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Triboelectric nanogenerator (TENG) is a new emerging and cost-eﬀective technology for harvesting water wave
energy because of its unmatchable performance in low frequency and randomly directed motions. Here, we
report an approach that signiﬁcantly increased the output power of spherical TENGs by optimizing both materials and structural design. Fabricated with an acrylic hollow sphere as its shell and a rolling ﬂexible liquid/
silicone as the soft core, the soft-contact spherical triboelectric nanogenerator (SS-TENG) presents up to 10-fold
enhancement to the maximum output charge compared to that of a conventional Polytetraﬂuoroethylene (PTFE)
based hard-contact one, which is resulted from the signiﬁcantly increased contact area. Besides, the output is
tunable through controlling the softness of the liquid/silicone core. Our ﬁnding provides a new optimization
methodology for TENGs and enable its more promising usage in harvesting large-scale blue energy from water
wave in oceans as well as feeble but ubiquitous wind energy.

1. . Introduction
With the rapid development of economics and the fast growing
demand of energy, clean and renewable energy has been of much signiﬁcance and urgency [1–3]. Oceans cover over 70% of earth's surface
[4], which contain various kinds of clean energy such as the water wave
energy, tidal energy and ultrasonic energy [5,6]. Nonetheless, most of
the ocean energy is hard to harvest for technical reasons. Conventional
approaches harvesting water wave energy to generate the electricity are
based on bulky and heavy electromagnetic generator (EMG) which is
not convenient to be installed in ocean and hard to be driven. Triboelectric nanogenerator, based on coupling of triboelectriﬁcation eﬀect
and electrostatic induction [7], shows good performance in power
generation [8–12] or ambient mechanical energy harvesting [13–15].
They also have merits of light weight, simple structure, low cost and
abundant choice of materials [16–19]. Our previous work indicated
that the TENG has a much better performance than that of the EMG at
low frequency (typically 0.1–3 Hz) [20]. Meanwhile, the frequency of
water wave in the ocean is generally below 2 Hz. Therefore, the TENG

has been demonstrated to eﬀectively harvest water wave energy
[21,22]. The spherical TENG networks have been demonstrated to be
an eﬀective approach toward massive harvesting of water wave energy
in ocean. The ﬁrst spherical TENG was proposed in 2014 in single
electrode mode with many small polyﬂuoroalkoxy (PFA) balls as the
triboelectric material, whose output power is 128 μW [23] and was
soon improved to 0.5 mW (transferred charge as 1.2 nC) by a fully
enclosed cylindrical TENG [24]. Polytetraﬂuoroethylene (PTFE), another triboelectric material, was adopted by spherical TENGs in both
contact-separate mode [25] and freestanding mode which enhanced the
transferred charge to 20 nC [26]. Recently, a spherical TENG using
modiﬁed silicone rubber as the triboelectric material boosted the
transferred charge to 60 nC at a frequency of 3 Hz [27].
The output power density of TENG is proportional to the square of
its triboelectric surface charge density due to the open-circuit voltage
and short-circuit current are proportional to it simultaneously [28,29].
Therefore, the triboelectric charge density is the ﬁgure-of-merits to
evaluate the performance of TENG [30], which is largely determined by
the eﬀectiveness of contact between two triboelectric surfaces [31].
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Fig. 1. Schematic illustration and working mechanism of the soft-contact model spherical triboelectric nanogenerator (SS-TENG). (a) Structural scheme of the softcontact model spherical TENG (SS-TENG) with a ﬂexible rolling sphere. (b) Photograph of a SS-TENG (scale bar, 1.5 cm). (c) Charge distributions scheme of the
device under short circuit condition and (d) the corresponding simulated potential distributions under open circuit condition respectively. (e) Photographs of the
ﬂexible rolling sphere (1# to 4#) with diﬀerent shell parameters compared to rigid PTFE sphere.

image of the fabricated device. When driven by water waves, the soft
rolling sphere will move back and forth between two electrodes, providing alternating current to an external load. To increase the contact
area so as to enhance the electric outputs of the TENG, silicone rubber
was chosen as the material of triboelectric material shaped in a hollow
sphere with some water inside, which ensures adequate inertia to make
full contact when motion direction is altered. Photographs of the device
without copper electrodes are displayed in Fig. S1. The diameter of
outside shell sphere is 7 cm and that of the silicone rubber sphere is
5 cm. As illustrated in Fig. 1c, its working principle is based on the
triboelectriﬁcation eﬀect [2]. The dielectric silicone rubber and the
electrodes are uncharged at the ﬁrst, static charges are then introduced
by triboelectriﬁcation eﬀect when they physically contact. Speciﬁcally,
when the silicone rubber sphere slides against the Cu electrodes with
surfaces in contact, the triboelectric eﬀect will render silicone rubber
surface with negative charges, and Cu electrodes with positive charges
(Fig. 1c < i > ). Then, when the silicone rubber slides towards the
right-hand electrode (RE), the positive charges in the loop will ﬂow
from the LE to the RE via the load to screen the local ﬁeld of the nonmobile negative charges on the dielectric (Fig. 1c < ii > ). When the
silicone rubber reaches the overlapping position of the RE, all of the
positive charges will then be driven to the RE (Fig. 1c < iii > ).

Hence, the hard contact between core and shell in spherical TENG
weakens its power outputs. To solve this issue, we design a novel softcontact spherical TENG that replaces the hard triboelectric material
(such as PTFE) by a soft core made with liquid/silicone, which largely
increases the contact area so as to generate much more triboelectric
charges, where the eﬀective contact area can be tuned by the thickness
of the silicone shell. Besides ﬂexibility, silicone rubber also presents a
stronger tendency to gain electrons than PTFE in triboelectric series,
which ampliﬁes charge density in each single contact. Compared to the
benchmark charge density of PTFE based spherical TENG, it is demonstrated that the optimized soft-contact model spherical TENG (SSTENG) can deliver 2 times enhancement at a low frequency of ~2 Hz,
and up to10-fold enhancement at 5 Hz.
2. Results
2.1. Structure and working mechanism of SS-TENG
The novel structure of the SS-TENG for harvesting water wave energy is schematically illustrated in Fig. 1a, which mainly consists of a
hollow acrylic sphere outside, two copper electrodes and a rolling soft
liquid/silicone core of diﬀerent thicknesses inside. Fig. 1b shows an
433
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Fig. 2. Electrical output performance characterization of SS-TENGs. (a) Experimental setup for quantitative investigation SS-TENG individually. (b) The zoom-in
illustration reveals thickness of the silicone shell would aﬀect the ﬂexibility of the rolling sphere. (c) The maximum transferred charge (Qsc) and open-circuit voltage
(Voc) curves of the SS-TENG-1 and S-TENG respectively. The insets show enlarged views. (d) The maximum transferred charge of SS-TENGs. (e) Frequency to reach
the maximum transferred charge. (f) Transferred charge of SS-TENGs at diﬀerent frequencies (displacement, 50 mm). (g) Open-circuit voltage of SS-TENGs at
diﬀerent frequencies (displacement, 50 mm).

can reach around 500 nC and 1600 V at proper frequency, while that of
S-TENG is 50 nC. With the decrease of the silicone thickness, the
maximum outputs improve rapidly, as presented in the Fig. 2(d) and
(e), suggesting that the output of SS-TENG can be tuned by the thickness of soft sphere. The tunable softness ensures SS-TENG can eﬃciently work with various frequency of impact force, where the proper
match of them releases the highest power output compared with unmatched SS-TENG. With a ﬁxed frequency but diﬀerent moving displacements (standing for diﬀerent impact force), the outputs of the
transferred charge, open-circuit voltage and short-circuit current are
shown in the Fig. S3(a–c). Considering a single SS-TENG, Qsc, Voc and
Isc all improved with the increasing displacement at the same frequency
of 2 Hz. SS-TENG-4, close to point-contact, has the relatively lower
outputs on account of the smaller contact area. Its transferred charge is
10 nC at the displacement of 10 mm and reaches 60 nC at the displacement of 50 mm. As the thickness becoming thinner, the output
performance of SS-TENG increased evidently at the same moving displacement and SS-TENG-1 keeps the best properties all the time. Its
transferred charge and open-circuit voltage can reach 30 nC and 140 V
respectively at the displacement of 10 mm, achieve 140 nC, 380 V when
it is 50 mm. Therefore, it is quite beneﬁcial to improve the outputs by
increasing the movement displacement. In addition, the output performances of diﬀerent silicone rubber spheres of diﬀerent thickness at
diﬀerent frequency are shown in the Fig. 2(f–g) and Fig. S4. SS-TENG-1
shows the great properties in all tests at a frequency of 2 Hz on account

Subsequently, a backward sliding of the silicone rubber from the RE to
the LE should drive the ﬂow of the positive charges in the same direction, forming a reverse current in the load (Fig. 1c < iv > ) [29].
The simulation results of potential distribution by COMSOL are presented in Fig. 1e, which show diﬀerent states of the silicone rubber core
respectively. In order to study the eﬀect of diﬀerent softness on the
output, several spheres with diﬀerent softness of silicone are fabricated,
numbered from 1# to 4#, and tested the diameter of contact area (Dca)
to represent the softness, which is 4.8 cm, 3.9 cm, 3.0 cm and 0.4 cm,
respectively. A PTFE hard sphere is also presented in Fig. 1e, which can
only make point contact.

2.2. Optimization of output performance
Fig. 2 presents the electrical characterizations of SS-TENGs working
at diﬀerent frequency. The illustration and the photograph of the experimental setup are shown in Fig. 2(a). Liner motor was utilized to
provide the impact agitation. The displacement was deﬁned as d that
has been made a sign on the sketch map (Supplementary Note 2).
Fig. 2b illustrates enlarged details of the SS-TENG unit. With the decreasing of the inner ﬂexible silicone sphere's thickness named b, the
output performances improve dramatically (Fig. S2). The outputs of SSTENG is also 10-foldly improved compared with those of the conventional spherical triboelectric nanogenerator (S-TENG) (Fig. 2c). The
maximum transferred charge and open-circuit voltage of SS-TENG-1
434
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Fig. 3. The electrical output comparisons between SS-TENG and S-TENG. Typical electric output curves of SS-TENG-2 (a) and S-TENG (b) under various working
frequencies. (c) The measured transferred charge (Qsc), (d) open-circuit voltage of SS-TENG-2 and S-TENG at diﬀerent displacements. The output power comparison
of SS-TENG-2 and S-TENG at 2 Hz (e) and at 5 Hz (f).

increases obviously with water volume increasing, for the water increases the gravity and inertia of the silicone rubber ball to achieve a
better state of motion.

of larger contact area. With the frequency decreasing, open-circuit
voltage and transferred charge of SS-TENG-2 reveal an optimum output
performance, for lower friction force compared with SS-TENG-1 and
larger contact area compared with SS-TENG-3, 4. Therefore, SS-TENG-2
is a better choice to harvest the low frequency (< 2 Hz) water wave
energy compared with the others. Meanwhile, output performances of
the SS-TENG are also aﬀected by size of the silicone rubber sphere and
the volume of water in silicone rubber sphere (Fig. S5). As the size of
silicone rubber sphere becomes larger, the outputs of SS-TENG increase
accordingly. Therefore, the output can be improved by increasing the
size of the silicone rubber sphere. In the Fig. S6, the outputs of SS-TENG

2.3. Comparisons of SS-TENG and S-TENG
The detail of the output performances of SS-TENG-2 and S-TENG are
shown in Fig. 3(a) and (b). The results were tested by a linear motor
under various frequencies, and the displacement of a movement is
50 mm. When the frequency increases from 1.25 Hz to 2 Hz, the
transferred charge and open-circuit voltage of SS-TENG improve
435
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2.4. Applications of SS-TENG in wearable electronics

obviously, reaching 110 nC and 280 V, respectively, for the increased
deformation of the silicone rubber sphere can improve the contact area.
Meanwhile, short-circuit current exhibits a clear increasing trend from
1 μA to 5 μA with the increase of frequency. However, compared with
the SS-TENG, the transferred charge and open-circuit voltage of S-TENG
almost remains stably, and they are maintained at a relatively lower
value of 45 nC and 130 V, respectively. The short-circuit current has a
little improvement with the increasing frequency, but it increases
slowly, which only reaches 1.8 μA at a frequency of 2 Hz. These two
ﬁgures indicate that the hard point-contact S-TENG extremely limits the
improvement of the outputs. Under the frequency of 2 Hz, the output
comparisons between SS-TENG-2 and S-TENG at various displacement
are shown in Fig. 3(c–e) and Fig. S7. The transferred charge of S-TENG
is 20 nC at a displacement of 10 mm, which agrees with the reported
value [26]. It improves with the increasing of the displacement and
reaches 50 nC at 50 mm. The value of SS-TENG-2 not only is slightly
higher than that of S-TENG at a displacement of 10 mm, but also increases more rapidly with the increasing of the displacement, up to 125
nC at the displacement of 50 mm, given a more 2 times enhancement.
As for open-circuit voltage (Voc) and short-circuit current (Isc), there are
similar trends. Those of S-TENG are 100 V and 1.8 μA, and those of SSTENG can reach 350 V and 5 μA at a displacement of 50 mm, respectively. The maximum output peak power of S-TENG at 2 Hz is 0.8 mW
at the external load of 700 MΩ. The one of SS-TENG-2 reaches 1.8 mW
at the external load of 200 MΩ. At the same external load 200 MΩ, the
output peak power of S-TENG is only 0.4 mW, which indicates there is
more than 4 times enhancement for SS-TENG. As we known, the output
power will increase with the increasing frequency. The maximum
output peak power of S-TENG reaches 1.2 mW at a frequency of 5 Hz,
and the value of SS-TENG-2 achieves 10 mW, given a 8-times enhancement (Fig. 3f). All of these results indicate that soft silicone
rubber sphere as the triboelectric material is a better choice for harvesting water wave energy.

To explore the stability of the fabricated device, 70,000 test cycles
have been carried out by using a linear motor. The outputs of the
transferred charges (Qsc), open-circuit voltage (Voc) and the short-circuit current (Isc) remain almost stable (Fig. 4a). The details are presented in Fig. S8. A self-powered system was built to demonstrate the
SS-TENG eﬃciently harvesting water wave energy to drive electronics.
Fig. 4b presents the circuit diagram of the self-powered system, where
the capacitor and the SS-TENG are connected by a full-wave rectiﬁer.
The voltage of the capacitor is monitored by a voltmeter. The ﬁrst phase
is the charging process when switch K1 is on, switch K2 is oﬀ and the
capacitor is charged by the TENGs. As shown in Fig. 4c, the voltages of
the same capacitor (2.2 μF) are charged to 4.5 V by S-TENG and 6 V by
SS-TENG-2 in 30 s at 2.0 Hz. Furthermore, SS-TENG-1 can charge the
capacitor to 8 V in 30 s. The equivalent galvanostatic current (Ieg) of STENG, SS-TENG-2 and SS-TENG-1 can be calculated as 0.33 µA, 0.44 µA
and 0.55 µA respectively (Supplementary Note 9). Although, the outputs of SS-TENG unit is not high enough, the power module circuit and
energy storage device are signiﬁcant for TENG to eﬃciently utilize the
electricity [32–34]. Also, a mass of SS-TENG units can be connected in
parallel to achieve a higher output. By SS-TENG-2, the voltages of capacitors with a capacitance of 2.2 µF, 4.5µF and 10 µF can be charged to
6 V, 3 V and 1.8 V in 30 s, respectively (Fig. 4d). The accumulated
charge is 4.5 μC by SS-TENG-2 at 1 Hz. Along with the increase of the
frequency, the accumulated charge improves and achieves 20 μC at
2 Hz (Fig. 4e). After that, SS-TENG was utilized to charge the capacitor
and power a watch while switch K1 is on and switch K2 is oﬀ. When the
voltage reach around 1.2 V, the switch K2 is on and the SS-TENG can be
a self-power source to drive the watch (Fig. 4f). The inset is a photography of a watch driven by SS-TENG-2.
2.5. Output performance of SS-TENG in water
In order to analyze their output performances to harvesting water
wave energy, SS-TENG and S-TENG are tested in the wave tank with

Fig. 4. Applications of SS-TENGs for harvesting water wave energy. (a) Long-term stability test of a SS-TENG that lasts for 70,000 cycles (2#, 2.0 Hz). (b) Circuit
diagram of the self-powered system consisting of a TENG and a capacitor. (c) The charging curves of diﬀerent SS-TENGs and S-TENG at 2.0 Hz for a capacitor (2.2
μF). (d) The charging curves of SS-TENG-2 at 2.0 Hz for diﬀerent capacitors (2.2 μF, 1.5 μF, 10 μF). (e) The charging curves of SS-TENG-2 at diﬀerent frequency for
capacitor (2.2 μF). (f) Charging curve of the capacitor (10 μF) when an electronic watch is driven by the SS-TENG simultaneously. The inset is a photography of a
watch driven by SS-TENG-2.
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Fig. 5. Output comparisons of the SS-TENG with S-TENG in water. (a) The transferred charge (Qsc), (b) open-circuit voltage (Voc) and (c) short circuit current (Isc)
curves of the SS-TENG-2 and S-TENG at the frequency of 2 Hz, respectively. (d) The charging curves of SS-TENG and S-TENG for a capacitor (2.2 μF) at the frequency
of 2 Hz. (e–f) Demonstrations of the SS-TENG-2 as a power source to light the LEDs.

4. Methods

simulated water waves. The output comparisons between SS-TENG-2
and S-TENG at a frequency of 2 Hz are shown in Fig. 5(a–c). The
transferred charge of S-TENG is 30 nC and that of SS-TENG-2 can reach
65 nC; The open circuit voltage of S-TENG is 40 V and that of SS-TENG2 reaches 90 V. Meanwhile, the short-circuit current of S-TENG and SSTENG-2 can reach 0.4 µA and 0.8 µA, respectively. All of these values
have a decrease compared with those in air. But the SS-TENG-2 still
presents a better performance than that of S-TENG. Voltages of capacitor with a capacitance of 2.2 µF can be charged to around 3 V by SSTENG-2 and 1.6 V by S-TENG in 40 s at a frequency of 2 Hz (Fig. 5d). All
of these results indicate that the outputs of SS-TENG improve obviously
compared with the S-TENG. Fig. 5(e–f) and Movie S1 are photographs
and movie of SS-TENG-2 as a power source working in water lighting
26 green LEDs (rated power, 45 mW) or 56 blue LEDs (rated power,
45 mW) by harvesting the water wave energy. Because triboelectric
nanogenerator converts frictional energy into electricity by producing
alternating current, the LEDs will be lit alternately, which circuit diagram is shown in Fig. S9.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.12.054.

4.1. Fabrication of the SS-TENG
Two copper ﬁlms (100 nm in thickness) were deposited by magnetron sputtering(Discovery635) for electrodes which stick to acrylic
hollow sphere (d = 7 cm) inner surface. Two lead wires were connected
respectively to the two sets of electrodes. The liquid silicone rubber was
obtained by mixing the silicone base and curing it with a volume ratio
of 1:1 (Exoﬂex supersoft silicone 0050 manufactured by Smooth-On,
Inc.) in a beaker. Next, we smeared the mixture over the inner surface
of another acrylic sphere (d = 5 cm, with the releasing agent poured on
the surface in advance) at 30 °C for 6 h until the silicone was cured.
Finally, we took it from the sphere and the soft sphere can be obtained.
Finally, we injected some water into the hollow sphere and smeared a
little mixed silicone rubber on the hole for 44 h until the silicone was
cured.
4.2. Electrical measurement of the TENGs
For the electric output measurement of the TENG, a linear motor
(TSMV120-1S) was applied to drive the SS-TENG. Two propeller pumps
(RW-20) were used to simulate the water wave. The programmable
electrometer (Keithley model 6514) was adopted to test the short-circuit current and transferred charge and a mixed domain oscilloscope
(MDO3024) was used to test the open-circuit voltage. A potentiostat
(Biologic, VMP3) was utilized to test the voltage of the capacitor in the
self-charging power system.

3. Discussion
In conclusion, we present a soft-contact spherical triboelectric nanogenerator (SS-TENG) to harvest water wave energy for the ﬁrst time,
which largely increases the contact area and greatly improves output
performance. Its maximum transferred charge (Qsc) can reach around
500 nC, exceeding that of a conventional hard-contact TENG-PTFE up
to 10 times. Furthermore, its structure parameter can be turned to
match the outside impact frequency, which is a practical and solid
progress of TENG for harvesting low-frequency energy containing in
many forms in nature, from ﬁerce water wave in ocean to feeble and
ubiquitous wind in air.
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