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Ocean waves are one of the most power dense energy sources in the environment. Triboelectric nanogenerators
(TENGs) have been demonstrated to eﬀectively harvest mechanical energy carried by low frequency, random/
irregular actuation, such as from ocean waves. In this work, a novel design of triboelectric nanogenerator based
on the Pelamis snake energy harvester is presented. The sea snake based TENG, with its lightweight structure,
was able to harvest energy eﬀectively at low amplitude ocean wave by utilizing charged polytetraﬂuroethylene
balls that would roll due to the wave's curvature. With the integration of springs to connect diﬀerent segments,
the segments are able to bend easily, allowing the enclosed balls to move faster, producing higher output power.
The design of an air gap structure allows each segments of the sea snake based TENG to minimize electrostatic
induction from ions in sea water, and solve the eﬀect of dielectric shielding from the water on the device
performance, as the water, if it is close to the TENG's electrodes, has a detrimental eﬀect causing an increase of
the TENG's internal capacitance, which would result in a low voltage with the same amount of charge being
transformed. Thus, this illustrates the importance of the air gap structure to minimize low voltage due to high
internal capacitance. This further shows the sea snake based triboelectric nanogenerator could be used in actual
ocean conditions, such as in high salinity water environment. The added tampered spring to replace the air gap
was able to allow the balls on the TENG to move more quickly, as it increased the rotational angle, and the TENG
has a maximum power density of 3 W/m3 under actuation. Due to the minimization of dielectric shielding of
device performance, the sea snake TENG exhibits a high voltage in simulated water wave conditions.

1. Introduction
Due to the dwindling supply of nonrenewable fossil fuels and an
increase in world energy consumption in the past decades, intensive
research eﬀorts are being devoted into the development of alternative
renewable and clean energy technologies [1–3]. One method is to
harvest mechanical energy from the ambient environment as it could
supplement the energy needs due to its great abundance and ubiquity.
One form of mechanical energy from the ambient environment comes
from the ocean, as it is one of the most power dense form of energy, that
could be harvested [4–8]. Harvesting energy from water waves displays
many advantages, such as it is always present, and is independent of
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time of day, weather, or seasons [9,10]. Currently, most commercial
ocean wave energy harvesters consists of electromagnetic generators
(EMGs) [11]. However, the main technology of these generators is a
permanent magnet, which makes the device heavy, bulky, and costly,
making the EMGs diﬃcult to be mass produced, hindering most production of ocean wave energy harvesters. Also, the heaviness of the
structure would increase the damping factor, as it requires a larger
wave to move the structure, causing most energy to be not eﬀectively
harvested [12]. Most importantly, the low driving frequency from the
water wave made the output of EMG so low, as the output power of the
EMG is proportional to frequency squared [12], that it is hardly used for
driving any reasonable size of electronics, and technology have been
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connected section, which are able to ﬂex and bend easily due to the
lightweight elements of the triboelectric nanogenerators as a wave pass
through, and is the ﬁrst TENG to harvest energy from the wave's curvature. The SS-TENG could also harvest energy eﬀectively from the
horizontal movement of the device caused by the wave. The design of
an air gap structure in the segment of the sea snake based triboelectric
nanogenerator (SS-TENG) was incorporated to minimize and solve the
capacitive eﬀect from the water, which has a negative eﬀect on the
device performance, showing the SS-TENG could operate in simulated
ocean conditions, such as in high salinity water environment. The
added tampered spring to ﬁll the air gap further increased the operating
angle of the device, thus increasing the performance of the TENG, as the
TENG has a maximum power density of 3 W/m3 under linear motor
actuation to simulate ocean waves. The SS-TENG could be easily to be
fabricated, making it a cost-eﬀective and sustainable ocean wave energy harvester.

used to upconvert the frequency of the wave to obtained the desired
power rating for EMG, which requires additional area. Thus, a new
technology that is lightweight, small sized, and cost eﬀective, is needed
to harvest energy from the ocean wave eﬀectively.
Recently, nanogenerators, in particular, piezoelectric nanogenerators and triboelectric nanogenerators (TENG), has been developed as a
low cost and eﬀective way to harvest energy from an ambient environment especially for energy with random amplitude and low frequency [13–35]. The main mechanism of the TENG is based on contact
electriﬁcation and electrostatic induction, and recently the TENG's
fundamental physics has been attributed to Maxwell's displacement
current [36]. TENGs also show far superior outputs than EMG for
harvesting energy from the ocean, as it is more eﬀective in harvesting
energy from low frequency, as for TENG, the output power is directly
proportional to the frequency, which typical ocean waves are, with
frequencies of < 1 Hz [12,21,22,37]. So far, diﬀerent designs of triboelectric nanogenerators have been explored to harvest energy from
water waves [9,21–23,25,38–42]. However, charges from the ionicity
of the ocean's salt water and the environment's humidity both have a
negative eﬀect of the triboelectric performance. Full packaging of the
device was able to solve only the eﬀect of humidity on the triboelectric
performance, but has not solved the eﬀect of dielectric shielding in the
ocean in this device. Thus, new research is needed to address the problem of dielectric shielding, causing a lower device's output performance.
In this work, a novel design of TENG based on rolling electriﬁcation,
a type of contact electriﬁcation, and electrostatic induction is presented. The TENG consists of multiple segments that are connected with
springs. The springs allow it to have an external restoring force acting
on the segments, which would greatly enhance the performance of the
TENG by increasing the ball's velocity, as the displacement of the segments is increased. The TENG was also based of the Pelamis Snake
Energy Harvester, the ﬁrst oﬀshore energy harvester to generate electricity into the grid. For the Pelamis Snake Energy Harvester, the device
could harvest power with high amplitude wave (6 m tall), due to its
bulky and heavy structure (mass of each segments weighing 70 t each),
and thus a new structure is needed to harvest energy eﬀectively at low
amplitude and low frequency waves [43,44]. The sea snake based triboelectric nanogenerator (SS-TENG) structure use the advantage of

2. Results/discussion
2.1. Structure and working principle of SS-TENG
A schematic structure of SS-TENG in an ocean energy farm is shown
in Fig. 1a. A segment of the SS-TENG is shown in Fig. 1b, and the detailed fabrication process is explained in the experimental section. The
interior of the sea snake is comprised of polytetraﬂuoroethylene (PTFE)
balls, Nylon ﬁlm, sputtered copper layer, and a soft tampered spring,
which is shown in Fig. 1c, which is the zoomed in schematic of the
cross-section of the SS-TENG. The copper was also arranged in an interdigital way to increase the frequency of the balls rolling across the
electrode, which would increase the overall output current of the device
[41]. The exterior consists of an acrylic box, acting as a packaging
element, which prevents water from entering the device, and an exterior spring to enhance movement of segments with the balance force
to enhance the energy harvested. The spring acts in a way that it stores
the potential energy and further acts on the segments of the sea-snake,
providing a restoring spring force acting on the segments, for it to easily
move, increasing the net displacement of the segments.
The working mechanism for the SS-TENG is shown in Fig. 1d. Under
an external triggering, such as a water wave move across the acrylic

Fig. 1. (a) Array of sea snake triboelectric nanogenerators on an ocean energy farm. (b) Digital photo of a single segment of the SS-TENGs (c) cross sectional
schematic of the SS-TENG. (d) The working mechanism of the SS-TENG. (e) The simulated electric potential distribution induced by the rolling PTFE balls.
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and the capacitance between the electrodes C0 as shown in Eq. (2)
below,

structure, the springs attaching the acrylic boxes would bend due to the
curvature of the incoming water wave. In turn, the acrylic boxes would
be inclined, causing the balls to roll down the nylon ﬁlm. After the ﬁrst
contact, the PTFE balls would become negatively charged due to contact electriﬁcation with the thin ﬁlm. While the balls are sliding down,
they would induce positive charges on the bottom left electrode (in
Fig. 1d), which would produce a current to ﬂow onto the upper electrode. Furthermore, after the water wave move past the acrylic structure, the SS-TENG structure would be inclined in the other direction.
This is similar to energy harvesting of the duck shaped triboelectric
nanogenerator [42], but with the additional spring, the instantaneous
frequency is upconverted, causing an increase in current and power.
This would allow the PTFE balls to roll down in the other direction,
which would produce electricity in the bottom right electrode, producing a net current in the opposite direction. Overall, this design is a
freestanding rolling mode triboelectric nanogenerator, as the balls act
as a dielectric layer above the electrodes, and due to the movement of
the balls, there exist a charge transfer between the electrode. Furthermore, a ﬁnite element model simulation was used to simulate the potential, and the result could obtain up to 4000 V, as shown in Fig. 1e.
According to the theory behind the freestanding sliding mode
TENG, there exists a relationship between the charge density σ, inﬁnitesimal small segments of the top dielectric layer dk, the width of
top dielectric layer w, the total length of the dielectric layer l, the capacitance between dielectric surface and left electrode C1(k), and the
capacitance between dielectric surface and right electrode C2(k), the x
(t), the position of the dielectric layer at a function of time, and the Qsc
as shown in Eq. (1) below [45],

Qsc =

∫0

σwdk

l

1+

C
( 2 (k )
C1 (k )

−
)

x=g+l

∫0

l

Voc, max =

C2 (k )
C1 (k )
x=0

)

(2)

Therefore, the performance of the SS-TENG can be optimized by
choosing proper materials for the dielectric layer, such as using electret
material, which is able to store charge on the surface to maximize the
charge density σ, like PTFE balls, when the PTFE is fully charged. It is
also needed to maximize the number of balls to increase the area (w*l)
to obtain the maximum Qsc,max, which would increase Voc. Another way
to maximize Voc is to maintain a low capacitance Co in between the two
electrodes. This would be used further in the article in the discussion of
the eﬀect of water increasing C0. Also, it is necessary to note that the
performance is independent of the ﬁlm structure, and the output charge
is evaluated by utilizing diﬀerent materials, such as Kapton, PTFE ﬁlm,
nylon, or no ﬁlm, as shown in Supplementary material Fig. S1. The
reason nylon ﬁlm was chosen, was that it is a good packaging materials,
and it is able to protect delamination of the thin copper electrode when
the PTFE balls move across them, and it has the highest output, due to
it's more likely to lose electrons, as it is more positive on the triboelectric series.
2.2. Performance of SS-TENG
The electrical characteristic of the single segment of the SS-TENG
without the use of spring under the regular motion of the rocker is
shown in Fig. 2. The single segment of SS-TENG has a rectangular shape
with a width of 2 in. (5.1 cm), length of 2.5 in. (6.4 cm), and height of
1 in. (2.54 cm) was placed on top of the rocking platform, as shown in
Fig. 2a. The rocking platform moves back and forth, being inclined in
one direction, and then inclined in the other direction at a low frequency (frequency < 0.5 Hz) to simulate the ocean wave movement
conditions. The SS-TENG currently has N number of layers and N
number of balls per each column. It currently has a total of 6 columns
spaced evenly of 0.28 in. and has 5 separators spaced evenly with width

σwdk
1+(

Qsc, max
σwl
=
C0
C0

(1)

As shown in Eq. (1), Qsc reaches its maximum when x = 0, or
x = g + l, in which Qsc is σwl , where C2(k), or C1(k) = 0. Also, it is
important to note that there is a relationship between the maximum
short circuit charge Qsc,max and the output open circuit voltage VOC,max,

Fig. 2. Electrical performance of the SS-TENG by a laboratory rocking platform. (a) The 3D schematic of the SS-TENG on the rocking platform. (b) Dependence of
voltage vs time with diﬀerent balls/column. (c) Charge vs rotational speed of the rocking platform. (d) Voltage vs time at diﬀerent layers. (e) Charge vs time at
diﬀerent layers. (f) Current vs time at diﬀerent layers.
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Fig. 3. Electrical performance of the SS-TENG by a linear motor (a) voltage vs time at diﬀerent acceleration of a SS-TENG with two layer. (b) Charge vs time at
diﬀerent acceleration of a SS-TENG with two layer. (c) Current vs time at diﬀerent acceleration of a SS-TENG with two layer. (d) Performance of sea snake TENG with
multiple segments at acceleration of 1 m/s2. (e) Power density and current density dependence of resistance for 2 segments of SS-TENG with acceleration of 3 m/s2.
(f) Electrical durability of SS-TENG over various cycles.

voltage is measured at 6 balls/column, corresponding to 50% of area
are ﬁlled with balls. Six balls/column would be used as a standard for
all layers. Further, the eﬀect on charge due to diﬀerent rotational speed
of the shaker has been evaluated, and the charge increase linearly with

of 0.06 in. First, an optimization step is needed to measure the number
of PTFE balls with a diameter of 0.25 in. (0.64 cm) that are needed per
column to produce the maximum output. This is done in Fig. 2b, with
two layers ﬁlled with diﬀerent balls per column. The maximum output

Fig. 4. Electrical performance of the SS-TENG in water and in air. (a) Voltage vs time comparison with SS-TENG with diﬀerent air gap's height. Top inset: the zoomed
in of output voltage with air gap of 1.5 cm. Bottom inset: zoomed in of output voltage with no air gap. (b) Charge vs time comparison with SS-TENG with diﬀerent air
gap's height. (c) Comparison of actual voltage/Voc with diﬀerent resistance with SS-TENG with no air gap in air and in water. (d) Comparison of output power with
diﬀerent resistance with SS-TENG with no air gap in air and in water. (e) Voltage vs time of SS-TENG with air gap in water at diﬀerent concentrations of NaCl. (f)
Voltage vs time of SS-TENG without air gap in water at diﬀerent concentrations of NaCl.
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electric ﬁeld across the two electrode layers would go across the water
surface, which by dielectric shielding eﬀect, the electric ﬁeld would be
largely decreased. However, when the gap distance increase, the electric ﬁeld would not enter the water region, and the voltage would increase with increase in the gap distance, as shown in Supplementary
material Fig. S3. Finite element model simulation was also used to illustrate the eﬀect of air gap with the structure, as shown in
Supplementary material Fig. S4. This is done by having a positive
charge surface on the bottom plate, illustrating the positive charges on
the water surface. Also, negative charges were added on the electrode
showing the charges that are induced on the electrode due to the PTFE
balls moving across the surface. As the gap distance increased, the
electric potential also increased, as it reached the 90% to the simulated
voltage of device without any water, and this is shown in
Supplementary material Fig. S5.
Also, it is important to note that in Fig. 4b, that the short-circuit
output charge is the same, no matter with an air gap or without an air
gap measured in water and in air. Thus, since the charge is the same,
whereas the voltage decreases, it is important to know that the devices
internal capacitance C0 increases by the relationship in Eq. (2), as
shown in Supplementary material Fig. S3. Since the C0 is proportional
to the permittivity, and water has a high permittivity εr, and the electric
ﬁeld would be in the water if there is no gap; thus, causing a large
increase of capacitance.
This would cause the device's output voltage would be low by Eq.
(2), since the device's output charge is the same. While with an air gap,
the capacitance is no longer aﬀected by the capacitance of the water, as
shown in Supplementary material Fig. S3; thus, it is able to have a
higher maximum Voc, while maintaining a constant short circuit charge.
Also, since the internal capacitance increase due the presence of
water without an air gap structure, it is important to know that the
internal resistance R, increases at the same frequency f of operation due
to Eq. (3) below.

the rotational speed. This is due to the increase of speed causes the ball
to move at a faster speed, having more kinetic energy that is converted
into electrical energy. It is also necessary to note for low speeds, the ball
only could be moved slightly due to the lack of kinetic energy to
overcome the frictional force to slide fully down the nylon ﬁlm; thus, at
low speeds, there is a very low charge output.
Furthermore, the number of layers eﬀect on the TENG was measured. Each layer refers to the eﬀect of the previous layers included, as
they are measured in parallel. The open circuit voltage, short-circuit
current, and short-circuit charge were measured with diﬀerent layers
connected in parallel. All three signals increased with increasing the
number of layers, shown in Fig. 3d–f. However, this might be contradictory, as voltage should have not increased when the layers are
connected in parallel. This is due to the actual voltage decreased with
the increase of layers, as shown in the theory is shown in
Supplementary material Fig. S2 and Supplementary material Note 1. It
is important to know all the tests were done at low frequencies, at
0.5 Hz, simulating the typical response of the curvature of the water
wave in the ocean being low frequency. Due to the testing of the device
at low frequencies, the current output is low, as the current is proportionally related to the frequency in triboelectric nanogenerators
[12].
To better understand the eﬀect of SS-TENG under horizontal motion, the SS-TENG's segment with two layer of electrode was placed on a
linear motor that periodically moves the SS-TENG back and forth. The
maximum displacement was set to 64 cm, and the eﬀect of acceleration
on the electrical performance of the SS-TENG due to horizontal displacement is studied. This is shown in Fig. 3a–c, for the voltage, charge,
and current values. The charge, voltage, and current all increased with
the acceleration due to the higher force that is applied on each of the
balls moving backwards due to the horizontal motion. For small accelerations, such as at 1 m/s, the balls did not have enough kinetic
energy to move from one side of the SS-TENG to the other side, showing
a much lower output voltage, charge, and current.
Furthermore, multiple segments were connected, and the device's
electrical output (the electric potential) are tested with only 1 layer of
rolling balls with response to the number of layers under linear motor
actuation, shown in Fig. 3d. The reason only 1 layer is applied is that
the device voltage is high, and 2 layers would overﬂow the measuring
system, not allowing it to be measured. With multiple segments under
horizontal motion, the voltage is able to increase per each segment, and
the maximum voltage is 300 V for 4 segments at an operating frequency
of 1 Hz, correlating to an acceleration of 1 m/s2 with the maximum
displacement of 64 cm. Furthermore, the output power was measured
by measuring diﬀerent current for various resistance values, and the
maximum power density of the device is 3.5 W/m3 at the matched
impedance of 120 MOhms, as shown in Fig. 3e. A segment of two layer
were then placed on the linear motor, and was tested for multiple cycles, and the device output voltage is consistent over 7000 cycles,
showing the device is durable and could work over thousands of cycles,
as shown in Fig. 3f.

R0 =

1
2πfC0

(3)

It is also seen in Fig. 4c and f that the internal resistance where we
measured the relative voltage (V/Vmax) and output power of the device
across diﬀerent resistors. The resistance where the power is the maximum is the internal resistance of the device, and it decreased by 11
times (from 660 MOhms to 60 MOhms) when the device without an air
gap is placed in water. This proves the fact that without an air gap
structure, there would be a low voltage due to the increase of capacitance from the water, from Eq. (3), as the internal resistance decreased
by 11 times, the capacitance would have to increase by 11 times, since
both were operated at the same frequency of operation on the rotational
shaker. This demonstrates the order of the increase in the capacitance
due to the dielectric shielding eﬀect from the water. Also, there is a
signiﬁcantly lower output power when the device is in water if there is
no air gap present, as the power decreased from 90 μW to 6 μW. Also, by
Eq. (3), it also explains why the internal resistance increase from 120
MOhms from Fig. 3e to 660 MOhms, as there is a frequency diﬀerence
between the two sets of experiments: low frequency of operation
(0.5 Hz) of the device when it is placed on the rotational shaker, as
compared to the high frequency of motion from the linear motor (2 Hz),
which if they have the same internal capacitance, the resistance would
be lower by testing with the linear motor. Also, from the inset of Fig. 4a,
with the top inset being the Voc of the device with an air gap of 1.5 cm,
and the bottom inset being the Voc of the device with no air gap, it is
clear that the Voc of the device with no air gap looks like a short circuit
condition. This is possibly because of the increase of the internal capacitance of the SS-TENG, decreases the internal resistance of the nanogenerator, making it have more leakage current through the represented internal capacitor of the SS-TENG, causing it to behave more
like a short-circuit current condition.
The eﬀect of salinity on the electrical output is also observed with a

2.3. Theory for water eﬀect on TENG
Furthermore, the eﬀect of water on the device is also explored. The
device was placed in a plastic container that is ﬁlled with 2 cm tall of
tap water. The container was then placed on the shaker, allowing it and
the device to rotate back and forth, being inclined at diﬀerent angles.
Fig. 4a shows that when the device is operating in water, the output
voltage decreases to only 20 V if no air gap is present, while with increasing air gap, the output voltage increases as well. Once an air gap is
added onto the structure with a height of 1.5 cm, the performance of the
air gap structure remains the same as the device when operating in air
conditions and has an output voltage of 270 V. This is because the dielectric constant of water is much larger than that of air, as shown in
Supplementary material Table 1 in Supplementary Information, and the
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in Supplementary material Note 2, and the derived equation is shown as
Eq. (4) below,

device that has an air gap of 1.5 cm and a device without an airgap. The
electrical performance of the device with an air gap showed the same
output voltage (260 V) when the device is placed in salt water at different concentration from 0 M to 0.6 M, as shown in Fig. 4e. The latter
concentration is used, because it is the concentration of salt in the
ocean. However, with the air gap, the device degraded when adding
more salt in the water, as the output in only water is around 40 V, and
at 0.6 M, the device output voltage decreased to only 15 V, as shown in
Fig. 4d, showing the device with an air gap is useful in scavenging
energy from the ocean wave, while the device without an air gap's
performance would decrease with increasing salt concentrations.
However, the device showed a decrease in power density without an
air gap structure, due to the larger volume with an air gap. Thus, it is
necessary to use the space of the air gap to increase the performance of
the device. Tampered springs were added to ﬁll the space of the air gap
of 1.5 cm to increase the inclination angles of the balls for them to slide
down more quickly and faster. The platform placed on ocean will incline at an angle θ due to the curvature of the wave. For the TENG box
directly placed on the platform, the inclination angle of the TENG
element is φ. For the TENG box being ﬁxed on the platform with the
spring, we denote the inclination angle of the TENG box as φ resulted
from the ocean wave. An evaluation of the inclination angle of the
platform θ is compared to the inclination angle of the TENG element φ
is shown in Fig. 5a. Also, a spring steel mass weighing 0.4 kg was further added on top of the acrylic box structure containing the PTFE balls
and electrode to increase the rotational angle of the device, as well as
lowering the resonant frequency. For the TENG box connected with the
spring, its inclination angle can be evaluated with the spring-mass
system, as shown in Fig. 5a. Under the harmonic excitation of the ocean
wave with θ = θ0 sin ωt , the inclination angle of the TENG of the box
can be written as φ = φ0 sin ωt . The θ0 and φ0 are the maximum amplitude of the inclination angle. With the energy conservation equation,
the equation of motion of TENG box could be easily derived, as shown

θ̇
ml 2φ"−mgl sin φ+k(φ − θ) ⎛⎜1− ⎞⎟ = 0
φ̇
⎝
⎠

(4)

where g is the gravitational acceleration, and an overdot denotes the
time diﬀerentiation. According to the real experiment, the inclination
angle φ is not too large. Thus, by simplifying the Eq. (4), we could
obtain the following nonlinear relationship below,

ϕ0
1
=
g
ω
θ0
1− ω l (1+ l )
n

(5)

where ωn = k / m is the natural frequency of the spring-mass system. It
can be seen that the amplitude of the inclination angle mainly depends
on the TENG's mass, the spring's stiﬀness and length. Thus, by using Eq.
(5), Fig. 5b was derived using m = 1.8 kg, l = 1.25 cm, and k = 0.8 N/
m at diﬀerent oscillating frequencies, and it shows that the φ0 is greater
than θ0 , showing the increase in inclination angle with the addition of
the added tampered spring.
Fig. 5c shows the experimental data of the performance of the sea
snake based TENG with and without a tampered spring under the actuation of the rotational shaker. With the tampered spring, the performance was enhanced by 350% at a rotation angle of 2°. This is due to,
without the tampered spring, the balls could not slide down the slope
all the way, at a low inclination angle of the TENG element, and with
the tampered spring, the entire structure is able to be inclined at a high
inclination angle and the balls are able to easily roll down and is able to
have a higher maximum velocity. Also, it is important to know that
without the spring, the device's output voltage would always be increasing as the inclination angle of the entire device increases from 2°
to 45° by increasing the maximum rotational angle of the shaker. This is
because the balls are able to slide down easily at higher inclination
angle. For the device with the spring, the device's output voltage is

Fig. 5. Comparison of the SS-TENG without spring with SS-TENG with tampered spring by using a laboratory rocking platform. (a) Physical model of SS-TENG with
spring and ANSYS simulation showing ϕ dependence on θ. (b) The simulated result of rotational angle of device with spring to original rotational angle. (c)
Comparison of SS-TENG with spring and SS-TENG without spring on voltage vs rotational angle. (d) Charge vs time of SS-TENG with spring and without spring at
rotational speed of 30 rpm. (e) Comparison of output power with diﬀerent resistance with SS-TENG with SS-TENG with spring and without spring. (f) Charging a
100 μF with SS-TENG with spring and without spring on shaker with rotational speed of 30 rpm.
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tank made with acrylic glass. The Sea Snake TENG with the attached
tampered spring was used due to its superior performance. The tank
was ﬁlled with three segments in of tap water. On one end of the tank is
an acrylic plate, shown in Fig. 6a, that is attached to a linear motor. The
linear motor is able to be moved in a periodic motion with displacement
of 8 cm and acceleration of 2 m/s2 to produce periodic water waves.
Our device, which is show in the inset of Fig. 6a, in response to the
periodic water waves would move up and down, similar to the COMSOL
simulation as illustrated in Supplementary Video S1. It is important that
we studied the eﬀect of number of segment on the output voltage of the
device, because the added springs are able to add a balance force, which
greatly increase the inclination angle of the segment and the horizontal
motion of the device, creating a coupled structure. This is shown in
Fig. 6b, as with taken from the output of one segment of the TENG, the
output voltage is only 55 V, whereas with 2 and 3 segments connected,
the output voltage is greatly enhanced to 160 V, and this is due to the
spring force by adding the springs. The maximum angle of the large box
under the horizontal motion of water waves is around 10°, and we could
expect the output voltage to be lower under shaker actuation, when the
applied angle is 45°. Also, due to the periodic motion, the balls would
be able to slide back and forth, producing a high voltage. The voltage
was able to light 152 LED lights connected in series, which showed the
phrase “Blue Energy Dream” as shown in Fig. 6b and Supplementary
Video S2, and this was done without the use of a capacitor to help with
the energy accumulation.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.062.
Also, the eﬀect of charging the capacitor is explored, and one device
is able to charge a 100 μF capacitor in to 2 V in 10 min, which took
longer time than in Fig. 5f, due to the decrease in the inclination angle,
as the box is only able to incline by 10° and the less impact of the wave
on the device. The diagram for the circuit to charge the capacitor is
show on the top left of Fig. 6c, in which there was a rectiﬁer to only

nearly constant for inclination angle of the entire device above an inclination angle of 20°, whereas for the device output without the tampered spring, the performance decrease always with decreasing rotational angle, as shown in Fig. 5c. This means that below 20°, the
inclination angle of the TENG element is still increasing due to the
restoring force on the tampered spring, and above 20°, the inclination
angle of the balls stop increasing, and the balls reached its maximum
terminal velocity. Overall, this shows that the use of the tampered
spring exhibit much better performance than without a spring, especially at lower inclination angle.
Fig. 5d shows the output charge on the device when the ball is
moving at the maximum inclination angle of the segment at 45°. The
output voltage increased by nearly 150%, from 75 V to 112 V. Fig. 5e
shows the output power of the device with the spring and comparing
the output power of the device without the spring at the maximum
inclination angle of 45°, and the output power is able to increase from
100 μW to 600 μW. This is because both charge and voltage increased
with the addition of the tampered spring, which contributing to a
higher power. Also, the power with the spring is at a lower resistance,
thus increasing the power, as P = V2/R. Also, the maximum power
occurs at a lower resistance; this means that from Eq. (2), that the instantaneous frequency of the balls moving down would increase, which
is expected, as the balls were able to move down at a higher speed due
to the larger inclination angle ϕ with the tampered spring. Also, the
eﬀect of charging a 100 μF capacitor was studied, and with the spring,
the capacitor was able to charge to a maximum of 3.5 V in 5 min, while
without the spring, it can charge up to only 2.5 V in 5 min as shown in
Fig. 5f.
2.4. Demonstration
The device consists of three segments of the sea snake TENG with
the attached tampered spring was then placed in our homemade water

Fig. 6. Applications of the SS-TENG. (A) The placement of the SS-TENG in the water environment with a linear motor actuating the water waves. (b) The voltage vs
time of one segment with respect to diﬀerent number of segments of the SS-TENG with attached tampered spring. (c) Lighting up 152 LEDs in the words “Blue Energy
Dream” with SS-TENG with attached tampered spring. (d) The charging proﬁle of a 100 μF capacitor by the SS-TENG in water. (e) The application of driving and
powering the humidity sensor with SS-TENG with attached tampered spring.
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allow current to ﬂow in one direction connected to the SS-TENG, and
then it was connected to the capacitor. Then, to power the humidity
sensor, 2 V was required, and the capacitor was able to successfully
power the temperature and humidity sensor, which is shown in Supplementary Video S3 and Fig. 6d.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2018.03.062.
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