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Sea State Adaptation Enhances Power Output of
Triboelectric Nanogenerators for Tailored Ocean Wave
Energy Harvesting

Isabel Gonçalves,* Cátia Rodrigues, and João Ventura*

To face the climate crisis, sustainable energy harvesting systems are critical.
Triboelectric nanogenerators (TENGs) are in the spotlight for their inexpensive
and non-toxic manufacturing, allied with their excellence in harvesting
low frequency vibrations. Ocean waves are a prime example of energy
source in this regime, and their successful harvesting with TENGs has been
widely demonstrated. However, the influence of wave characteristics on the
power output of these devices has so far been overlooked. Here, the existence
of a moving element that acts upon the nanogenerators is explored both
with multiphysics simulations and an extensive experimental characterization
under different operating conditions. It is shown how different sea states
modulate the moving body velocity, and how the generator can be optimized to
harvest waves with specific characteristics. In parallel, it is demonstrated that
the power output is proportional to the contacting triboelectric layers velocity.
Optimizing the dynamics of the moving body provides an efficient path
to intentionally tune the contacting triboelectric layers velocity, and therefore
improve the output of TENGs and their suitability to harvest specific sea states.

1. Introduction

Energy is the crucial resource of the modern world. How-
ever, we are still to find a balanced way to supply the world’s
energy needs without compromising our future.[1] To face
the climate crisis, the adoption of sustainable energy har-
vesting technologies is a pressing need, where both the re-
newability of the energy source and the proximity of produc-
tion and consumption sites are important factors.[2,3] From
the different energy sources available, one of the most atrac-
tive is ocean wave energy. The oceans cover more than two
thirds of the Earth’s surface, with potential and kinetic ener-
gies, from waves alone, estimated at 32000 TWh/year,[4,5] sur-
passing the ≈ 28000 TWh of electricity consumed globally in
2022.[6]
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In recent years, triboelectric nanogener-
ators (TENGs) have been shown to be
exceptional fits to harvest this immense
energy resource, due to their high effi-
ciency in converting low frequency in-
puts into electrical energy.[7–10] TENGs
take advantage of contact electrification
and operate on the basis of electro-
static induction, converting mechanical
into electrical energy.[11,12] Furthermore,
thanks to their low fabrication cost and
light weight, TENGs can be easily encap-
sulated and integrated inside wave en-
ergy converters (WECs) or regular ocean
buoys.[13–15]

The most common TENG prototypes
proposed for ocean wave energy har-
vesting involve a moving element, such
as a pendulum,[16–22] a bar[23–25] or a
sphere.[26–34] For instance, Zhang et al.[18]

developed a pendulum-assisted multi-
layer structure, where stacked layers of
fluorinated ethylene propylene (FEP) and

copper where contacted due to the one-axis motion of the pendu-
lum. They achieved a high power density of 200 Wm−3 on a see-
saw testing system under 20° rotation amplitude. Tan et al.[23] de-
veloped a symmetric TENG capable of maintaining its operation
after being overturned by waves. The device used a steel bar with
a polytetrafluoroethylene (PTFE) coating rolling over an elliptical
shaped Nylon film, which also acted upon other triboelectric pairs
placed around the ellipse. They achieved powers of 90 μW at a fre-
quency of 1 Hz and oscillation of amplitude 63°. Liang et al.[32]

developed a multi-directional harvesting TENG, where a copper
sphere acted upon spring-assisted stacked layers of copper and
FEP. The device was optimized for 1 Hz waves, under which it
achieved a power density of 4.81 Wm−3. Rodrigues et al.[28] devel-
oped three different rolling-sphere TENGs, where stainless steel
spheres contacted the triboelectric pairs of PTFE and Nylon. They
considered realistic sea conditions, having tested the devices in a
one-axis rotation system for wave periods from 1.5 to 7 s. Then,
the devices were demonstrated to work successfully in a wave
basin, with wave periods from 0.7 to 3.5 s.

In reality, a variety of testing conditions have been reported,
tailored to better demonstrate the capabilities of each device
and according to the type of moving element used. Neverthe-
less, a complete description on how sea states (wave period
and amplitude) influence the moving element and the TENGs
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Figure 1. a) Axis of motion of an ocean buoy. b) Relevant forces acting on the device due to the buoy oscillation around the y-axis (pitch), where 𝛽 is the
pitch angle. c) Representation of the operation of our device. The mobile part is closed by a metallic sphere, making current flow through the external
circuit in one direction. When the mobile part opens, current flows in the opposite direction.

output has so far been largely overlooked. One must evaluate the
TENG performance considering that its optimum structure de-
pends on the sea state of operation. This is often demonstrated
by a resonant operation close to the natural frequency of the
device.[22,28,35–37] Furthermore, the hydrodynamics of the encap-
sulation body should be taken into account.[28,38,39] A floating
body, such as a buoy (Figure 1), is subjected to three axis of
rotation (roll, pitch and yaw) and translation (surge, sway and
heave).[14,40] Therefore, the motion dynamic is not imposed by
the shape of the TENG, but rather by the encapsulation body.
Finally, one should consider that, for prototyping purposes, the
testing conditions (wave period and height) must be scaled down
according to the size of the encapsulation body to obtain transfer-
able results. For interactions between fluids and floating bodies,
scaling relies on the Froude number similitude law, that states
the similarity of inertial and gravitational forces between proto-
type and real scale model.[41] Therefore, the prototype and ocean
buoys must have the same Froude number (Fr), given by[41–43]:

Fr = u√
gL

(1)

where u is the flow velocity, g is the local external field
(gravity) and L is a characteristic length. This condition de-
fines the scaling factors for wave periods and heights to be
used in TENG prototyping. For all these reasons, a detailed
understanding on how wave characteristics translate to the
power generated in the final object to be deployed is criti-
cal for the successful application of TENGs in Blue Energy
harvesting.

To describe and optimize TENG devices relying on mov-
ing bodies, we developed the unidirectional-lateral TENG (UL-
TENG).[28] The UL-TENG is tailored to harvest the pitch rota-
tion of a buoy, as depicted in Figure 1a. This rotation is charac-
terized by the period T and angular amplitude of rotation (pitch
value). As sketched in Figure 1b, the UL-TENG is composed of
a linear track fixed to the buoy, two generators placed in oppo-
site ends and a metallic sphere. Each generator is constituted

by a structure fixed to the track and a mobile part that opens
and closes freely. In the surface of the fixed structure there is
a Ag/PTFE bilayer, while the mobile part has Ag/Nylon layers.
As the track tilts, the sphere rolls down the tilted plane, ac-
celerating toward and colliding with the nanogenerator, mak-
ing the Nylon and PTFE layers come into contact (dielectric-
dielectric mode) (Figure 1c). The kinetic energy of the sphere is
then transferred to the generator, that converts it into electrical
energy.

The introduction of a moving body adds a new twist to the sys-
tem. In fact, the fascinating quality of the UL-TENG is the de-
coupling of the wave period, captured by the sphere, from the
energy generation period, enclosed in the motion of the mobile
part. In other words, the wave motion is not reproduced directly
by the TENG, providing an advantageous tuning parameter. It
is therefore necessary to understand how the sphere motion af-
fects the energy generation mechanism. This can be achieved
through careful modeling and experimental characterization of
the device. To this end, the device was studied through numeri-
cal and analytical methods meant to replicate the sea conditions.
In parallel, the device was characterized in a one-axis rotation
system for a set of wave periods, pitch amplitudes and track
lengths.

We observe that the velocity of our moving element is the link
between wave characteristics and energy generation. Our analyt-
ical model of the sphere motion calculates the velocities of the
sphere impact and of the contacting triboelectric layers for dif-
ferent wave parameters. Thanks to the momentum transfer of
the sphere to the mobile part of each generator, the contact ve-
locity is enhanced relative to the velocity of the sphere. Then,
multiphysics modeling demonstrates a clear proportionality be-
tween the velocity of the contacting layers and the maximum
power generated. Finally, the power output of our device shows
a similar dependence on wave parameters as the sphere impact
velocity. Thus, intentionally tuning the contacting layers veloc-
ity, in this case through a moving element decoupled from the
generators, opens new paths for the design and optimization of
TENGs.
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2. Device Simulation

2.1. Analytical Model of Sphere Motion

As seen in Figure 1b, gravitational and static friction forces gov-
ern the motion of the moving element, here assumed to be 1D.
The static friction ensures that the sphere is rolling without slip-
ping at all times, while the dynamic friction was considered neg-
ligible. While both gravitational and static friction forces rule the
linear motion of the sphere, the angular motion is provided by
the static friction torque. Hence, one must solve Newton’s laws
for both linear and angular motions:{∑

i Fxi
= max∑

j 𝝉 j = I𝜶
(2)

where m stands for the mass of the sphere, I = 2
5

mR2 is its mo-

ment of inertia, R the radius, Fxi
any applied force along the x-

axis, 𝜏 j any applied torques, ax the linear acceleration and 𝛼 the
angular acceleration. The resultant force acting on the sphere
along the x-axis is the sum of the projected gravitational force,
Fx = mgsin (𝛽) and the static friction Fs:

m
d2x(t)

dt2
= Fx(t) − Fs(t) (3)

The sphere then describes a linear motion along a tilted plane,
in which the tilt angle 𝛽(t) changes explicitly with time (t) as the
track rotates according to the wave parameters. In one period, for
a pitch amplitude A, 𝛽 will change from -A (track rotates to the
left) to A (track rotates to the right) back to -A. This results in a
triangular function in time, with period equal to the wave period
and amplitude equal to the wave pitch.

The sphere was considered to be initially at the highest posi-
tion of the tilted track and rolling clockwise. The static friction is
calculated from the torque as 𝜏 = 𝛼I =−RFs and, using 𝛼 =−axR,
one obtains Fs = Fx( I

I+mR2
). Using the equation of linear motion

[Equation (3)], one finally determines the system of equations to
be solved:{

dv(t)

dt
= 5

7
g sin[𝛽(t)]

dx(t)

dt
= v(t)

(4)

2.2. Electrical Model of the UL-TENG

The capacitive model was used to compute not only the I (cur-
rent), V (voltage) and P (power) characteristics of the TENG de-
vice, but also the generated energy for a fixed time interval. Our
device was first modeled as a regular contact-separation TENG.
This includes the assumptions that the triboelectric layers and
electrodes are parallel (as the angle between them is <5°) and
that the distance between the electrodes is much smaller than
their lateral dimensions.

The instantaneous power provided at the load Z at which a
TENG is connected is[8]:

P(t) = ZS
{

𝜕𝜎I[z(t)]
𝜕t

}2

(5)

where S is the surface area of the electrodes and 𝜎I is the induced
charge that varies in time according to the relative position of the
upper and bottom layers (air gap), z(t).

The function z(t) was defined as a triangular function with

slope
dz(t)

dt
equal to the velocity of the mobile part. To correlate

the results with the period and pitch, this velocity was calculated
from the collision of the sphere with the mobile part of the gen-
erator. The sphere velocity values just before impact were taken
from the sphere motion simulation, and conservation of momen-
tum was applied to convert it to the initial velocity of the mobile
part of the generator. The collision was taken to be perfectly in-
elastic and 1D.

Then, 𝜎I was determined from the electric field integral over a
path connecting the two electrodes, for each position of the TENG
layers:

V = −∫ E ⋅ dz = ZS
𝜕𝜎I[z(t)]

𝜕t
(6)

where E is the electric field created by four infinite planes of
charge, i.e. the two triboelectric layers and the two electrodes.
Hence, for the contact-separation mode, the electric potential be-
tween electrodes becomes[7]:

V = 𝜎I

(
d1

𝜖1
+

d2

𝜖2

)
+ (𝜎I − 𝜎s)

z
𝜖0

(7)

where d1, d2 are the thicknesses of the dielectrics, and ϵ1, ϵ2 their
relative permittivities. In fact, Equation (7) is equivalent to the V
− Q − z relationship (Q = S𝜎I) described by the capacitive model.
Replacing Equation (7) in Equation (6), one can write:

ZS
d𝜎I(t)

dt
− 𝜎I(t)

(
d1

𝜀1
+

d2

𝜀2
+ z

𝜀0

)
= 𝜎s

z
𝜀0

(8)

This equation for 𝜎I(t), together with Equation (5), completes
our electrical model.

2.3. Multiphysics Model

In reality, the motion of the mobile part is better described
as a rotation around the joint that connects the fixed and mo-
bile parts, instead of a simple one axis contact-separation. Fur-
thermore, the UL-TENG has finite, non-parallel contacting lay-
ers, so that its electrical outputs, in terms of I, V, and P, were
also evaluated from finite element simulations with COMSOL
Multiphysics. The geometry with angled layers is depicted in
Figure S1a,b (Supporting Information). According to the electric
potential distribution in space due to the triboelectric charges,
the finite element software calculates the induced charge on the
electrodes. The impact velocity of the sphere was converted to
the contact velocity of the triboelectric layers, as described in
Section 2.2. Then, each contact velocity value was taken as in-
put for the motion of the generator in the COMSOL model.
This way, the new position of all layers is computed, as stated
by the analytically prescribed motion for a specific value of con-
tact velocity. To achieve a new electrostatic equilibrium for the
new configuration, the value of the induced charge on the elec-
trodes is updated, taking into account the load resistance from
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Figure 2. Left panel: a) Velocity profile for 2 cm track, period 1.57 s and
pitch 20°. b) Corresponding position profile. Right panel: different phases
of the forces acting on the sphere, its velocity and position, over one track
rotation cycle. In position (D) the value of the velocity is recorded.

one electrode to the other. From the variation of the induced
charge and the time step, the current through the resistance is
calculated.

2.4. Numerical Results and Discussion

The simulated results for the position and velocity of the sphere
for an illustrative period of 1.57 s, pitch of 20o (−20° ⩽ 𝛽 ⩽ 20°)
and track length of 2 cm are plotted in Figure 2a,b, respectively.
The non-constant acceleration leads to the velocity profile de-
picted in Figure 2a, increasing non-linearly (C) up to a maximum
value (D). This value corresponds to the impact velocity of the
moving element, where the maximum position (2 cm) is reached.
At this point, we determine the impact velocity (0.21 ms−1) for the
simulated wave and TENG parameters (period, pitch and track
length). Then, the velocity is set to zero to account for the in-
elastic collision with the mobile part of the generator. While the
track rotates toward the horizontal position, the sphere is still
at rest, and only accelerates when 𝛽 is high enough (E), until it
reaches again the position x = 0 where the velocity is again set to
zero (A).

According to the impact velocity saved in point D of Figure 2a,
the I-V-P characteristics of the generator were determined from
the COMSOL model. The electric potential distribution is calcu-
lated at each position of the generator, as depicted in Figure 3a
for the fully opened (I) and the fully closed positions at 1 kΩ
(II) and 100 MΩ (III). For the lower resistance, when the Nylon
layer approaches the PTFE layer, the electric potential distribu-
tion in space is modified and current flows freely to account for
that modification (peak current) (Figure 3c). When the genera-
tor is fully closed, there is a complete screening of the triboelec-
tric charges and the current is zero (II). On the other hand, for
a 100 MΩ resistance, the charges on the electrodes are almost

immobile over the contact/separating cycle, and neutralization
is very difficult to occur (Figure 3d). The resistances 1 kΩ and
100 MΩ were chosen to represent the short circuit and near open
circuit values, respectively. As the current at low resistances suf-
fered a negligible change (<1.5%) from 10 Ω to 1 kΩ, and the
computing time is substantially increased for lower resistances,
we refer to the latter for the short circuit condition. On the other
hand, the higher the resistance, the longer the transient regime of
the simulation, extending the final simulation time significantly.
Since 100 MΩ is a resistance value orders of magnitude higher
than the optimum resistance, we attribute this value to the open
circuit condition. Nevertheless, as these terms could be mislead-
ing, we use “near open circuit voltage” to refer to the voltage at
100 MΩ.

As the contact velocity increases, the short circuit current also
increases linearly (Figure 3e,h), as predicted by the capacitive
model.[44] On the other hand, no major variations are observed on
the near open circuit voltage value (Figure 3f,i; note the scale). For
the highest velocities considered (⩾ 2 ms−1), the voltage reaches a
stable value, indicating that the charges have become immobile.
In fact, in near open circuit the charge flow is so slow that the elec-
trodes cannot fully charge and discharge over the period of one
cycle.[45] With the increase of the velocity of the contacting lay-
ers, the period of opening/closing the generator is shorter, which
limits the charge and discharge processes even at smaller resis-
tances. This indicates that the open circuit condition is reached
for smaller load resistances when the velocity is higher. However,
it is not attained for the lowest velocities (⩽ 1.5 ms−1), explain-
ing the slightly upward trend with velocity for resistances 10 to
100 MΩ in Figure 3f. This leads to a shift in the optimum resis-
tance from ≈ 1 MΩ to 30 kΩ, which is also consistent with the
capacitive model.[44]

Finally, the power, for all resistances, increases with velocity as
seen in Figure 3g,j. Moreover, the maximum power (at the op-
timum resistance) has a linear dependence on contact velocity.
These results point to a direct and significant influence of the im-
pact velocity on the electrical output of our device. The influence
of velocity in I–V–P characteristics was validated by comparison
with the capacitive model, as described in Figure S1c–e (Support-
ing Information).

3. Results and Discussion

Given the presence of two generators at each end of the track,
we started by studying how the electrical connection between
them influences the obtained current and voltage. We observe
that the anti-parallel connection provides the highest ISC and VOC
(Figure 4a,b), slightly better than the parallel connection. This
was further confirmed averaging both positive and negative cur-
rent and voltage peaks. These tests were performed at 15° pitch
and 2 s period. This improvement can be understood from the
connection diagrams in Figure 4a,b. The generators are in an-
tiphase, i.e., when one is closed by the sphere, the other opens. If
they are connected in parallel (inset in Figure 4a) they generate
currents in opposite directions, or equivalently, when the output
peak of one generator is positive, the other will be negative. On
the other hand, the anti-parallel connection (inset in Figure 4b)
ensures that the current from each generator adds, reinforc-
ing the total electrical signal transferred to the load resistance.

Adv. Energy Mater. 2024, 14, 2302627 © 2023 Wiley-VCH GmbH2302627 (4 of 9)
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Figure 3. a) Electric potential distribution calculated by COMSOL Multiphysics for (I) initial conditions and closed generator at (II) 1 kΩ and
(III) 100 MΩ. b) Power, c) current and d) voltage peaks at different resistances. e) Current, f) voltage, and g) power characteristic curves as simulated
in COMSOL Multiphysics. h) Short circuit current and i) near open circuit voltage and j) maximum power, with inset showing the optimum resistance,
for different contact velocities.

Furthermore, it was observed that the optimum resistance varies
with the period and pitch (Figure 4c), as predicted by the pre-
sented multiphysics simulations, being smaller for higher con-
tact velocities. This is here exemplified for (period, pitch) pairs of
(1 s, 45°) and (3 s, 15°), with the first pair experimentally showing
smaller optimum resistance and higher contact velocity (see also
Figure 5b).

The observed voltage peaks (Figure 4d–k) depend on the pe-
riod and pitch of the rotational motion and the track length, i.e.,
the maximum travelling length of the sphere. A clear observation
is that, for each track and period, the voltage peaks are steadily
enhanced by the increase of pitch from 5° to 45° (Figure 4d–g).
A larger tilt means the sphere will accelerate faster and impact
the nanogenerator with a higher velocity, producing a higher out-
put. In some particular cases a periodic output is absent, for in-
stance, for a pitch of 5°, period 1 s and track lengths of 10 and
15 cm (Figure 4h). This occurs because the track is too long for
the sphere to reach the nanogenerators on both ends, so it oscil-
lates around the center of the track. In other occasions, the sphere
can become trapped in one of the extremities, activating only one
generator, hence producing the response shown in Figure 4h, for
20 cm. For a pitch of 15° and period of 1 s (Figure 4i), the op-
timum track length is 15 cm, as assessed from the average of
positive and negative voltage and current peaks, since for the
other lengths this output is reduced. This is due to the asyn-
chronous motion of the sphere with the track. When the sphere
does not reach the generators with the maximum velocity pos-
sible for that track length, the output is sub-optimal, and other
track lengths are ideal at harvesting that motion, i.e., that specific
period and pitch.

3.1. Wave Parameters Influence on TENG Performance

The data obtained for different wave parameters is presented in
Figure 5, along with results from our model, in order to immedi-
ately compare them. Under different wave periods and pitches,
the power generated by the UL-TENG changes significantly, as
shown in Figure 5a. The maximum power is always obtained at
the maximum pitch of 45° and smallest period of 1 s. These cor-
respond to wave parameters for which the sphere is highly accel-
erated. As the track length increases from 5 to 20 cm, the maxi-
mum power obtained also increases from 192 to 381 μW, with the
maximum power density of 1.9 Wm−3 obtained for a 20 cm track,
period of 1 s and pitch of 45°. Moreover, the region of high power
tends to move toward larger periods, i.e., longer tracks will opti-
mally harvest waves of longer periods. However, smaller periods
are better harvested with the 5 cm track.

These results are coherent with the sphere velocity simula-
tions presented in Figure 5b. The maximum velocity value also
increases with track length, since the sphere accelerates over
longer distances. Coincidentally, the region of high velocity is
also located on the smallest periods, highest pitch corner of
the map, and moves upward toward longer periods as the track
gets longer. Meanwhile, for 15 and 20 cm, there is an area of
zero velocity, that corresponds to the cases where the sphere
oscillates around the center of the track, without touching the
generators.

As seen from the previous discussion, pitch is identified as the
determinant parameter maximizing the output. Higher waves
will produce larger oscillations and hence the sphere will reach
a higher velocity before impact, yielding a higher power. On the
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Figure 4. a) Short circuit current and b) open circuit voltage for different types of connection of the two generators. c) Peak power for two states of
different impact velocity. TENG voltage output for different pitches and track lengths d) 5 cm, e) 10 cm, f) 15 cm, g) 20 cm. TENG voltage output for
different track lengths, and pitches h) 5°, i) 15°, j) 25°, k) 45°, for 1 s period of motion.

other hand, the period becomes important when considering the
track length, since this will affect the synchrony between the
sphere motion and the tilting of the track. Ideally, the acceleration
increases with time as the track tilts and the sphere rolls down.
However, in some cases, if the tracks start rotating up when the
sphere is still rolling down the slope, the sphere will not reach

the nanogenerator at its maximum acceleration, resulting in a
sub-optimal impact velocity.

In the ocean, TENGs will be providing power to charge either
a capacitor or battery. In this situation, the wave period will de-
fine the frequency of the energy transferring events. Hence, just
as the instantaneous power, the energy transferred in a certain
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Figure 5. 2D map of a) measured power, b) simulated sphere impact velocity and c) simulated energy over 60 s, as function of the motion parameters
period and pitch. Optimum track length (in cm) to harvest specific periods and pitches according to d) measured power, e) simulated impact velocity
and f) simulated energy over 60 s.

period of time becomes relevant. To understand if more frequent,
moderately intense peaks of power could result in a larger har-
vested energy than less frequent, higher power peaks, the energy
harvested in 60 s was calculated. In fact, an additional favorable
factor for energy transfer in this kind of devices is the larger
mass of the sphere relative to the mobile part of the generator.
While the impact velocities were in the [0, 1.3] ms−1 range, the
layers contact velocity reached 4 ms−1, a more than twofold in-
crease than can be further explored by tuning the masses. As ex-
pected, the wave period becomes much more important, as seen
in Figure 5c. As the track length increases, the region of high en-
ergy is much more confined, and the maximum value changes
from 161 μJ at 5 cm to 333 μJ at 20 cm. This means there is a
trade-off between peak power and time between peaks, where
high power, long period operation (for instance, for 45° and
3 s), yields similar energy to low power, medium period opera-
tion (15° and 1.5 s).

3.2. Optimized Design Determination

Device optimizing implies determining the combination of pitch,
period and track length that leads to a synchronous operation
with the largest oscillation possible. This can be achieved by tun-
ing the track length for each pair of period and pitch. We evalu-

ated the optimum track length, from the admitted possible values
of 5 cm to 3 m (with discretization of 5 cm) for all pairs of wave
parameters considered. The first map in Figure 5d considers as
criterion the power measured experimentally, the second the fi-
nal velocity, and the third the generated energy in 60 s. Since only
5, 10, 15, and 20 cm tracks were measured experimentally, the
power map (Figure 5e) is limited to these lengths. On the other
hand, as obtained numerically, the track lengths that maximize
impact velocity and energy spread up to 2.8 m. However, consid-
ering only tracks up to 20 cm, there is an almost full agreement
on the experimental and simulated optimum track lengths, as
can be seen comparing the maps in Figure 5d,e, showing power
and velocity maximization, respectively.

Considering the optimum track length for optimized energy
harvesting in 60 s, surprisingly there is also a consensus for
most of the map (Figure 5f), comparing to the previous two
(Figure 5d,e). This shows that the effect of larger waiting time in
between power peaks (in the case of longer periods) is the same
for all track lengths, so that, overall, the optimum track length for
each pair of period and pitch remains unaffected. The disagree-
ment between the velocity and energy maps (Figure 5e,f) occurs
for periods larger than 2 s, for instance, for the (period, pitch)
pairs of (5°, 3 s) and (45°, 2.5 s), where this reasoning might start
to break. As the interval between peaks increases, there is a sig-
nificant reduction in the energy produced over 60 s, as seen on
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Figure 5c. Therefore, with larger waiting times between peaks,
power is less frequently transferred to the load, which means
that the best track length for that (period, pitch) pair that opti-
mizes energy production is now different from the one that opti-
mizes power.

The identification of the same optimum track length, for each
period and pitch, that yields the maximum impact velocity and
the maximum TENG power reveals that velocity is the critical pa-
rameter on which the TENG power depends. Furthermore, the
optimization based on track length poses an advantage from a
design point of view, since it will allow to tailor TENGs to spe-
cific sea states. In addition, different TENGs, with different track
lengths, can be stacked to increase the range of optimized har-
vesting in the period and pitch space.

4. Conclusion

In this work, a correlation between the motion of a Blue Energy
TENG and its electrical output was established. This comprised
both the numerical and analytical modeling of the device plus ex-
perimental characterization, since simulations provided a valu-
able insight on the understanding of the experimental results.
First, the current and voltage peak shapes were better understood
at the light of COMSOL Multiphysics simulations, that provided
a correspondence between the position of the layers and the evo-
lution of a current/voltage peak. Second, the deviation of the op-
timum resistance observed experimentally for different periods
and pitches was connected to the different contact velocities of the
triboelectric layers as predicted by the device simulation. Third,
the generated energy was predicted to critically depend on the
wave period, and close attention must be paid in the future when
considering long periods relative to the total observation time.

Finally, the velocity of the moving element proved to be a cru-
cial parameter on the generated power of our device. By making
different the time to contact the triboelectric layers from the wave
period, we were able to enhance the velocity of the contacting lay-
ers due to momentum transfer from a moving element, improv-
ing the power output. This was shown by numerical simulations
and later supported by the similar dependence on wave period
and pitch of both the obtained power (experimental) and velocity
of the sphere (simulated). This work elucidated the influence of
the contacting layers velocity in the output of TENGs. While in
our case, this velocity was imposed by the sphere velocity, these
findings can be applied in any device (based on TENGs or other
energy harvesting mechanism) relying on moving elements, spe-
cially those where the contact velocity can be tuned intentionally.

5. Experimental Section
Similitude Analysis: This study was based on a 1:8 scaled prototype,

relative to a full scale Atlantic-2600 navigational buoy. From this results
that the wave height was scaled down by a factor of 8 and the period by a

factor of
√

8. Since the ocean buoy was typically subjected to wave periods
and heights in [2.1, 10] s and [50, 200] cm intervals,[28] from Equation (1)
results that the scaled down buoy would move according to wave periods
and heights in [0.74, 3.5] s and [6.25, 25] cm ranges, respectively. For the
track lengths considered of 5 to 20 cm, these wave heights correspond to
pitch amplitudes in the [5, 45]° range.

Analytical and Electrical Models: The equations of motion of the sphere
[Equation (4)] were solved with a fourth-order Runge Kutta (RK4) method
in Python. Python was also used for the electrical model. Equation (8) was
solved for the parameters of the device and 𝜎s = 50 μCm−2 with RK4. The
RK4 temporal step was adjusted according to the convergence for each re-
sistance. The lower the resistance, the smaller the step size for the method
to converge (used step sized ranged from 10−8 to 10−6 s). The power was
calculated using Equation (5) with a regular differentiation algorithm. To
obtain the energy produced in 60 s, the power peaks were integrated in
time over a cycle and multiplied over the number of cycles.

COMSOL Settings: With the Electrostatics module, the triboelectric
charge density was defined at the dielectrics surface (assumed saturated,
𝜎s = 50 μCm−2) and a Terminal condition applied to the boundary between
each dielectric and electrode. This allowed the connection of the electrodes
to a resistor through an External Coupling called External I versus U, both
belonging to the Electrical Circuit module. To complete the basic compo-
nents of the model, there was the Moving Mesh module performing the
Prescribed Deformation and Prescribed Mesh Displacement at the top dielec-
tric/electrode layer, as well as attributing a Free Deformation to the air do-
main to accommodate for the changes in position and mesh of the moving
layers. Appropriate boundary conditions, re-meshing during runtime, use
of a nonlinear time dependent solver and total simulation time were cho-
sen to yield meaningful results.

Experimental Methods: Each generator was fabricated by an easy and
low cost procedure. Silver films were screen printed onto PTFE (50 μm
thick) and Nylon (17 μm) films and dried for 20 min at 120°C in a heating
chamber. The rotating and fixed part of the generators were 3D printed
in black polylactic acid (PLA). The PTFE/Ag and Nylon 6,6/Ag films were
attached to the PLA parts, with dimensions of 2.65 × 3.75 cm2. Each gen-
erator was then assembled onto a track of variable length. A servo motor
controlled by Arduino exerts the rotation of the metallic frame where the
track is fixed. All electrical quantities were acquired with a Keithley 6514
Electrometer. The TENG was connected to an electronic switching board,
that programatically changes between series or parallel configuration to
acquire current and voltage, respectively. Different resistances were pro-
vided by another switchable circuit board, from 100 Ω to 470 MΩ. Individ-
ual resistances in the range of 1 to 10 MΩ were used to evaluate the vari-
ation of the optimum resistance with velocity. Finally, the acquisition and
motion were synchronized and integrated in one main Labview user inter-
face, allowing the system to collect hours of data autonomously. To study
the dependence of the output on period and pitch, the electrical power was
obtained from voltage and current measurements averaged over 40 cycles,
with peaks representatively selected from a standard normal distribution.
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