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ABSTRACT: Wave energy is one of the most available
energy sources in oceans. In this work, a design of high
power density triboelectric nanogenerator (TENG) based
on a tower structure is proposed for harvesting wave
energy from arbitrary directions. Such tower-like TENG
(T-TENG) consists of multiple units made of polytetraﬂuoroethylene balls and three-dimensional printed arc
surface coated with melt adhesive reticulation nylon ﬁlm.
The power generation model coupled with the kinetic
model for the T-TENG is proposed and discussed. The TTENG can eﬀectively convert arbitrary directional wave
energy into electrical energy by utilizing charged balls
rolling on an optimized arc surface due to ocean wave
excitation. In addition, it is found that the power density of the present T-TENG increases linearly from 1.03 W/m3 to
10.6 W/m3 by increasing the units from 1 to 10 in one block. This supports that the power density of the T-TENG
increases proportionally with the number of units connected in parallel without rectiﬁers due to its distinctive mechanism
and structure. Therefore, the design of T-TENG provides an innovative and eﬀective approach toward large-scale blue
energy harvesting by connecting more blocks to form T-TENG networks.
KEYWORDS: triboelectric nanogenerator, blue energy, water wave, high power density, networks
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energy eﬃciency for harvesting low-frequency and irregular
mechanical energy from the surrounding environment, such as
from vibration, walking, wind, and water wave.11−21 A TENG is
able to generate electrical output based on contact electriﬁcation
and electrostatic induction in response to an external mechanical
stimuli.9 Its fundamental physics and output characteristics can
be attributed to Maxwell’s displacement current.22
Diﬀerent designs of triboelectric nanogenerators have been
explored to harvest water wave energy.1,3,9,23−30 For example,
the rolling-spherical freestanding triboelectric layer-based nanogenerator fabricated by Wang et al. was demonstrated to harvest
arbitrary directional wave energy from low-frequency water
wave movements.2 However, the screening eﬀect from the

ue to the lack of the planet’s resources and rising
concerns from climate change, developing renewable
and clean energy has been an imminent target for the
world.1−3 The water wave energy could turn out to be an even
more benign source of power than wind, due to its abundance in
the ocean, which covers more than 70% of our planet.4 Though
the potential for harvesting this energy is promising, most
technologies for capturing wave power remain ﬁrmly in the
testing phase.5,6 Current devices usually have complex hydraulic
or mechanical structures to harvest wave energy, and they
operate by transforming the energy from the water waves into
rotary motion or linear reciprocal motion for driving an
electromagnetic generator.7 However, these current ocean
wave energy apparatuses exhibit unsatisfactory energy harvesting eﬃciency and high cost, and other methods of harvesting
energy would have to be implemented.5,8−10
Triboelectric nanogenerators (TENGs) have been recently
found to have the advantages of lightweight, low cost, and high© XXXX American Chemical Society
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Figure 1. Structural design, basic operations, and working principles of the T-TENG. (a) Schematic diagram of the designed T-TENG consisting
of multiple units. (b) The internal structure of one unit and the nylon ﬁlm coated on the 3D printed arc surface. (c) Schematic diagram of
dynamic analysis of a PTFE ball rolling on arc surface. (d) The working principle of the TENG unit and the charge distributed in diﬀerent
stages. (e) The corresponding potential distribution calculated by COMSOL in a two-dimensional plane.

charges of the ionic ocean salt water has a negative eﬀect on the
performance of TENG. Zhang et al.19 addressed the problem by
designing a sea snake structure-based TENG with an air gap that
can minimize electrostatic induction from ions in seawater and
solve the eﬀect of dielectric screening from the water. But such
TENGs cannot harvest arbitrary directional wave energy.
Furthermore, for the application of water wave energy
scavenging, TENG networks are required for large-scale energy
harvesting.1,7 It is worth noting that in the previous, each unit in
the TENG network has to be rectiﬁed ﬁrst and then connected
in parallel because the network does not necessarily have the
same phase.1 Each silicon-based rectiﬁer is found to decrease the
measured voltage by 1−2 V owing to the threshold of device
operation, then the power becomes lower relative to the TENG
unit without a rectiﬁer.7
In this work, a tower-like triboelectric nanogenerator (TTENG) is designed and systematically investigated. The TTENG consists of multiple units in one block, and each unit is
made of polytetraﬂuoroethylene (PTFE) balls and a threedimensional (3D) printed arc surface coated with melt adhesive
reticulation nylon ﬁlm. The power generation model coupled
with the kinetic model for the T-TENG is proposed. The TTENG can be fully packed in one block to harvest arbitrary
directional wave energy and solve the eﬀect of humidity and
dielectric screening at the same time. More importantly, the
power density of the T-TENG is found to increase proportionally with the number (N) of units connected in parallel without
rectiﬁers in one block. Therefore, the design of T-TENG can
provide an innovative and eﬀective approach toward large-scale

blue energy harvesting by connecting more blocks to form TTENG networks.

RESULTS AND DISCUSSION
Structure and Working Principle of the T-TENG. As
shown in Figure 1a,b, the T-TENG includes two main parts, the
tubular block and its internal multiple units. The tubular block
with the shell diameter of 100 mm is made of acrylic. Figure 1b
shows a schematic diagram of the freestanding structured design
that consists of PTFE balls and two stationary electrodes. The
PTFE ball can roll back and forth between the two electrodes
under wave excitation, which produces an alternating current to
the external load. To enhance the contact electriﬁcation, PTFE
balls, Kapton/Nylon dielectric ﬁlm, and an aluminum electrode
are used in the TENG unit. The Kapton/Nylon ﬁlm (50 μm in
thickness) covers the two electrodes (Al ﬁlm thickness: 50 μm,
size: 6 cm × 3 cm) that are taped to a 3D printed arc surface shell
(diameter 94 mm, height 20 mm). The Kapton/Nylon ﬁlm had
been bonded to aluminum electrodes by hot pressing.31 The
detailed manufacturing process is shown in the Experimental
Section. The scanning electron microscopy (SEM) image of the
dielectric ﬁlm is shown in Supplementary Figure S1.
The working principle of the T-TENG is shown in Figure
1c,d. Under the excitation of the external wave, PTFE balls roll
back and forth on the arc surface. After multiple cycles of contact
with the dielectric ﬁlm, PTFE balls become negatively charged,
and the charges remain on the surface because the PTFE balls
are electret. When PTFE balls roll to the left, positive charges are
induced on the left electrode. Then the current generates in the
B
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Figure 2. Eﬀect of dielectric materials and the number and diameter of PTFE balls on electrical performance of a TENG unit. (a) Schematic
diagrams of the TENG unit pushing reciprocally by the linear motor with the amplitude A = 90 mm. (b) The induced short-circuit current Isc, (c)
short-circuit transferred charge Qsc, and (d) the open circuit voltage Voc of the TENG unit for the dielectric ﬁlm of Nylon and Kapton. The short
circuit current output of the TENG unit for PTFE balls with (e) diﬀerent numbers and (f) diameter.

loop and ﬂows to the right electrode with PTFE balls rolling
back. Under the combined action of gravity force, support force,
and the damping torque, PTFE balls can periodically roll in the
arc surface to produce alternating current by utilizing the
freestanding mode of TENG. The COMSOL Multiphysics
software based on ﬁnite-element simulation is employed to
calculate the potential distribution across the two electrodes at
diﬀerent states, as shown in Figure 1e. The potential contour
clearly shows the potential diﬀerence between the two
electrodes, which would drive the current ﬂowing in the external
circuit.
To obtain the dynamic and electrical model of the T-TENG,
we assume that the tubular block sways in the ocean wave with
its frequency and amplitude being f and A, respectively. All
PTFE balls move in the same phase in one block. Thus, PTFE
balls move periodically and follow the dynamic equation:
A
φ̈ + γφ̇ + (ω0)2 sin φ = (2πf )2 cos(2πft )cos φ
r

TENG can be also treated as an ideal current source. Thus, the
current (IT‑TENG) of T-TENG with N multiple units in parallel
can be N times relative to the current (I1) of one unit because all
PTFE balls can move in the same phase in one block, that is,
N

IT ‐ TENG =

dQ
1
Q + Voc(φ)
=−
dt
C(φ)

(3)

i=1

Thus, the voltage (VT‑TENG) across the resistance (R) of the TTENG is also found to be N times relative to the voltage (V1) of
one unit, that is,
N

VT ‐ TENG = IT ‐ TENGR = NI1R =

∑ V1

(4)

i=1

Further, the power density (PT‑TENG) is obtained as the
following:

(1)

PT ‐ TENG =

where φ is the relative angle between the inertia ball and the arc
surface (angular displacement), γ is the damping constant
between the inertia ball and the arc surface, ω0 is the rotation
angular velocity of the inertia ball in the arc surface, and r is the
radius of arc surface, as shown in Figure 1c.
The TENG can be treated as an ideal voltage source and
capacitor in series; thus the diﬀerential equation for the TENG
unit when the external load is pure resistance R can be obtained
by Kirchhoﬀ’s law as follows:
R

∑ Ii = NI1

VT ‐ TENGIT ‐ TENGR2
N 2I12R
=
= NP1
NA1
NA1

(5)

where A1 is the volume, and P1 is the power density of one
TENG unit. From eq 5, it is amazing to ﬁnd that the power
density of the T-TENG is N times relative to that (P1) of one
unit, which is veriﬁed by our experimental results.
Performance of the T-TENG. The TENG unit consists of
PTFE balls, aluminum electrodes, and a 3D printed hemisphere
shell. As shown in Figure 2, the output of the TENG unit is
optimized by changing the paired triboelectric materials. One
option uses PTFE balls and Nylon ﬁlm, and the other option
adopts PTFE balls and Kapton ﬁlm, as shown in Figure 2a. A
linear motor was used to simulate the swaying motion of the TTENG ﬂoating body in water waves at low frequencies (0.8 Hz <
f < 2.4 Hz) with an amplitude of 90 mm. The PTFE balls move
back and forth in one direction at the same frequency f. For the
ﬂoating body moving at the frequency of 1.4−1.8 Hz and an
amplitude of 120 mm, the peak induced short-circuit current Isc
of the Nylon/PTFE is 1.4 μA, which is over 2 times higher than
that of the Kapton/PTFE (Figure 2b). Similarly, the short-

(2)

where Voc(φ) and C(φ) is the open circuit voltage and the
capacitance, respectively, and φ is the relative rotation angle
which can be obtained by solving eq 1. In this work, the TTENG is designed with N multiple units in parallel without
rectiﬁers.
As the amount of transferred charge Q between the two
electrodes has no relation to the external resistance, the TC
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Figure 3. Electrical performance of a TENG unit with diﬀerent arc surfaces. (a) The diagram of the arc surface with diﬀerent curvatures. The (b)
transferred charge and (c) short-circuit current of a TENG unit measured at diﬀerent frequency for the arc surface curvature of ρ = 16.13 m−1,
that is, a hemisphere shell. The variation of transferred charge and short circuit current with frequency for the curvature (d) ρ = 16.13 m−1, (e) ρ
= 10.30 m−1, and (f) ρ = 5.88 m−1, respectively. Note that the corresponding arc surface structure is inserted in each ﬁgure.

Figure 4. Electrical performance of a TENG unit with diﬀerent wave amplitude and direction. (a) The transferred charge on the amplitude
ranging from 60 mm to 150 mm at the constant frequency of 1.6 Hz. (b) A 3D graph of the output charge peak at diﬀerent amplitude and
diameter of tubular block. (c) The diagram of the angle between wave direction and electrodes direction. The dependence of (d) open circuit
voltage, (e) short circuit current, and (f) transferred charge on the angle ranging from 0° to 90° with the amplitude of 120 mm. The directional
map of the (g) open circuit voltage Voc, (h) short-circuit transferred charge Qsc, and (i) short-circuit current Isc.

circuit transferred charge Qsc and open circuit voltage Voc of the
Nylon/PTFE are also found to be higher than that of Kapton/
PTFE (Figure 2c,d). The better performance of the Nylon/
PTFE is believed to be caused by the most signiﬁcant diﬀerence
in triboelectric material series. Therefore, the PTFE balls and
Nylon ﬁlm are used in the following experiments.

Along with the triboelectric paired materials, the electrical
performance of a TENG unit at diﬀerent number n and diameter
d of PTFE balls is also compared in Figure 2e,f. Since scaling the
device does not change the power density, the inﬂuence of the
PTFE ball’s diameter and number was studied while maintaining
the outer shell’s diameter the same.2 As shown in Figure 2e, for
D
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Figure 5. Output performance of the T-TENG consisting of multiple units connected in parallel in one tubular block. The diagram of (a) the TTENG structure and (b) corresponding equivalent circuit diagram. The (c) voltage across the resistance VR, (d) transferred charge Qc, and (e)
induced current I of the T-TENG with the number of units increasing. (f) Variation of the voltage across the resistance output of the T-TENG
with the number of units. Dependence of (g) the output voltage and current and power density for T-TENG with 10 units on the resistance of
the load. (h) Variation of the current, voltage, and internal resistance with the number of units. (i) Comparison of the power density of the
present T-TENG and previous sea snake TENG,19 wavy-structured TENG,32 and air-driven membrane structure TENG.33

for f < 2.0 Hz and then reaches a maximum value of 35 nC at the
frequency of 2.0 Hz. According to eq 6, the resonant frequency
f 0 for the PTFE balls rolling in the hemisphere shell (ρ = 16.13
m−1) is obtained to be 2.0 Hz. This suggests that the rolling balls
have the largest magnitude at the resonant condition to produce
the largest transferred charge. With further increasing f, the value
of Qsc decreases slowly. The peak value of induced short-circuit
current Isc is found to increase with the frequency (Figure 3c).
The detailed variation of peak values of the Qsc and Isc for the
hemisphere shell on the frequency is shown in Figure 3d. As
shown in Figure 3d, the peak value of Isc increases in the
frequency range of f ≤ 2.2 Hz. Compared to the value obtained
at f = 2.2 Hz, the peak value of Isc at f = 2.4 Hz decreases by 1.2%.
This may be because the higher inertial force makes the PTFE
balls scatter more at higher frequency in a hemisphere shell.
Also, the dependence of the output of a TENG unit on
frequency for ﬂatter arc surfaces with ρ = 10.3 m−1 and ρ = 5.88
m−1 is shown in Figure 3e,f, respectively. Note that the
corresponding arc surface structure is inserted in each ﬁgure. It is
interesting to ﬁnd that the resonant frequency f 0 = 1.6 Hz for ρ =
10.30 m−1 and f 0 = 1.2 Hz for ρ = 5.88 m−1. This suggests that
the resonant frequency becomes lower with the arc surface
having a smaller curvature. In addition, the values of Qsc and Isc
for the smaller curvature arc surface are higher and more
broadband than a device with a higher curvature arc surface.
Therefore, the water wave energy can be easily harvested by
utilizing a ﬂatter arc surface.

the number n of the PTFE balls varying from 10 to 30, the
maximum value of the induced short-circuit current Isc is found
to be 1.3 μA at n = 20. It is also interesting to ﬁnd that the value
of Isc increases from 1 μA to 1.3 μA with the diameter of the
PTFE balls increasing from 5 mm to 10.5 mm. This is likely due
to the increase of frequency of the balls moving due to a larger
gravitational force, causing an increase in the current. Thus, the
present TENG unit is made of PTFE balls with the diameter of
10.5 mm and utilizes 20 PTFE balls per layer.
In addition, the resonance phenomenon of the PTFE balls
rolling on the arc surface is quite important to the output
performance of the T-TENG. According to eq 1, the resonance
frequency f 0 can be obtained as follows:
f0 =

1
ρg
2π

(6)

It can be known from eq 6 that the resonant frequency f 0 of
the PTFE ball rolling in the arc surface depends on the curvature
ρ of arc surface. Figure 3a shows the diagram of the arc surface
varying from a hemisphere shell (ρ = 16.13 m−1) to a ﬂatter shell
(ρ = 5.88 m−1). The output performance of the TENG unit with
an arc surface (ρ = 16.13 m−1) is measured by swaying the device
in a linear motor at the condition of 0.6 Hz < f < 2.4 Hz and A =
90 mm. Due to the inertia eﬀect, the PTFE balls can
synchronously move at the same frequency with the linear
motor, but the rolling magnitude of the PTFE balls depends on
the curvature. As shown in Figure 3b, the short-circuit
transferred charge Qsc for the hemisphere shell increases quickly
E
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Figure 6. Application of the T-TENG with ﬁve units connected in parallel in one block for wave energy harvesting. (a) Image of 540 green LEDs
lighted by the T-TENG. (b) Image of the thermometer powered by the T-TENG. The inset is the charging and discharging voltage of the
capacitor. (c) The voltage of T-TENG tested in a water wave tank for 14 h. (d) T-TENG networks formed by connecting more blocks toward
large-scale blue energy harvesting.

the electrical performance of the TENG unit gradually decreases
to a minimum (Voc = 20 V, Isc = 0.3 μA, and Qsc = 6 nC). This is
caused by the PTFE balls rolling in the center regions between
the two electrodes for the angle of 90°, and the contact area
between the balls and the ﬁlm that is covering the electrode is
not large enough, which would decrease the amount of charges
transferring in the circuit. As shown in Figure 4g−i, it is worth
noting that the TENG unit can harvest wave energy from
arbitrary directions, even though the performance is not good
enough for the angles of 90° and 270°.
To harvest wave energy more eﬀectively, a T-TENG
consisting of multiple units connected in parallel in one tubular
block is designed, as shown in Figure 5a. Due to all PTFE balls
moving in the same phase, it is unnecessary to utilize rectiﬁers
for connecting units. The T-TENG can be treated as a current
source and power marine sensors with just one rectiﬁer. The
equivalent circuit of the T-TENG is shown in Figure 5b. The
voltage across the resistance, short-circuit current, and charge
were measured with diﬀerent layers connected in parallel. All
three increased with increasing the number of units, as shown in
Figure 5c−e. It is quite interesting to ﬁnd that the voltage across
the resistance VR increases with the number of units connected
in parallel without rectiﬁers in one block. Such observation is
also found in Zhang et al.19 Figure 5f shows that voltage across
the resistance increases proportionally with the number of units.
This is consistent with the prediction of eq 4.
Furthermore, the current I, voltage V, and power density P of
T-TENG at diﬀerent load resistance R with the number of units
increasing from 1 to 10 is shown in Figure 5g and Figure S4.
Note that the voltage is obtained by multiplying current and
resistance. The power density reaches maximum value when the
external resistance equals the internal impedance. Figure 5h
shows that the short circuit current and voltage across the

To investigate the impact of the wave amplitude (A) and
direction on the electrical performance of the TENG unit, the
voltage, current, and charge of the TENG unit under actuation
from the linear motor with an amplitude ranging from 60 mm
and 150 mm are measured. As shown in Figure 4a and Figure S2,
at a constant frequency of 1.6 Hz and a diameter of the tubular
block of 94 mm, the transferred charge and short circuit current
are obtained for the amplitude ranging from 60 mm to 150 mm.
It is found that the current increases with the amplitude
increasing, because the larger amplitude produces a higher
inertial acceleration of the PTFE balls (Figure S2). The charge
seems to be independent of the amplitude for A > 90 mm,
because the eﬃcient rolling displacement of the PTFE balls
reaches the maximum value, that is, the entire diameter of the
tubular block. Furthermore, the transferred charge of the TENG
unit was measured by varying the diameter of tubular block from
94 mm to 114 mm (Figure S3). The amplitude ranges from 60
mm to 120 mm, and the frequency is set to be 1.6 Hz. Figure 4b
shows the dependence of the output transferred charge peaks on
the amplitude and diameter of tubular block. It is found that the
transferred charge can be enhanced by increasing the diameter
of the tubular block and the amplitude. This suggests that the
tubular block with larger diameter is needed to harvest water
waves with higher wavelengths.
The dependence of the voltage, current, and charge of the
TENG unit on the wave direction is shown in Figure 4d−i. Here,
the voltage, current, and charge were measured by changing the
angle between the wave direction and electrodes direction, as
shown in Figure 4c. Obviously, the highest performance (Voc =
105 V, Isc = 1.3 μA, and Qsc = 51 nC) of the TENG unit is
obtained at the angle of 0°, at which the PTFE balls move
parallel to the electrode direction, thus having the largest
eﬃcient displacement. With increasing the angle from 0° to 90°,
F
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tube can eﬀectively minimize the dielectric shielding of the
device’s performance. Therefore, the design of T-TENG
provides an innovative and eﬀective approach toward largescale blue energy harvesting by connecting more blocks to form
T-TENG networks.

resistance increase proportionally with increasing the number of
units, while the internal impedance decreases. It is surprising to
ﬁnd that the power density of the T-TENG increases from 1.03
W/m3 to 10.6 W/m3 for the number of units increasing from 1
to 10. This is consistent with the prediction of eq 5. In previous
work, Zhang et al.19 designed a sea snake TENG with the power
density being 3 w/m3. Wen et al. invented a wavy-structured
TENG with the power density being 7 w/m3.32 An integrated
TENG array device based on air-driven membrane structures
was designed by Xu et al.33 to eﬀectively harvest water wave
energy, and the power density was 13.23 w/m3. Compared to
these previous works, the most signiﬁcant advantage of the TTENG is that its power density can increase with the number of
units in parallel without rectiﬁers. It is worth noting that the
power density can be further increased by utilizing more units
connected in parallel without rectiﬁers in one block, due to all
PTFE balls in one block moving in the same phase and the
TENG unit being treated as a current source.
Demonstration. In the demonstration, the T-TENG
consisting of ﬁve units connected in parallel in one block is
utilized for harvesting wave energy in a water tank. The TTENG is pulled by a rope to the bottom of the tank. Thus, the TTENG can vibrate with the waves generated by a push plate. As
shown in Figure 6a,b and Movie S1 and S2, the TENG can
power more than 500 green LEDs. Under the wave excitation,
the induced peak current Isc of 5.8 μA and the transferred charge
Qc of 220 nC is shown in Figure S5. Moreover, the T-TENG can
also be employed with energy storage devices to act as power
sources for commercial electronic sensors. Here, a 100 μF
capacitor, bridge rectiﬁer, and a thermometer are applied. The
voltage of the capacitor increases from 0 to 3.3 V in 7 min and
then the thermometer was powered by the capacitor, as shown in
Figure 6b. The above concepts and designs can provide feasible
power solutions for long-term, large-area, on-site, and near-realtime monitoring of water parameters and may be the best power
option.2 Due to its distinctive mechanism and structure, the
electrical performance of the T-TENG exhibits a quite stable
state in the stability test for more than 14 h, see Figure 6c. In
addition, the T-TENG shell with acrylic tube can eﬀectively
minimize the dielectric shielding of the device’s performance.19
Therefore, the design of T-TENG provides an innovative and
eﬀective approach toward large-scale blue energy harvesting by
connecting more blocks in parallel to form T-TENG networks
(Figure 6d).

EXPERIMENTAL SECTION
Manufacture of the TENG Unit and T-TENG. The arc surface
material is made of polylactic acid (PLA), which was produced from
North Bright company. The geometric models of arc surfaces with
diﬀerent curvatures were prepared using the Solidworks software. Then
the designed arc surfaces were printed by a 3D printer (D-Force). Two
aluminum electrodes with a thickness of 50 μm and size of 6 cm × 3 cm
are parallelly attached onto the inner arc surface. Furthermore, Nylon
ﬁlm and Kapton ﬁlm with 50 μm in thickness and 7 cm × 7 cm in size
are introduced to cover electrodes, respectively. The surface
morphology of Nylon and Kapton ﬁlms was measured using a ﬁeld
emission scanning electron microscope (FESEM SU 8010). The PTFE
balls of various diﬀerent diameters were produced by 3M company. A
series of PTFE balls with diameters of 5.0, 8.0, and 10.5 mm are placed
in the arc shell. Multiple units are connected in parallel to form a towerlike TENG. Finally, the T-TENG is glued inside the acrylic shell and
ﬁnally sealed with epoxy paint to make it completely waterproof.
Electrical Measurement of the TENG Unit and T-TENG. To
measure the electrical output of the unit and T-TENG, a programmable
electrometer (Keithley Model 6514) is used. The wave simulation
system of the adjustable speed motor (US-52) equipped with a
reduction gearbox (5GU-5-K MAILI) was used to simulate the water
wave motion. Finally, the charging and discharging performance of the
T-TENG was measured using a capacitor (100 μF, 50 V) and a
commercial thermometer.

ASSOCIATED CONTENT
S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.8b08274.
SEM image of nylon ﬁlm coated on the 3D printed arc
surface; short-circuit current of the TENG unit on the
amplitude ranging from 60 mm to 150 mm; transferred
charge of the TENG unit with the tubular block diameter;
dependence of the output voltage and current and power
density for T-TENG with diﬀerent units on the resistance
of the load; output of the T-TENG under wave excitation
in a water wave tank (PDF)
Movie S1: Demonstration of the T-TENG for harvesting
wave energy to power 540 LEDs (AVI)
Movie S2: Demonstration of the T-TENG for harvesting
wave energy to power a thermometer (AVI)

CONCLUSION
In the present work, a design of triboelectric nanogenerator
based on a tower structure is proposed and systematically
investigated. Such a tower-like triboelectric nanogenerator (TTENG) consists of multiple units made of PTFE balls and a 3D
printed arc surface coated with melt adhesive reticulation nylon
ﬁlm. The T-TENG can eﬀectively convert arbitrary directional
and low-frequency wave energy into electrical energy by utilizing
charged PTFE balls rolling on an arc surface. As all PTFE balls in
one block move in the same phase and the TENG unit is treated
as a current source, the power density of the T-TENG multiply
increases with the number (N) of units connected in parallel
without rectiﬁers. This is veriﬁed by our results, that is, the
power density of the T-TENG increases from 1.03 W/m3 to 10.6
W/m3 by increasing the units N from 1 to 10 in one block. In a
water wave tank, the T-TENG with 5 units in parallel can
directly drive 540 LEDs and charge a 100 μF capacitor to rated
voltage within several minutes. The T-TENG shell with acrylic
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