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A B S T R A C T

Water wave is a huge green energy source existing all around the world, but major portion of the water wave
energy remains unexplored due to the harsh environment and lack of efficient technologies. Compared to the
traditional water wave based electromagnetic generators, triboelectric nanogenerator (TENG) exhibits ad-
vantages of simple device configuration, light weight, wide material choice, low cost and easy scalability. In
order to further improve the device robustness and efficiency of TENG for water wave energy harvesting, a
highly symmetric 3D spherical-shaped water based triboelectric nanogenerator (SWTENG) is proposed here. It
has a spherical shell frame with double-layer water based TENG on both its inner surface and outer surface. The
SWTENG with water mass inside is ideally suitable for the water wave energy harvesting, since the 3D symmetric
structure is more efficient for harvesting energy from random directions and the double-layer water based TENG
design is less susceptible to water leakage. Additionally, the SWTENG can also be used for harvesting energy
from various energy sources, such as 3D vibration, spinning, rotation and human motions, etc. Furthermore, the
SWTENG can work as self-powered fishing sensor or can serve as power source for other sensors in environment
monitoring on water surface, such as water temperature, water level, water pollution, etc. Due to the high
adaptability and scalability, the SWTENG not only can be used as single energy source or self-powered sensor
node, but also can be connected into large-scale network to harvest the wide-area water wave energy towards
efficient energy farm.

1. Introduction

Nowadays, the energy source of our daily life is heavily depended
on the usage of fossil fuels. But with the fossil fuels running out and the
consequent issues (pollution, global warming, climate change, etc.),
seeking for new green energy source is becoming more and more im-
pending [1–3]. With more than 70% of the earth surface covered by
water, water wave is an enormous green energy source existing all
around the world. However, most of the water wave energy remains
unexplored due to the harsh water environment and the lack of efficient
energy harvesting technologies. Although electromagnetic generators
have been developed to convert water wave energy into electricity
[4–7], there is still no commercial energy farm demonstrated success-
fully based on this technology. The main challenges remain in the low
energy conversion efficiency of the turbine based generators, compli-
cated instruments, water corrosion and high maintenance cost.

Therefore, in search for a more reliable and efficient approach to har-
vest the huge water wave energy is highly desirable and necessary.

Triboelectric nanogenerator (TENG) based on the triboelectrifica-
tion (or contact electrification) and electrostatic induction has emerged
as a promising energy harvesting technology since 2012 [8]. After that,
diverse TENGs have been extensively investigated and demonstrated as
an effective approach for harvesting mechanical energy including vi-
bration, human motions, airflow and water wave [9–20]. In comparison
to the traditional electromagnetic generators, the emerging TENG
technology shows greater advantages benefited from the simple device
configuration, light weight, wide material choice, cost effectiveness and
easy scalability. Furthermore, large-scale TENG array forming network
structure on water surface has been reported to effectively scavenge the
wide-area water wave energy and produce significant output power
[21–24]. Due to the aforementioned merits, TENG provides a more
efficient way to harvest the random and large-scale water wave energy.
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When trying to harvest the water wave energy, three-dimension (3D)
structure is more advanced and can function better in the complicated
water wave environment [25–31]. Previously developed 3D TENGs for
water wave energy harvesting are normally based on the design of an
encapsulated structure with solid movable mass to create impact on
TENGs on the inner surface. For example, a sealed cubic structure with
four TENGs on the inner sidewalls and a movable ball mass is proposed
to convert the slow and random water wave energy into electricity
[25]. An encapsulated box structure with four wavy-structured TENGs
as sidewalls and a free-moving metal ball as movable mass is reported
to harvest water wave energy [26]. An enclosed polyhedron structure
with 12 sets of multilayer wavy-structured TENGs and a hard ball for
water wave energy harvesting is demonstrated [27]. A fully enclosed
TENG with a rolling dielectric sphere inside the spherical shell is pro-
posed for low frequency water wave energy harvesting [28]. However,
there are three major drawbacks of these reported TENGs as water wave
energy harvesters. First of all, water wave with low frequency and
random direction/amplitude may not cause sizable acceleration on the
movable mass, resulting in low impact force on the TENGs and thereby
low output performance. Next, the outer surface of these developed
devices is normally wasted due to the conventional TENGs cannot work
in the water environment, which greatly hinders the energy conversion
efficiency. Last but not least, the performance of the developed TENGs
for water wave energy harvesting is highly susceptible to water leakage.
Even small amount of water leakage can cause device failure due to the
conventional solid-solid interface TENG design.

Water leakage may be fatal for the conventional TENGs, but on the
other hand, water itself can function as triboelectric material for power
generation in liquid-solid interface TENGs. Recently, liquid-solid in-
terface triboelectrification between polymer and water or liquid metal
has been investigated for energy harvesting and self-powered sensing
applications [32–43]. TENGs using this phenomenon have received
increasing research effort and developed rapidly. But current designs
mainly focus on energy harvesting from vibration/water drop and self-
powered sensing of ion concentration, pressure, flow rate, etc. Only
very limited water based TENGs have been demonstrated for water
wave energy harvesting [44–46]. A liquid-solid electrification based
thin film TENG with electrode array covered by fluorinated ethylene
propylene (FEP) is reported for harvesting energy from ambient water
motions [44]. A flexible and area-scalable TENG based on triboelec-
trification between solid and liquid interface is developed for scaven-
ging kinetic water wave energy [45]. A hybrid TENG by integrating
interfacial electrification and impact electrification is proposed for
harvesting the electrostatic energy and impact energy from water wave
[46]. However, these developed liquid-based TENGs are based on 2D
structure designs that are less adaptable in the complicated water en-
vironment compared to 3D structure. For example, variation from
water wave direction can cause significant output degradation for 2D
structure design. On the other hand, liquid-based 3D symmetric struc-
ture is expected to be more desirable and effective in the complicated
water wave environment and less susceptible to water leakage.

Herein, to address and overcome the drawbacks of the previously
developed water wave based TENGs, a highly symmetric 3D spherical-
shaped water based triboelectric nanogenerator (SWTENG) is proposed
and investigated here. The SWTENG comprises double-layer water
based TENG configuration, i.e., both its inner surface and outer surface
are in contact with water, which is ideally suitable for water wave
energy harvesting. Firstly, water inside as movable mass is an ideal
approach for harvesting energy from the low frequency and random
direction/amplitude water wave due to its fluidic nature. Even under
very subtle perturbation, water mass is able to response and move
around with conformal contact on the inner surface for output gen-
eration. Secondly, the SWTENG using double-layer water based TENG
configuration can greatly enhance the energy conversion efficiency
because both the inner and the outer surfaces are effectively utilized.
Thirdly, the proposed SWTENG is more robust in harsh environment,

e.g., in underwater and on water surface, and is still able to function
well even when water leaks into the encapsulated structure since water
is adopted as the triboelectric material. Additionally, the SWTENG can
also be used for harvesting energy from 3D vibration, spinning, rotation
and diverse human motions. Furthermore, the SWTENG as power
source can be integrated with other functional sensors to perform var-
ious sensing capabilities. Due to the high scalability, SWTENG array can
be connected into network structure on water surface, serving as power
source for large-area environment monitoring (e.g. water temperature,
water level, water pollution, etc.) and harvesting the huge water wave
energy towards efficient water wave energy farm.

2. Device configuration and operation principle

2.1. Symmetric configuration design

Symmetric structure provides a more advanced and effective way to
harvest energy from versatile ambient sources including water wave
motion, multiple directional vibration, rotating and rolling motion, etc.
The device configuration of the proposed symmetric 3D SWTENG is
shown in Fig. 1. A conceptual drawing of multiple SWTENGs connected
as network array for large-scale water wave energy harvesting is shown
in Fig. 1(a). When a random water wave comes along, the SWTENG
array will either vibrate up and down or rotate with the water wave,
resulting in power generation in large-area. The device configuration of
the SWTENG with tilted view and cross-sectional view is illustrated in
Fig. 1(b) and (c), respectively. The SWTENG is composed of a spherical
shell frame, inner-layer water based TENG with four Al electrodes
covered by Polytetrafluoroethylene (PTFE) thin film, outer-layer water

Fig. 1. Device configuration of the SWTENG. (a) Conceptual drawing of the SWTENG
array on water surface. (b) Schematic diagram of the proposed SWTENG. (c) Cross-sec-
tional view of the SWTENG. (d) Photograph of the complete SWTENG and the half
SWTENG with water mass inside. (e) Enlarged view of the cross sectional structure
showing different device layers.
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based TENG also with four Al electrodes covered by PTFE thin film, and
de-ionized (DI) water encapsulated inside as movable mass. The detail
schematic diagram of different portions of the SWTENG is depicted in
Fig. S1 in the Supplementary Information. Fig. 1(e) is the enlarged view
of different layers. Fig. 1(d) shows the photographs of the complete
SWTENG and the half SWTENG with water mass. In order to differ-
entiate different electrodes, a coordinate system as shown in Fig. 1(b) is
considered as the intrinsic coordinate system of the SWTENG. Then the
four inner electrodes are labeled as Ein-x+, Ein-y+, Ein-x-, Ein-y- and the
four outer electrodes are labeled as Eout-x+, Eout-y+, Eout-x-, Eout-y-, re-
spectively. Ein-x+ and Ein-x- are then connected as the positive input and
negative input of Ein-x while Ein-y+ and Ein-y- are connected as the po-
sitive input and negative input of Ein-y. For the four outer electrodes,
each of them works under single electrode mode to more effectively
harvest the random water wave and other ambient mechanical energy.

Fabrication of the SWTENG starts from two hemi-spherical frames
with diameter of 6.5 cm which are fabricated by using 3D printing
technique with the material of Vero Clear. Then separated and sym-
metric Al foils are attached on both the inner surface and the outer
surface of the two hemi-spherical frames as electrodes. PTFE thin film
with thickness of 100 µm is then attached on top of the Al electrodes as
the friction layer with water. Kapton tape is adopted to improve the
attachment robustness between PTFE thin film and the hemi-spherical
frame, and also to prevent water leakage into the Al electrodes. After
that, DI water is poured inside one hemi-spherical structure for liquid-
solid interface triboelectrification with the inner PTFE thin film. At last,
the two hemi-spherical structures are attached and encapsulated to-
gether to form the complete SWTENG.

2.2. Operation principle

The SWTENG can be considered as the integration of double-layer
water based TENG on the inner surface and outer surface. The operation
principle of the inner-layer water based TENG for vibration and spin-
ning/rotating is depicted in Fig. 2(a) and (b), in which only the water
mass, inner PTFE and inner electrodes of the SWTENG are shown for
simplification. For vibration along x direction, side view of the opera-
tion principle is illustrated in Fig. 2(a). Due to difference in electron
affiliation ability between PTFE and water, they become negatively
charged and positively charged after contacting with each other. After
that, when water mass is swung between the left electrode and the right
electrode, the induced electrical potential difference drives electrons
flow between the two electrodes until new balance is achieved. Thus
cyclic output current is generated if the SWTENG is under cyclic vi-
bration. When the SWTENG is vibrating exactly along x direction, only
Ein-x generates output current since there is no potential difference in y
direction. Vice versa for y direction. If the SWTENG is vibrating at a
certain angle with respect to x axis, output current is produced from
both Ein-x and Ein-y. For spinning/rotating motion, top view of the op-
eration principle is illustrated in Fig. 2(b). When the SWTENG is under
spinning/rotating motion, water mass will move along the inner cir-
cumference of the SWTENG, creating consecutive electrical potential
difference on the four inner electrodes. Then electrons are driven to
flow between the two ends of Ein-x and Ein-y in response to the induced
electrical potential difference by water mass, resulting in current flow
in the external circuit. For the spinning/rotating motion, both of Ein-x
and Ein-y produce output current.

Fig. 2. Operation principle of the SWTENG. Operation principle of the inner-layer TENG under (a) vibration and (b) spinning/rotating motion. Operation principle of the outer-layer
TENG under (c) finger tapping, (d) up and down vibration, (e) back and forth rotation and (f) one-direction rotation on water surface.
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The operation principle of the outer-layer water based TENG under
single electrode mode for harvesting human motion energy and water
wave energy is depicted in Fig. 2(c)-(f). Only the outer PTFE and outer
electrodes of the SWTENG are shown in the schematic diagram. The
operation principle for harvesting energy from human finger tapping is
illustrated in Fig. 2(c). PTFE ends up with negative charges on surface
and human finger ends up with positive charges on surface after their
first contact. Then when human finger is moving closer to the outer-
layer TENG, electrons are driven to flow from ground to the Al elec-
trode to balance the electrical potential difference. When human finger
is moving away from the outer-layer TENG, electrons are driven to flow
from the Al electrode back to ground. Thus current flow between the Al
electrode and ground is generated in the external circuit in response to
finger tapping. In water wave energy harvesting, there are basically
three types of motion that the SWTENG experiences on water surface –
vibrating up and down, rotating back and forth, or rotating in one di-
rection. Operation principle of the SWTENG vibrating up and down on
water surface is indicated in Fig. 2(d). After contacting, PTFE becomes
negatively charged and water surface becomes positively charged.
Electrical potential difference is generated when the SWTENG vibrates
up and down and water surface level covers to different percentage of
the PTFE area. Electrons are driven to flow between the Al electrode
and ground, leading to current generation in the external circuit.

Operation principle of the SWTENG rotating back and forth or rotating
in one direction on the water surface is shown in Fig. 2(e) and (f), re-
spectively. Although water-cover surface level may maintain the same
in these two scenarios, electrical potential difference is produced when
the PTFE thin film is rotating across the water air interface. Electrons
driven by the electrical potential difference are forced to flow between
the Al electrode and ground, generating output current flow. In prac-
tical situations on water surface for water wave energy harvesting, the
actual motion of the SWTENG is normally the combination of these
three different motions. Due to the multiple operation principles under
different circumstances, the SWTENG has the ability to harvest diverse
mechanical energy, human motion energy and random water wave
energy from various aspects, enabling high efficiency and good per-
formance under different usage scenarios.

3. Results and discussion

3.1. Device characterization and optimization

Prior to the selection of the dielectric layer for the double-layer
water based TENG, a comparison of output performance between
Polydimethylsiloxane (PDMS), Kapton and PTFE against water is con-
ducted. As shown in Fig. 3(a), a simple device configuration with metal

Fig. 3. Characterization of the output performance of different dielectric materials. (a) Device configuration under single electrode mode with different dielectric materials of PDMS,
Kapton, PTFE. (b) Operation principle of the device working in a water tank. (c) Output voltage when different dielectric material is adopted. Enlarged view of the output voltage
waveform when the dielectric material is (d) PDMS and (e) Kapton. (f) Output current when different dielectric material is adopted. Enlarged view of the output current waveform when
the dielectric material is (g) PDMS and (h) Kapton.
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electrode coated with dielectric layers on both sides is adopted for the
comparison of different materials’ performance [37]. With this device
configuration, large contact area can be achieved for different dielectric
materials and thus the triboelectric performance can be clearly ob-
served and compared. The Al electrode with dimension of 2 cm × 2 cm
is sandwiched between the same dielectric layers (PDMS, Kapton or
PTFE). The three fabricated devices are then periodically inserted into
and pulled out of water for output generation, as illustrated in Fig. 3(b).
When the dielectric layer contacts with water, it attracts electrons from
water and thus becomes negatively charged on surface while water
becomes positively charged. Then when the device is periodically in-
serted into and pulled out of water, the alternating electrical potential
difference drives electrons flow between the Al electrode and ground.
The output voltage and current waveform for different dielectric layer
is plotted and compared in Fig. 3(c) and (f), respectively. The voltage
measurement is achieved by connecting the output to a DSO-X3034A
oscilloscope (Agilent) with a high impedance probe of 100 MΩ. The
current measurement is achieved by connecting the output to a low
noise SR570 current pre-amplifier (Stanford Research Systems).
Fig. 3(d) and (e) shows the enlarged voltage waveform for using PDMS
and Kapton as the dielectric layer. Fig. 3(g) and (h) shows the enlarged
current waveform for using PDMS and Kapton as the dielectric layer.
From the output performance, it can be seen that PTFE shows better
energy harvesting capability than PDMS and Kapton against water. This
can be attributed to its excellent triboelectric property and hydrophobic
nature of PTFE thin film, which produces maximum electrical potential
difference in water environment. Contact angle measurement of water

droplet is conducted by a VCA Optima video contact angle system (AST
Products, Inc.), as shown in Fig. S2 in the Supplementary Information.
A water droplet of 4 μL is dripped on the surface of Kapton, PDMS and
PTFE. The corresponding contact angle is measured to be 97.9°, 111.8°
and 111.5°, respectively. For water based TENGs, triboelectric surface
with good hydrophobicity is essential since residual water on the tri-
boelectric surface reduces the electrical potential difference and thus
weakens the power generation capability. Therefore, PTFE thin film
with excellent triboelectric property and hydrophobic nature is selected
as the dielectric layer for the water based SWTENG.

As discussed in the operation principle section for the inner-layer
water based TENG, water mass can be activated by ambient mechanical
excitation such as vibration and spinning motion. Fig. 4(a) depicts the
testing setup diagram for vibration along x axis (harmonic vibration)
and spinning motion around a circle, where the output voltage from Ein-
x is measured. The amount of water inside the SWTENG is important on
the output performance. Thus the device is first characterized and op-
timized in terms of the encapsulated water volume ratio. In order to
determine the optimized water volume ratio, output voltage from Ein-x
is measured when water volume ratio varies, as shown in Fig. 4(b). The
applied vibration is along x direction with frequency of 3.5 Hz and
amplitude of 5 cm. Other than 3.5 Hz vibration, 1 Hz and 2 Hz vibra-
tion measurements are also conducted to find out the corresponding
optimized water volume ratio. As shown in Fig. 4(c), it can be observed
that when the vibration frequency decreases, the overall output per-
formance also decreases due to the lower acceleration. Different fre-
quency seems to have an optimized water volume ratio which decreases

Fig. 4. Device characterization and optimization of the SWTENG. (a) Schematic diagram of the testing setup for vibration and spinning motion. (b) Output voltage from vibration motion
with different water volume ratio at 3.5 Hz. (c) Relationship of the output voltage with different water volume ratio at different frequency. Output voltage from vibration motion when (d)
different frequency and (e) different amplitude is applied. Output voltage from spinning motion when (f) different frequency and (g) different diameter is applied. (h) Current and (i)
charge generated from the inner electrode when the SWTENG is under vibration.
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when the vibration frequency increases. This may be due to the fluidic
nature of water. When higher frequency is applied, the water is spread
out in a large-area and thus covers more surface area. When the fre-
quency reduces, more amount of water is required to cover the same
surface area. Here water volume ratio of 10% is adopted for the
SWTENG. Then output voltage performance with different vibration
frequency is measured and plotted in Fig. 4(d), from 1.6 to 4.8 Hz at
3 cm displacement. Output voltage performance with different vibra-
tion displacement amplitude is then measured and shown in Fig. 4(e).
The vibration amplitude increases from 1 cm to 9 cm while the

vibration frequency is fixed at 2.5 Hz. From these results, it can be
observed that the output voltage increases with vibration frequency and
amplitude due to the increment of contact area. Although output vol-
tage from both Ein-x and Ein-y is generated when the SWTENG is under
spinning motion, only output from Ein-x is measured and plotted to
compare with the output from vibration motion. Fig. 4(f) shows the
output voltage performance with different spinning frequency when the
spinning diameter is fixed at 3 cm. Fig. 4(g) shows the output voltage
performance with different spinning diameter when the spinning fre-
quency is maintained at 3.5 Hz. The results show that output voltage

Fig. 5. Energy harvesting capability of the SWTENG under versatile mechanical excitations. (a) Schematic diagram, (b) output voltage and (c) output current when the SWTENG is
vibrating along 30°, 45° and 60° with respect to x axis. (d) Schematic diagram, (e) output voltage and (f) output current when the SWTENG is spinning with diameter of 1 cm, 3 cm and
5 cm. (g) Schematic diagram, (h) output voltage and (i) output current when the SWTENG is rotating vertically and horizontally. (j) Schematic diagram, (k) output voltage and (l) output
current when the SWTENG is rolling slowly and fast.
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increases when the spinning frequency or diameter increases. This is
due to the increment of contact area when higher spinning frequency or
diameter is applied on the SWTENG. With higher spinning frequency or
diameter, higher centripetal force is required for the water mass to
maintain the circular motion, hence the water mass is swung higher and
spread into large-area on the sidewall of the SWTENG due to its fluidic
nature. The detail relationship of the output voltage and water volume
ratio, vibration frequency, vibration amplitude, spinning frequency and
spinning diameter is shown in Fig. S3 in the Supplementary Informa-
tion. The short-circuit current and the transferred charge under vibra-
tion motion of 3 Hz is shown in Fig. 4(h) and (i), respectively. The
transferred charge is measured by connecting the output of the
SWTENG to a model 6514 system electrometer (Keithley).

3.2. Versatile mechanical motion and human motion energy harvesting
capability

The symmetric structure enables the SWTENG to harvest energy
under versatile mechanical motion and human motion. Fig. 5 demon-
strates its energy harvesting capability under various mechanical mo-
tion excitations - vibration, spinning, rotation and rolling. The output
voltage and current from both Ein-x and Ein-y are measured and com-
pared. As shown in Fig. 5(a) to (c), the SWTENG is under in-plane (x-y
plane) vibration with vibration angle of 30°, 45° and 60° with respect to

x axis. From the output voltage and current results, it can be seen that
output from Ein-x is higher when vibration angle is smaller than 45° and
output from Ein-y is higher when it is vibration angle is larger than 45°.
Similar output performance is generated in Ein-x and Ein-y if the vibra-
tion angle is 45°. This can be attributed to different contact area in x
and y direction when the vibration angle is different. Fig. 5(d) to (f)
shows the SWTENG under spinning motion with diameter of 1 cm, 3 cm
and 5 cm. The output from both Ein-x and Ein-y increases with larger
spinning diameter since larger contact area is achieved. Similar to
spinning, the SWTENG is also able to harvest energy when it rotates
along its z axis vertically and horizontally as shown in Fig. 5(g) to (i). It
can be seen that higher output is achieve when the SWTENG is rotating
with its z axis placed horizontally, as the contact area of water mass
with the inner electrode is large in the horizontal placement. Rolling is
similar to rotating and the device performance with slow and fast
rolling is shown in Fig. 5(j) and (l). Higher output is generated in both
Ein-x and Ein-y when the SWTENG is rolling fast. The above demon-
stration of the SWTENG operating under different mechanical motion
shows that it is highly adaptable to various usage scenarios and can
harvest energy from diverse ambient energy sources due to its novel
structure design. The maximum output voltage and output current at-
tained from the inner-layer TENG is 13.5 V and 0.38 µA, respectively,
under spinning motion with 5 cm diameter. Due to its diverse energy
harvesting capability, the SWTENG has the potential to function as a

Fig. 6. Water wave energy harvesting by the SWTENG. (a) Schematic diagram of the SWTENG floating on water surface. Insert shows the photograph. (b) Schematic diagram of the
enhanced SWTENG. Insert shows the photograph. (c) Output voltage waveform when the SWTENG is excited by 0.15 Hz water wave. (d) Output voltage waveform when the enhanced
SWTENG is excited by 0.15 Hz water wave. (e) Output voltage waveform when the enhanced SWTENG is excited by continuous water wave. (f) Current and (g) charge generated from the
inner electrode and outer electrode when the SWTENG is excited by continuous water wave. (h) Parallel connection of the multiple outputs after rectification circuit for capacitor
charging. (i) Capacitor charging curves by the SWTENG.
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self-powered buoy ball on water surface for fishing or other sensing
applications. For example, when the SWTENG is connected to a hook
and the hook is pulled by a fish, the water mass inside will vibrate along
the pulling direction and output signals will be generated. With the x
and y direction sensing capability discussed above, pulling force di-
rection or fish position can be differentiated based on the output am-
plitude in x and y direction.

Fig. S4(a) in the Supplementary Information shows the output vol-
tage and the output power from Ein-x with different external load re-
sistance when the SWTENG is spinning with frequency of 4 Hz and
diameter of 5 cm. The maximum power of 3.04 µW can be achieved
when the load resistance is 56.5 MΩ. Except for energy harvesting
ability from various mechanical motions, the SWTENG can also harvest
energy from human motions such as finger tapping. Fig. S4(b) and (c)
shows the output voltage and the output current waveform from Eout-x+
under single electrode mode when it is cyclically tapped by human
finger at frequency of 4 Hz. The output voltage and current achieved is
520 V and 25 µA, respectively. When different external load resistor is
connected to the SWTENG, the output voltage and power curve is
measured and plotted in Fig. S4(d). The maximum power achieved is
6.5 mW when the load resistance is 9.1 MΩ. The produced output en-
ergy from finger tapping can be stored in capacitors after a rectification
circuit as power source for other electronics. The charging curves of
different capacitors are shown in Fig. S4(e) and (f). The output from the
SWTENG by finger tapping can directly light up LED array without

using capacitor to store the energy, as depicted in Fig. S4(g) to (i).
Video demo of LED array lighting is included in the Supplementary
Information Video S1. Additionally, due to the encapsulated movable
water mass, the SWTENG can also be used as an inertial sensor for
acceleration sensing and human activity monitoring. The relationship
of the output voltage from Ein-x and the x-axis acceleration is shown in
Fig. S5(a) in the Supplementary Information. When the SWTENG is
mounted on human hand, it can serve as a self-powered activity sensor
for monitoring different human activities like slow walking, fast
walking and running, as shown in Fig. S5(b).

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.08.018.

3.3. Water wave energy harvesting

Water wave energy is a huge green energy source existing across the
world in oceans, rivers, lakes, pools, etc. However, until now, majority
of the water wave energy still remains unexplored and wasted. When
trying to harvest the water wave energy, water pollution is one of the
main concerns for the water wave energy harvesters. The proposed
SWTENG is fabricated from pollution-free materials, i.e. water, Al,
PTFE and Vero Clear, thereby providing a green approach to harvest the
water wave energy. Furthermore, since water itself is adopted as one
triboelectric material, the device is more stable and robust when op-
erating in the wet or water environment. The SWTENG is still able to

Fig. 7. Demonstration of the SWTENG as a self-powered fishing sensor. (a) Schematic diagram of the SWTENG as a fishing sensor floating on water surface. (b) Testing setup diagram of
the SWTENG for pulling force measurement. (c) Photograph of the SWTENG on water surface. (d) Relationship of the output voltage and the applied pulling force on still water surface.
Output voltage waveform with (e) 0.3 N and (f) 0.85 N applied force. (g) Relationship of the output voltage and the applied pulling force on wavy water surface. Output voltage waveform
with (h) 0.3 N and (i) 0.85 N applied force.
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work even when water leakage happens. Thus the proposed SWTENG is
ideally suitable for harvesting the ambient water wave energy in a
green, stable and efficient way. Multiple SWTENGs can be connected
together into network structure to harvest the large-area water wave
energy, as depicted in Fig. 1(a). The SWTENG array lying on water
surface can also be integrated with other functional sensors to form
large-area self-powered sensing system. Each SWTENG node can serve
as a power source for the integrated functional sensors to enable self-
powered environment monitoring, such as water pollution, water
temperature, water level, water flow, etc. Fig. 6(a) shows the schematic
diagram and the photograph of the SWTENG floating on water surface
as water wave energy harvester. Fig. 6(b) shows an enhanced SWTENG
by attaching four additional single electrode water based TENGs on the
outer sidewall the SWTENG. The four additional TENGs have the same
boat shaped structure with Al electrode covered by PTFE thin film on
both sides to enhance the contact area and efficiency. The detail device
structure of the enhanced SWTENG is shown in Fig. S6 in the Supple-
mentary Information. More additional TENGs can be further attached
layer by layer on the SWTENG forming flower structure to further im-
prove the output performance. As discussed in the operation principle
section, the SWTENG will vibrate or rotate on water surface along with
the water wave, resulting in power generation from the outer-layer
water based TENG. When the SWTENG vibrates or rotates with the
water wave, water mass inside the device will also vibrate or rotate on
the inner surface, resulting in power generation from the inner-layer
water based TENG. The output voltage from the SWTENG and the en-
hanced SWTENG activated by water wave in a water tank is shown in
Fig. 6(c)-(e). A commercial accelerometer ADXL325 (Analog Devices) is
attached on the SWTENG and the enhanced SWTENG to measure the
actual acceleration magnitude corresponding to the water wave. The
output voltage from the electrode Ein-x, Eout-x+ and Eextra-x+ is measured
and compared. The water wave in Fig. 6(c) and (d) is produced by
shaking the water tank at a low frequency of ~0.15 Hz to mimic the
normal ocean wave. The acceleration level and the vertical amplitude
of the produced water wave are 1.1 g and 9 cm. The output voltage of
the SWTENG is 3.1 V and 7.5 V from Ein-x and Eout-x+, respectively.
Under similar incoming water wave level, the enhanced SWTENG ex-
hibits similar output voltage from Ein-x and Eout-x+, but additional
output voltage of 15.2 V is generated from Eextra-x+. Higher voltage is
generated from Eextra-x+ is due to its larger contact area with water
from both sides. For the measurement in Fig. 6(e), the water tank is
shaken with a higher frequency of ~0.47 Hz to generate the continuous
water wave. When the enhanced SWTENG is activated by the con-
tinuous water wave, the corresponding voltage output is also generated
in a continuous way. The signals in Fig. 6(c) and (e) are magnified and
shown in Fig. S7 in the Supplementary Information. When a water wave
excitation comes along, the SWTENG will also vibrate with amplitude
gradually decreasing. Thus corresponding signals are generated along
with the incoming water waves. Then the short-circuit current and the
transferred charge from inner electrode and outer electrode under
continuous water wave is measured and shown in Fig. 6(f) and (g).
Current of 0.07 μA and 0.12 μA and charge of 0.8 nC and 6 nC is ob-
served for inner and outer electrode, respectively. The output energy
from water wave activation can also be used for capacitor charging.
Output current before and after the rectification circuit is shown in Fig.
S8 in the Supplementary Information. A better rectification circuit de-
sign for multiple single electrode mode TENGs is adopted [45], and the
circuit connection of all the outputs for capacitor charging is shown in
Fig. 6(h). The charging curves on a 4.7 µF capacitor from different
connection are shown and compared with finger tapping result in
Fig. 6(i). The capacitor can be charged up to 2.2 V from parallel con-
nection of the SWTENG after 45 s. Video demo of the SWTENG in the
water tank for water wave energy harvesting is shown in the
Supplementary Information Video S2.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.08.018.

3.4. Self-powered buoy ball towards water surface sensor

Various sensors are required to operate on water surface in order to
collect information of the water pollution, water flow, water level,
water temperature, etc. But the harsh and perishable environment
makes it quite difficult for regular battery replacement and has high risk
to cause battery deterioration and thereby water pollution. On the other
hand, the SWTENG buoy ball with diverse energy harvesting capability
provides a promising solution, which can function as self-powered
sensor on water surface and is robust in the water environment. Moving
forward, it can be further optimized and embedded with other sensing
function for various sensing applications on the water surface. A self-
powered fishing sensor by using the SWTENG as a substitute of fishing
buoy is illustrated in Fig. 7(a). The purpose of conventional fishing
buoy is to remind the fisherman that there is a fish baiting the hook
when it starts to sink. However, sometimes it is not so obvious and one
may miss the good chance to pull the fishing rod when he is not fully
concentrating. The SWTENG as a self-powered fishing buoy can gen-
erate an output signal when fish is pulling the hook, since water air
interface for the SWTENG is changed. If the SWTENG is connected with
a processing circuit, an alarm signal (e.g. LED flashing) can be trig-
gered. The measurement setup and photograph of the SWTENG floating
on the water surface for pulling test is shown in Fig. 7(b) and (c). When
there is a pulling force applied on the SWTENG such as fish baiting, it
will start to sink into the water. Then an electrical signal is generated on
the outer electrode due to the electrical potential difference induced by
the water air interface change.

Fig. 7(d) depicts the relationship of the output voltage from Eout-x+
and the applied pulling force under still water surface. It can be ob-
served that when the SWTENG is placed on still water surface, the
output voltage increases with the applied force. Even when the applied
force is as small as 0.2 N, an output voltage peak can be observed. After
the applied pulling force exceeds 0.85 N, the output voltage gradually
saturated with further increasing the pulling force. The increment of the
output voltage is mainly because of the increment of the contact area,
i.e. the immersion area of the PTFE thin film due to the applied pulling
force. When the pulling force is smaller than 0.85 N, larger immersion
area is achieved. But when the pulling force is larger than 0.85 N, the
SWTENG is almost all immersed under the water surface and thus the
immersion area remains constant after that. The generated output
voltage waveform with 0.3 N and 0.85 N applied force is shown in
Fig. 7(e) and (f), respectively. The yellow parts of both waveforms show
that no signal is generated when the SWTENG is placed on still water
surface. Then when force is applied, output peaks with different mag-
nitude are observed. After that, for 0.3 N applied force, since the force is
not high enough to pull the device under the water surface, thus the
device still floats on the water surface and the agitated water induces
small vibrating signals on the device, as shown in the purple part of
Fig. 7(e). On the other hand, when for 0.85 N applied force, a higher
output voltage peak is generated. Then the device submerges under the
water surface completely and no signal is observed after that.

Although fishing on still water surface is common, sometimes
fishing on wavy water surface (river or ocean) is also common. To
characterize the influence of the wavy water surface, pulling force
measurement on wavy water surface with continuous water wave is
also conducted. Fig. 7(g) depicts the relationship of the output voltage
from Eout-x+ and the applied pulling force under wavy water surface. It
can be seen that when the SWTENG is placed on wavy water surface,
output voltage (~4 V) is already generated even when no pulling force
is applied due to the agitated water. Thus if the applied force is too
small, the generated voltage peak will be too small to be differentiated
from the background signal. When the applied force is larger than
0.6 N, the generated peak can be observed. Typical waveform of 0.3 N
and 0.85 N applied force is shown in Fig. 7(h) and (i), respectively. The
yellow parts of both waveforms show a background signal without any
applied forces. Then when force is applied, output peaks with different
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magnitude are generated. For 0.3 N applied force, the generated signal
is difficult to be differentiated from the background signal. After that,
background signal is observed again since the device still floats on
water surface. While for 0.85 N applied force, the generated signal is
higher than the background signal and can be clearly observed. And
after that, no more background signal is observed since the device
submerges under the water surface completely. Based on the magnitude
of the output signal and the waveform pattern, the SWTENG is able to
function as a fishing sensor to monitor the pulling force even under
wavy water surface. A demonstration of the SWTENG as self-powered
fishing sensor by real fish pulling and the corresponding generated
signal are shown in Fig. S9 and Video S3 in the Supplementary
Information. In the practical fishing sensor application, the output
voltage can be connected to a signal processing circuit for output pat-
tern differentiation. Thereby the information of the fishing environment
(still water or wavy water) and the pulling force (larger than a
threshold) can be obtained. Then an alarm signal such as LED flashing
can be triggered to remind the fisherman that there is a fish pulling the
bait. Based on the magnitude of the pulling force, different level of
signals can be activated such as one LED flashing, two LED flashing, etc.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.08.018.

4. Conclusion

In summary, a highly symmetric 3D spherical-shaped water based
triboelectric nanogenerator (SWTENG) is proposed for harvesting en-
ergy from ambient water wave motions and various mechanical mo-
tions. The SWTENG with double-layer water based TENG configuration
on both surfaces is ideally suitable for harvesting the random direc-
tional and irregular water wave energy, due to the novel 3D symmetric
structure design and robust water based operation principle. In addi-
tion, the SWTENG shows excellent performance for harvesting energy
from diverse ambient motions, e.g. 3D vibration, spinning, rotation,
rolling and various human motion, etc. Furthermore, the SWTENG can
serve as a self-powered fishing sensor on still water surface or wavy
water surface to generate a reminding signal when fish pulling the bait.
Due to the high adaptability and scalability, the SWTENG not only can
function as single power source, but also can form SWTENG network on
water surface for large-area water wave energy harvesting towards
applications of environment monitoring and efficient water wave en-
ergy farm.
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