu electrodes, thus the frictional resistance
resulting from the contact between FEP ﬁlms and Cu electrodes can
be minimized. Motion states can be observed and electrical output performance tests can be carried out after encapsulation. Accordingly,
bearings were also equipped in these lateral plates to decrease the frictional resistance. Half-sealed and total-sealed devices are also shown in
Fig. S1 (see supplementary material). The Cu electrodes were connected by conductive wires, so that all of the Cu electrodes were set as
two groups for the output terminals. The designed rotor structure is
generally symmetric and centrosymmetric when ignoring the engraved
blades.
The power generation of the fabricated cylindrical TENG is
mainly based on electrostatic induction. Commercial FEP ﬁlms have
been negatively charged on their surfaces in the manufacturing process. In the latter part of the work, we further enhanced the surface
charge density by using pre-friction with Cu ﬁlm. For the explanation
of the power generation mechanism, only part of the TENG structure
is shown in the schematic diagrams [Fig. 1(d)], deﬁning the state (i) as
the initial state. The charged FEP ﬁlm induces the electrons on one Cu
electrode to ﬂow to the other Cu electrode along the load circuit via
electrostatic induction, generating opposite net charges on the two Cu
electrodes. Note that the induced charge density on Cu electrodes,

the pendulum triboelectric layer and electrode layer makes the freestanding TENG operate at a minimized resistance, resulting in the
frequency-multiplied output performance and signiﬁcant energy
improvement over the traditional freestanding TENG under the trigger every 120 s. But the performance has to be much improved in
order to meet the goal.
Here, we proposed an operation-duration-extended cylindrical
TENG based on an internal swing structure with a bearing component
for efﬁcient water wave energy harvesting. Compared to the
pendulum-like TENG, a cylindrical TENG can achieve denser and
more stable power outputs by taking full advantage of the device space
and the freedom of oscillation. Beneﬁting from the supporting effect of
bearing elements and a sealed structure, the non-centrosymmetric
rotor adhered with ﬂuorinated ethylene propylene (FEP) dielectric
ﬁlms can be suspended over the static metal electrodes instead of being
in direct contact, resulting in almost zero frictional resistance. Under
one excitation, the cylindrical TENG can oscillate for about 85 s and
accumulate 1.39 mJ of electric energy, leading to a great extension of
work period for the device and thus a high output. For the water wave
excitations at an ultra-low frequency of 0.033 Hz (during a period of
30 s), the fabricated cylindrical TENG produces a peak power density
of 231.6 mWm3 and an average power density of 39.8 mWm3 at
its optimum loaded resistance. Powering portable electronic devices
successfully and self-powered iron material corrosion inhibition demonstrate the potential applications of the TENG network for ultra-lowfrequency water wave energy harvesting.
II. RESULTS
A. Structural design and working principle
A cylindrical TENG based on a swing structure was designed as
illustrated in Fig. 1(a), which consists of two main parts. One is a six(a)
Cu
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FIG. 1. Structural design and working principle of the cylindrical TENG. (a) Schematic illustrations of the TENG consisting of two main parts, an acrylic shell with Cu electrodes
and a rotor adhered with FEP ﬁlms. The zoom-in illustration shows there is a gap between the FEP ﬁlm and Cu electrodes. Photographs of (b) the acrylic-based rotor with a
long bearing component and (c) the acrylic stator adhered with Cu electrodes. (d) Schematic working principle and current output signal for the TENG.
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regardless of the charge sign, is lower than that on the FEP ﬁlms for
the existing air gap. Once an external excitation is applied, the rotor
will naturally swing leftward [state (ii) in Fig. 1(d)] or rightward (not
shown here). When the negatively charged FEP layer swings leftward
[states (i)–(v)], the electrons are driven to ﬂow from the left electrode
to the right electrode through the external circuit, generating an
induced current from the right to the left electrode. For the state (iii)
with a symmetric structure, the current arrives at the peak value. After
the swinging FEP layer passes a whole Cu electrode [states (v)–(viii) in
Fig. 1(d)] or swings rightward, the reversed charge accumulation trend
on each Cu electrode results in a backward ﬂow of electrons, thus an
inverted current pulse is generated. By swinging over two Cu electrodes, a whole cycle of electron ﬂow is formed. When neglecting the
atmospheric resistance, bearing resistance and electrostatic force in
swing motion, the output current is a sinusoidal-like signal as sketched
in Fig. 1(d) (ix). Owing to the symmetric and centrosymmetric locations of FEP ﬁlms and Cu electrodes, the waveform of electric signal is
the same, regardless of clockwise or counterclockwise motion.
B. Device optimization and swing motion analysis
For continuous power output under an external force excitation,
a rotor with suitable mass and barycenter location is required for the
best swing motion. In order to determine the optimum rotor shape,
we ﬁrst fabricated several different shapes with a uniﬁed external
diameter of 95 mm by laser cutting. This size can maintain a gap
between the dielectric FEP ﬁlms and the Cu electrodes after the rotor
is mounted to achieve non-contact swing. Each rotor has 6 blades in
total, with a difference in the proportion of hollow and solid blades, as
illustrated in Fig. 2(a). Due to the equivalent charge density on the
commercial FEP dielectric ﬁlms, the induced peak open-circuit voltages (VOC) with different rotor shapes are similar [86–89 V, Fig. 2(b),
and Fig. S2 in the supplementary material], as well as the transferred
charges [QSC, 35–38 nC, Fig. 2(c), and Fig. S2 in the supplementary
material] in one period. The obvious differences are the operation
duration [Fig. 2(a)] under a single external excitation and the value of
short-circuit current [ISC, Fig. 2(d), and Fig. S2 in the supplementary
material]. When recording data through releasing the rotor from the
highest point that the rotor barycenter can reach, the peak ISC can be
obtained to be 0.97, 1.19, 1.33, and 0.54 lA for the TENGs with 1 to 5
solid blades, respectively. The corresponding swing durations are 50,
60, 80, and 25 s, respectively. Owing to the proper rotor mass and
barycenter position, the TENG with a solid/hollow blade number ratio
of 1:1 exhibits the longest duration and the best output performance.
The longest swing duration of over 80 s was also recorded in Video S1
(see supplementary material). The decreased barycenter offset caused
by excessive mass (5 solid blades for one rotor) and the inertia caused
by insufﬁcient mass (one or two blades for one rotor) both lead to a
decrease in output current and swing duration.
The kinematic law of rotors is indicated taking the rotor with a
solid/hollow blade ratio of 1:1 as an example. Figure 2(e) shows the
enlarged view of the VOC proﬁle [Fig. 2(b)] at different times. The
peak value of VOC is stable in the early period of swing (within the ﬁrst
50 s), indicating that the rotor has spanned at least one Cu electrode
during this stage. More speciﬁcally, the rotor undergoes a transition
from high energy to low energy arising from energy conversion, that
is, it can span ﬁve electrodes at the early stage (in the ﬁrst few seconds),
and then span decreasing numbers of electrodes in the subsequent
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time, until the swing completely stops. The peak ISC decays gradually with
time [Fig. 2(f)], implying a decrease in maximum motion speed at each
swing cycle. In our design, there is no friction between metallic electrodes
and dielectric layers, and the air resistance and bearing friction are small
enough to be ignored. Due to the energy conversion from the mechanical
energy of the rotor to the generated electrical energy, the motion of the
rotor behaves like a damped vibration. Actually, the swing period
decreases with time, as proved by the gradually reduced period of 1.18 s,
1.00 s, 0.81 s, 0.76 s, and 0.71 s, which are shown in Figs. 2(e)–2(f).
The external diameter of the rotor has also been optimized, and
the results are presented in Figs. 2(g)–2(j). The increase in external
diameter will reduce the air gap between FEP ﬁlms and Cu electrodes,
leading to the increasing trends for the peak values of VOC, ISC, and
QSC, due to the enhancement of electrostatic induction.33 As the external diameter increases to 98.9 mm (see Fig. S3 in the supplementary
material), although the electric outputs show an improvement, the
operation duration drops apparently. The contact problem caused by
the roughness of rotor and stator can no longer be ignored for this
stage. When the rotor diameter increases to 99.0 mm (see Fig. S4 in
the supplementary material), it completely contacts with the stator.
Although the VOC value reaches its maximum due to the contact friction, the natural swing behavior is suspended, which obviously negates
the signiﬁcance of operation duration extension.
C. Performance and applications of the optimized
TENG
The rotor of the TENG device was ultimately shaped to the type
with a solid/hollow blade number ratio of 1:1 and an external diameter
of 98.7 mm for the longest swing duration and moderate output performance. The charging performance by TENG using different rotors
(see Fig. S5 in the supplementary material) also indicated the best conﬁguration for power generation. The surface charge density of commercial FEP ﬁlm was further improved by pre-friction with Cu foil
after heating to 70  C. Finally, the fabricated device can generate electrical power uninterruptedly for about 85 s under the excitation of a
single external force, indicating the good conversion from the lowfrequency external excitation energy to the mechanical energy of rotor.
As displayed in Figs. 3(a)–3(c), the peak VOC at the start stage reaches
120 V, the QSC value reaches 46 nC, and the peak ISC reaches 1.52 lA.
The electrical outputs when loading a resistor were also characterized,
and the peak current-resistance and peak power-resistance relationships
are shown in Fig. 3(d). The instantaneous output power is calculated by
P ¼ It2 R;

(1)

where R is the loaded resistance and It is the instantaneous current
across the resistance. From the summarized results in Fig. 3(d), the
instantaneous peak power is delivered to its maximum value of
159 lW at the matched resistance of 100 MX. The converted electric
energy at this resistance for one excitation is obtained by
ðT
(2)
W ¼ It2 Rdt;
0

where T is the operation duration of the cylindrical TENG. A total
electric energy of 1.4 mJ (see Fig. S6 in the supplementary material)
was ultimately converted at the efﬁciency of 5.7% (see Fig. S7 in the
supplementary material). Though the TENG device works for at least
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FIG. 2. Output characterization of the cylindrical TENG. (a) Swing duration with respect to the shape of the rotor after one external excitation, (b) open-circuit voltage, (c) transferred charge, and (d) short-circuit current for the cylindrical TENG with a solid/hollow blade ratio of 1:1. Enlarged views of (e) open-circuit voltage and (f) short-circuit current
in the corresponding areas of (b) and (d). (g) Peak open-circuit voltage, (h) peak transferred charge, (i) swing duration, and (j) peak short-circuit current of the TENG with different external diameters of rotor.

80 s, about 80% of the total output energy is obtained within the initial
35 s (see Fig. S6 in the supplementary material), generating an average
power of 32 lW in this period. To ensure the effective working of the
device, the frequency of applied external excitation should not be less
than 0.028 Hz.
Figure 3(e) shows the capability of charging a capacitor for the
cylindrical TENG device. After only one excitation, the voltage of the
1, 2.2, 10 lF capacitor can reach 27, 13.9, 2.5 V, respectively, indicating
the robust mechanical-to-electrical conversion. By shocking the
TENG for one time, the output electric energy can light up 4 light
emitting diode (LED) bulbs for at least 80 s without any management
module besides a rectiﬁer [see Fig. 3(f), and Video S2 in the supplementary material], showing a long-lasting power output feature. The
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surface charge dissipation is a great challenge in the non-contact freestanding TENG, leading to a serious performance decline of the
device. The thermal-treated FEP ﬁlm shows a good charge retention
capacity. As evaluated in Fig. S8 (see the supplementary material), the
output voltage of a well-sealed device can maintain at 80% of the original value after continuously working for 30 000 s. The durability and
performance can be further improved by a thin-strip-like charge
pump, or hybridization with an electromagnetic generator.32,34
D. Harvesting water wave energy
The electrical output behaviors of the cylindrical TENG device in
water waves were systematically investigated, including the effects of
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employed water wave heights and excitation frequencies. For the testing process, a completely sealed acrylic box with built-in supporting
structures was employed. This encasement produced a circumstance
consistent with the case in air, leading to a negligible change of
obtained data in water. Figure 4(a) shows the swing duration of an
individual device when applying different water wave heights produced by the wave generator. Due to the non-contact structure, even
weak water waves can induce the long duration for electric generation.
For example, when given water waves with the height of 6 cm, the
device can output voltage for at least 45 s. As the wave height increases
from 6 cm to 10 cm, the output duration is extended to nearly 80 s. If
the stored potential energy in the rotor is insufﬁcient to make the rotor
span a whole Cu electrode, the VOC and QSC values would decay. The
output current would also be reduced to a large degree, regardless of
the short-circuit condition or the resistive load condition, which can
be reﬂected from the waveform diagram (see Fig. S9 in the supplementary material). For the continuous high-power output, the water wave
height was ﬁxed at 9 cm in the later tests. The output curves of the
device are well matched with the period (T0 )/frequency of water waves
[Fig. 4(b)]. When the wave height is 9 cm, the TENG triggered by the
water waves every 30 s or less can no longer achieve the debased VOC
values. Under these conditions [see Figs. S10(a)–S10(b) in the supplementary material], the cylindrical TENG device can produce an
instantaneous peak power of 110 lW and an average power of
18.9 lW, corresponding to the power density of 231.6 and 39.8
mWm3, respectively, at the matched resistance of 100 MX. Though
the peak power can improve with the increasing input water wave frequency [see Fig. S10(c) in the supplementary material], the rotor is
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hard to resonate perfectly at such a low frequency, which can be
reﬂected by the irregular output current waveform [see Fig. S10(d) in
the supplementary material]. Thus, the average power intensity is not
consistent with the increasing trend of peak power value. In addition,
the output performances by TENGs with different shapes were characterized under water wave excitation to evaluate their economic traits.
Figure S11(a) (see the supplementary material) shows the recorded
current and peak power under 0.033 Hz of water wave excitation. As
the sensitivity to water wave excitation resulted from the increasing
rotor weight, the peak current and peak power increased with the
number of solid blades. However, due to adverse condition for rotor
swing produced by too short of a distance between the rotor barycenter and the bearing center, the device constructed by the rotor with 5
solid blades works for a drastically reduced duration. Thus, the TENG
using a rotor with 3 solid blades is the most promising candidate for
ocean wave energy harvesting in our experiment.
Harvesting ocean wave energy is a promising solution for electricity generation that would power some environmental sensors and
electronics. For large-scale water wave energy harvesting, as illustrated
in Figs. 4(c)–4(d), a TENG network of 2  3 units was organized. Each
TENG unit was connected by a rectiﬁer bridge (DB107) with a rectiﬁcation efﬁciency of 96% before the array organization for their phase
difference. No other energy management modules were applied to
improve the energy harvesting efﬁciency. Figure 4(e) shows that the
peak ISC value increases with the increase of the unit number after parallel installation, though not at a perfectly linear relationship. The
maximum ISC value could increase to 6.2 lA for 6 connected units in
parallel, from 1.3 lA for a single device. Figure 4(f) shows the charging
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FIG. 4. Output characterization of the TENG and network device in water waves. Normalized voltage variations from a single TENG device as the function of time at different
(a) wave heights and (b) periods of water wave excitation; (c) schematic diagram and (d) digital photograph of the organized TENG network for water wave energy harvesting;
(e) peak ISC with respect to the number of integrated units; and demonstrations for (f) charging different capacitors, (g) lighting up 80 LED bulbs, and (h) powering a thermometer by charging a 220 lF capacitor, under the water wave excitation at a period of 30 s and a height of 9 cm.

performance of the TENG network connected to different capacitors.
Under the water waves with a period of 30 s (0.033 Hz in frequency)
and a height of 9 cm, the charging voltage can yield 2.2, 1.6, and 0.7 V
for the 100, 220, and 470 lF capacitors within 200 s, respectively.
Interestingly, such a network device can achieve the uninterrupted
luminescence of 80 LEDs triggered by the above water waves [see Fig.
4(g), and Video S3 in the supplementary material]. Meanwhile, after
charging a 220 lF capacitor to 1.2 V, the continuous operation of a

Appl. Phys. Rev. 7, 021401 (2020); doi: 10.1063/1.5135734
Published under license by AIP Publishing

digital thermometer can be realized [see Fig. 4(h), and Video S4 in the
supplementary material].
E. Self-powered corrosion inhibition
Marine-related metal facilities usually need anti-corrosion treatment, otherwise potential safety hazards and economic losses will
occur. Impressed current cathodic protection can slow down the
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corrosion, but it is carried out by a stable direct current source.35–38
The developed TENG network in this work can realize continuous
power generation under ultra-low-frequency water wave excitations,
which can be applied in a proposed self-powered protection system.39,40 Figure 5(a) illustrates the self-powered impressed current
cathodic protection system, where a graphite sheet is applied as an
anode in this system. For studying the performance of corrosion inhibition, 3.5 wt. % NaCl solution was provided as the corrosive solution,
and a polished high-purity iron sheet acted as the simulated target.
The signiﬁcant protection effect was observed in the changes to the
surface of the iron sheet. As shown in Fig. 5(b), only a few rusts can be
observed on the surface of the iron sheet after protection for 3 h. For
the control experiments without the self-powered protection, rust
resulting from severe corrosion appear and gradually expand, which is
proved by the photographs in Fig. 5(c). Without the protection of
TENG network, the leaching Fe3þ ions show nearly 4.3 times more in
absorption intensity than the case integrated with the corrosion inhibition system [Fig. 5(d)]. Besides, the open-circuit potential, Tafel curves

of iron sheet with and without TENGs protection are shown in Fig.
S12 of the supplementary material, which also conﬁrms the effectiveness of corrosion inhibition powered by the TENG network.
III. CONCLUSIONS
In summary, we demonstrated a cylindrical TENG based on
swing structure with free oscillating dielectric layers for ultra-low-frequency water wave energy harvesting. With the contributions of the
extremely low frictional resistance and the non-centrosymmetric
structure of the rotor, the fabricated device can achieve 85 s of uninterrupted operation under an external mechanical excitation, which
greatly increases the output frequency and period of the freestanding
TENG. Such a cylindrical TENG is an ideal model for collecting ultralow-frequency wave energy. A network device constructed by 6 parallel TENG units can realize continuous illumination of LED arrays, regular operation of a digital thermometer, and effective iron sheet
corrosion inhibition under the excitation of water waves with a period
of 30 s. The demonstrated operation-duration-extended TENG

3

(d)

Graphite
Iron sheet

TENG
network

Without network
Abs. (arb.units)

(a)

scitation.org/journal/are

With network
2

1

0
0

1

2

3

Time (h)
(b1)

0h

10 mm

(c1)

0h

10 mm

(b2)

(b3)

(b4)

1h

2h

3h

(c2)

(c3)

(c4)

1h

2h

3h

FIG. 5. Self-powered corrosion inhibition for an iron sheet by the cylindrical TENG network. (a) Schematic experimental setup for the self-powered corrosion inhibition.
Photographs of the iron sheet change shown (b) with and (c) without the protection of TENG network under the water waves at a period of 30 s and a height of 9 cm. (d)
Absorption intensity of the leached Fe3þ ions in corrosive solution at 334 nm.
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suitable for ultra-low-frequency water wave energy harvesting can be
expected to ﬁnd large-scale applications in offshore ocean wave power
generation, ocean environmental monitoring, and marine equipment
protection.
IV. EXPERIMENTAL METHODS
A. Fabrication of the cylindrical TENG device based on
swing structure
For the rotor, acrylic boards with a thickness of 5 mm were ﬁrst
tailored by laser cutting into the designed shapes of blades. Seven
stacked blades with bearings (6 mm  2 mm  2.5 mm) were strung
by a steel wire (U: 2 mm). FEP ﬁlms (30 lm in thickness) were
adhered onto the external surface of the rotor as the dielectric layers.
Twelve Cu electrodes with the same size of 25 mm  40 mm
 30 lm were adhered to the inner side of an acrylic cylinder with
the thickness of 5 mm, internal diameter of 100 mm, and length of
50 mm. After two groups of electrodes were organized, the cylindrical TENG was sealed by two circular plates for the performance
measurements.
B. Characterizations and measurements
The open-circuit voltage, transferred charge, and short-circuit
current were measured by an Keithley 6514 system electrometer. The
characterizations in water waves were carried out in a regular water
tank. A push plate controlled by a programmable digital controller
was employed for the water wave generation. A porous cushion was
used as the wave absorber for the elimination of rebound waves.
SUPPLEMENTARY MATERIAL
See the supplementary material for the photographs of the fabricated devices, TENG performances with different rotors, instantaneous power, accumulated electric energy at 100 MX, diagram of the
rotor barycenter, device durability, characterization of iron sheet, and
four videos showing the performance of TENGs. Video S1:
Uninterrupted power generation under an external excitation (MP4);
Video S2: Lighting up 4 LED bulbs for 80 s by one handshake (MP4);
Video S3: Continuously lighting up 80 LED bulbs driven by water
wave motions (MP4); and Video S4: Powering a thermometer driven
by water wave motions (MP4).
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