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W
ith an increasing consumption of
fossil fuels, humans will be threa-
tened with serious energy crises.

Searching for a new energy source from our
ambient environment is of great practical
value for the sustainable development of
our society.1 Because of the abundant water
resources on the earth, oceanwaves are one
of the most promising renewable energy
sources for large-scope applications. The
wave energy exhibits superior advantages
over other energy sources; for instance, it
has amuch less dependence on season, day
or night, weather, and temperature condi-
tions.2,3 However, this type of water kinetic
energy has rarely been exploited due to the
lack of suitable energy scavenging technol-
ogies.4,5 Most demonstrated converters for
water waves rely on the electromagnetic
generators that face huge challenges such
as low turbine efficiency at ocean wave
frequency and motion modes, seawater

erosion of facilities, heavy weight, and the
high cost of equipment maintenance and
replacement.6�8 Therefore, a small-sized,
lightweight, cost-effective, and all-in-one
approach for converting water wave energy
into electricity is greatly desirable as a key to
solve the above problems.
Recently, triboelectric nanogenerator

(TENG) has emerged as a powerful tech-
nology for harvesting mechanical energy
based on the coupling of triboelectrifica-
tion and electrostatic induction, with unique
merits of high power density, high efficiency,
low weight and fabrication cost.9�14 This
technology has been applied to harvest
energy from a variety of sources, such as
human walking,15 mechanical vibration,16

rotation,17 wind,18 water waves,19�21 and
so on. Considering that the TENGs have
obvious advantages over electromagnetic
generators in harvesting energy from low-
frequencymovement, the TENG technology
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ABSTRACT Ocean waves are one of the most abundant energy

sources on earth, but harvesting such energy is rather challenging due to

various limitations of current technologies. Recently, networks formed

by triboelectric nanogenerator (TENG) have been proposed as a promis-

ing technology for harvesting water wave energy. In this work, a basic

unit for the TENG network was studied and optimized, which has a box

structure composed of walls made of TENG composed of a wavy-

structured Cu-Kapton-Cu film and two FEP thin films, with a metal ball

enclosed inside. By combination of the theoretical calculations and

experimental studies, the output performances of the TENG unit were

investigated for various structural parameters, such as the size, mass, or

number of the metal balls. From the viewpoint of theory, the output characteristics of TENG during its collision with the ball were numerically calculated by

the finite element method and interpolation method, and there exists an optimum ball size or mass to reach maximized output power and electric energy.

Moreover, the theoretical results were well verified by the experimental tests. The present work could provide guidance for structural optimization of wavy-

structured TENGs for effectively harvesting water wave energy toward the dream of large-scale blue energy.
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could provide a new strategy for wave energy conver-
sion and be of huge potential toward large-scale blue
energy harvesting from the ocean. In our previous
work, we reported a network design made of con-
nected TENGs for large-scale harvesting of kinetic
water energy.22 The TENG networks that naturally float
on thewater surface can convert the slow, random, and
high-force oscillatory wave energy into electricity.
Nevertheless, the applications of TENG in wave energy
utilization are still in the conceive stage, and more
explorations are highly desired to optimize the struc-
ture and performance of TENG toward practical appli-
cations in blue energy.
In the present work, we designed a TENG with a

wavy-structured conductor-dielectric-conductor film
sandwiched between two flat dielectric films for har-
vesting water wave energy. Four such TENG units were

anchored as standingwalls of a box, insidewhich a free
rolling ball was placed to collide with the walls once
subjected to water wave disturbance. First, a theoret-
ical model of the wavy-structured TENG was con-
structed, and its output characteristic when imposed
a periodic triggering at a low frequency was investi-
gated to simulate the impact of water waves. Then, the
output performances of TENGduring its collisionwith a
metal ball in typical collision modes were numerically
calculated by the finite element method (FEM) and
interpolation method. The influences of structural
parameters, such as the size, mass, or number of metal
ball, were mainly addressed, providing a theoretical
prediction for performance improvement of TENG
in wave energy harvesting. Finally, to verify the theo-
retical results, real water wave tests were carried
out using as-fabricated TENG devices, and the ball

Figure 1. (a) FEM model of wavy-structured TENG. (b) Electric potential distribution under OC condition for different
separation distance x. (c) QSC and VOC as functions of x. (d�f) Charge-time, current�time and voltage�time relationships at
different load resistances when imposed a periodic triggering with a frequency of 2 Hz. (g) Maximum output power and
generated electric energy with load resistance.
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size dependent output behavior was demonstrated.
Combining the theoretical calculations and experi-
mental studies, the strategies for structural optimiza-
tion of TENGs in harvesting water wave energy were
provided.

RESULTS AND DISCUSSION

The FEM model for a wavy-structured TENG was
established with dimensions close to those of the
real device, as shown in Figure 1a. Considering that
the width w of whole structure (10 cm) is much larger
than the thickness of the film (0.1mm), a 2Dmodel was
utilized to simplify the calculation. Between two flat
dielectric layers (Dielectric 1, εr1 = 2, length l = 10 cm)
bonded with metal electrodes (Metal 1), a wavy struc-
ture is sandwiched in which both sides of the middle
dielectric layer (Dielectric 2, εr2 = 2) are coated by
Metal 2. The thicknesses of all dielectric and metal
layers are 0.1 mm and 0.01 mm, respectively. The
separation distance (x) is defined as the gap between
two flat dielectric surfaces subtracted by the wavy core
thickness. The charge densities at two tribo-surfaces
of Dielectric 1 were assigned as �σ (100 μC m�2), and
twowavy layers of Metal 2 have the positive charges of
amount 2σlw in total for charge conservation.
The FEM calculations under the short-circuit (SC)

and open-circuit (OC) conditions were carried out by
the COMSOL software. Twowavy layers of Metal 2 have
the same potential as well as two flat layers of Metal 1
to reflect the electric connection. The detailed method
can be found in our previous work.23 The typical
electric potential distributions for various separation
distances x under OC condition are shown in Figure 1b.
As x increases from 0 to maximum value (xm = 6 mm),
the potential difference between Metal 2 and Metal 1
gradually increases up to ∼6 kV, and the open-circuit
voltage VOC increases (Figure 1c). Because such wavy-
structured TENG can be self-restorable after impact
and convert vertical compressing into lateral sliding,21

the wavy core is extended in the vertical direction and
retracted in the horizontal direction when x increases.
In the calculations, we kept the wavy core having a
fixed length. The short-circuit charge QSC was found to
increase rapidly first with increasing x and then reach
a saturation. The change in capacitance (C = QSC/VOC)
leads to a change in the field potential driving the
electron flow in the external circuit, which is the
general working mechanism of this TENG.
A previous work demonstrated that the wavy struc-

ture of the TENG can be easily packaged for harvesting

the impact energy fromwater waves.21 To simulate the
impact ofwaterwaves,we imposedaperiodic triggering
at a low frequency on this TENGand further investigated
its output characteristics. Similar to the literatures,24�26

we established the V�Q�x relationship for the wavy-
structured TENG given by

V ¼ � 1
C(x)

� Qþ VOC(x) (1)

where 1/C(x) and VOC(x) are obtained by the continuous
fraction interpolation based on FEM results. The resistive
load characteristics can be calculated by combining
the semianalytical V�Q�x relationship and Ohm's law
through the following equation:

R
dQ
dt

¼ V ¼� 1
C(x)

� Qþ VOC(x) (2)

The differential equation can be solved by specifying
the motion process (specified x(t) profile) and the
boundary condition. We adopted a harmonic motion
mode to reflect a periodic triggering, and the x�t

relationship is mathematically given by27

x(t) ¼ xm
2
(1� cos ωt) (3)

where xm = 6 mm and angular frequency ω = 4π
(f = 2 Hz). By applying the periodic boundary
condition26

Q(t ¼ 0) ¼ Q t ¼ 2π
ω

� �
(4)

the steady-state output of wavy-structured TENG for
arbitrary load resistance can be calculated. The equa-
tions for transferred charge Q are obtained as follows:

Q ¼ exp �
Z t

0

dt
RC(x(t))

 !

� Q0 þ
Z t

0

VOC(x(t))
R

exp
Z t

0

dz
RC(x(z))

 !
dt

2
4

3
5, 0ete

π

ω

(5a)

Q ¼ exp �
Z t

π=ω

dt
RC(x(t))

 !

� Q
π

ω

� �
þ
Z t

π=ω

VOC(x(t))
R

exp
Z t

π=ω

dz
RC(x(z))

 !
dt

2
4

3
5,

π

ω
ete

2π
ω

(5b)

where Q0 is given by

Q0 ¼
exp �2

R

Z π=ω

0

dt
C(x(t))

 !
�
Z π=ω

0

VOC(x(t))
R

exp
Z t

0

dz
RC(x(z))

 !
dtþ

Z π=ω

0

VOC(x(t))
R

exp �
Z t

0

dz
RC(x(t))

 !
dt

1� exp � 2
R

Z π=ω

0

dt
C(x(t))

 !
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Through the differentiation ofQ by t, we can obtain the
equations of current I for arbitrary load resistance

I ¼ VOC(x(t))
R

�
exp �

Z t

0

dt
RC(x(t))

 !

RC(x(t))

� Q0 þ
Z t

0

VOC(x(t))
R

exp
Z t

0

dz
RC(x(z))

 !
dt

2
4

3
5,

0ete
π

ω
(6a)

I ¼ VOC(x(t))
R

�
exp �

Z t

π=ω

dt
RC(x(t))

 !

RC(x(t))

� Q
π

ω

� �
þ
Z t

π=ω

VOC(x(t))
R

exp
Z t

π=ω

dz
RC(x(z))

 !
dt

2
4

3
5,

π

ω
ete

2π
ω

(6b)

and then the voltage V can be calculated by the
Ohm's law.
Figure 1d�f presents the real-time output charge,

current, and voltage of the wavy-structured TENG
when imposed the periodic triggering of 2 Hz. Periodic
waves with a period of 2π/ω (0.5 s) are obtained for
all Q�t, I�t, and V�t curves. The current and voltage
are both AC signals, and their time integrations in one
cycle are zero. At SC condition and small R, the transfer
charge increases rapidly to its saturation and drops
at the end of one cycle, leading to two sharp peaks for
the current. With increasing R, the oscillation magni-
tude of Q curve decreases gradually until 0 due to the
increasing limitation of charge transport. The peak of
current decreases, while the peak of voltage increases,
indicating a three-working-region behavior. In the
middle range of R, the peak transit power is reached
and the maximum energy from a single cycle can be
reached as well (Figure 1g), with the two correspond-
ing optimum resistances approaching one another.
The numerical results demonstrate that the wavy-
structured TENG can work well to harvest energy from
periodic triggering including a water wave impact.
In this work, we harvested the water wave energies

mainly by means of the collision between a metal ball
and TENG walls, thus it is necessary to understand the
electric output behavior of TENG during the collision.
At the initial state, the wavy-structured TENG has
the maximum separation distance (xm = 6 mm). This
state under SC condition was chosen as the charge
reference state, and the QSC was calculated as the
total transferred charges under SC (Qnet,SC) subtracted
by the charge at such reference state, similar to the

reported work.23 The VOC was recalculated by VOC =
QSC/C. We defined the compression deformation
depth as x1 for avoiding confusion with the separation
distance x. On the basis of the governing equation
of TENG (eq 2), as long as the x1(t) is specified, the
output characteristics can be numerically calculated by
interpolation and solving of differential equation.25,26

We assumed that the wavy-structured film can be
considered as an ideal harmonic spring. It is known
that the film can be easily compressed first, and the
compression becomes more difficult when a certain
deformation depth is achieved. This is similar to the
compression limit of a spring, after which a further
compression can destroy the spring. But our polymer
film coated bymetal electrodes canbe still compressed
until a complete contact, and the wavy structure
can be fully recovered after the collision. Therefore,
we set a smaller spring constant k1 = 2 N/mm before
a critical compression depth x1c (chosen as 4.5 mm
in the calculations) and a larger spring constant
k2 = 50 N/mm after the x1c. According to the force
analysis and motion equation, we can calculate the
x1(t) equation at different time ranges, and then the
electric properties.
A horizontal collision mode was first designed, as

shown in Figure 2a. The metal ball is rolling at the
center of a box to collide with the TENG walls on both
sides. The cubic structure with a length of L = 10 cm is
fixed and anchored at the horizontal plane. When
given a constant impulse (triggering), the metal ball
can possess a constant momentum. The increase
of ball size (diameter d) can bring the increase of
ball mass (m = Fπd3/6, F = 7.9 g/cm3) and decrease
of initial velocity v0 of the ball. The surface of rolling
orbit for the ball is assumed to be smooth without
friction. When the ball collides with the acrylic plate
(mass m0 = F0V0 = 12 g, F0 = 1.2 g/cm3) on the TENG
surface, the momentum is conserved but there is
energy loss due to the internal energy change. The
collision can be considered as a completely inelastic
collision, and the ball and the acrylic have the same
velocity of v1 =mv0/(mþm0) after the collision. During
one collision, the metal ball first compresses the TENG
to the maximum depth x1m, and then the ball is
rebounded until it is separated from the acrylic surface.
When the TENG is recovered to initial undeformed
balance position (x1 = 0), further extension is forbidden
due to the restriction of an adhesive tape in real device.
On the basis of Newton's second law and Hooke's law,
the x1(t) equations were derived for two cases of
x1me x1c (maximum compression within the transition
point of spring constant) and x1m> x1c (maximumcom-
pression beyond the transition point). For x1me x1c, the
x1(t) is given by

x1(t) ¼ v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
t (7)
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For x1m > x1c, the x1(t) is given by

x1(t) ¼ v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
t, 0etetc (8a)

x1(t) ¼ vc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k2

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

mþm0

s
(t � tc)

þ k1x1c
k2

cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

mþm0

s
(t � tc)

� k1x1c
k2

þ x1c, tcete2tm � tc (8b)

x1(t) ¼� vc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
(t � 2tm þ tc)

þ x1c cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
(t� 2tm þ tc), 2tm � tcete2tm

(8c)

where the velocity vc at the x1c is given by
vc = (v1

2 � (k1/(m þ m0))x1c
2)1/2, and the time tc and

tm when compressed to the x1c and x1m are given by

tc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
arcsin

x1c
v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
,

tm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k2

r
arctan

vc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(mþm0)k2

p
k1x1c

þ tc

For a detailed derivation, see Supporting Information,
Section 1.
After specifying the x1(t) equations, we can obtain

the dynamic output characteristic equations for
the wavy-structured TENG during its collision with the
metal ball. We take the case of x1m e x1c for example.
By applying a boundary condition of Q (t = 0) = 0,

the Q�t, I�t, V�t relationship equations are presented
as follows:

Q ¼ 1
R
exp �

Z t

0

dt
RC(x1(t))

 !Z t

0
VOC(x1(t))exp

Z t

0

dz
RC(x1(z))

 !
dt

(9)

I ¼ VOC(x1(t))
R

� 1
R2C(x1(t))

exp �
Z t

0

dt
RC(x1(t))

 !

�
Z t

0
VOC(x1(t))exp

Z t

0

dz
RC(x1(z))

 !
dt (10)

V ¼ VOC(x1(t)) � 1
RC(x1(t))

exp �
Z t

0

dt
RC(x1(t))

 !

�
Z t

0
VOC(x1(t))exp

Z t

0

dz
RC(x1(z))

 !
dt (11)

For the case of x1m > x1c, theQ, I, V should be calculated
successively for the three time ranges. The charge Q

at the end of last time range is the initial boundary
condition for next time range. After the collision
(t > 2tm), the wavy structure is fully recovered to its
initial state, and the Q, I, V start to decay exponentially.
The formula derivations and details can be found in
Section 2 of Supporting Information.
Figure 2b,c shows the real-time QSC, ISC, and VOC for

various ball diameters d in one horizontal collision
when given a constant momentum mv0 = 0.0355 N 3 s
(v0 = 0.2 m/s for d = 3.5 cm). As can be seen, the QSC

and VOC curves both have the parabolic shape with
symmetry about the maximum compression depth.
When the ball size increases, the maximum values
of QSC and VOC both decrease, but the lasting time of
collision becomes longer due to the lower ball velocity.

Figure 2. (a) Schematic representation of the horizontal collision between themetal ball and TENG in the device. (b,c)QSC, ISC,
and VOC as functions of time for various ball diameters dwhen given a constantmomentum. (d) Maximumoutput power with
respect to resistance for various d. (e) Effect of ball diameter on the maximum power and electric energy at a constant
momentum. (f) Power and electric energy for various v0 at a fixed d (3.5 cm).
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From the inset of Figure 2b, we can also view the
decrease of ISC with increasing d. Then we calculated the
dynamic output characteristics of TENG during one
collision, i.e., the Q�t, I�t, V�t relationship for various
R. The current and voltage peak values clearly indicate
the three-working-region behavior, and the optimum
resistance for the maximum transit power is observed
(Figure S1). The dependences of maximum power and
generated electric energy on the ball size during one
collision were also examined. The power with respect to
R for various d are shown in Figure 2d, revealing that the
TENG can transit higher power at a relatively lower
matched resistance for smaller d. As well as the power
peak value, the electric energy decreases gradually with
the increase of ball diameter (Figure 2e). Note that the
above results can only represent the collision-induced
output behavior of TENGwhen themetal ball undergoes
a constant impulse. In addition, for a fixed ball size (e.g., d
=3.5 cm), theeffect of initial ball velocity v0 on thepower
and energy was studied. The power and energy were
found to increase with increasing v0, as shown in
Figure 2f. That is because a larger v0 can lead to a faster
compression and a larger deformation depth.
Besides the horizontal collision, the vertical collision

was also discussed, whose sketch is shown in Figure 3a.
The metal ball with a zero initial velocity starts to drop
under the gravity force and collide with the center posi-
tion of the TENG. The drag force of air is neglected. When
changing theball size,we keep the topofmetal ball at the
sameheighth above the acrylic surface. This is to consider
the restricted moving space for the metal ball in a real
device. The ball velocity when it gets the acrylic surface is
defined as v0, and the velocity after its collision with the
acrylic is definedas v1. Since there is only thegravity force,
the collision is still regarded as a completely inelastic colli-
sion, and theball andacrylic have the samevelocity v1. For
this collision mode taking the gravity force into account,
the x1(t) equations were also derived for x1m e x1c and
x1m > x1c. For x1m e x1c, the x1(t) equation is given by

x1(t) ¼ v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
t

� (mþm0)g
k1

cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
tþ (mþm0)g

k1
(12)

For the case of x1m > x1c, when 0 e t e tc, the x1(t)
equation is the same as eq 12.When tce te 2tm� tc and
2tm� tce te2tm, the x1(t) equation isobtainedas follows
(for details, see Section 1, Supporting Information):

x1(t) ¼ vc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k2

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

mþm0

s
(t � tc)

� (mþm0)g � k1x1c
k2

cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

mþm0

s
(t � tc)

þ (mþm0)g � k1x1c
k2

þ x1c, tcete2tm � tc (13a)

x1(t) ¼ � vc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
(t � 2tm þ tc)

þ k1x1c � (mþm0)g
k1

cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1

mþm0

s
(t � 2tm þ tc)

þ (mþm0)g
k1

, 2tm � tcete2tm (13b)

where vc, tc, tm are given by

tc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k1

r
arcsin

k1x1c � (mþm0)gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(mþm0)

2g2 þ (mþm0)k1v12
p

"

þ arcsin
(mþm0)gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(mþm0)
2g2 þ (mþm0)k1v12

p
#

vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v12 þ 2gx1c � k1

mþm0
x1c2

s
,

tm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþm0

k2

r
arctan

vc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(mþm0)k2

p
k1x1c � (mþm0)g

þ tc

After specifying the x1(t) equations, the dynamic output
characteristics were calculated by using the above
method (eqs 9�11, Section 2, Supporting Information)
The QSC, ISC, and VOC in one vertical collision when

given a constant height h = 6 cm were calculated for
various ball diameters d, as shown in Figure 3b,c. The
QSC has a peak shape and ISC has two sharp peaks. With
increasing d, the maximum QSC and VOC first increases
and then decreases. And themaximumvalue of ISC also
has the same tendency. Figure 3d shows themaximum
power with respect to the resistance for various d,
which are obtained from the dynamic output curves
(Figure S2, an example of d = 3.5 cm). It can be seen
that the peak value of power has a first rise and a
subsequent drop. The dependency of generated elec-
tric energy on the ball size is similar (Figure 3e). That
is to say there exists an optimum ball size to reach
the maximum power and energy. For a smaller ball,
although it can get a larger initial velocity before its
collisionwith TENG, due to longermoving distance, the
larger deceleration ascribed to the smaller mass leads
to a slower compression and a smaller deformation
depth. The ball mass dominates the output power and
electric energy. As the ball becomes larger, the decel-
eration decreases, and the output increases. However,
for a ball that is large enough, further increasing its
size will induce a much smaller initial velocity because
of the restricted moving space, and the output perfor-
mance declines. The existence of optimum ball size to
realize the maximum output is resulting from the com-
petition between the ball mass and allowable moving
space. In addition, for a fixed ball size (e.g., d = 3.0 cm),
the power and energy both increase with the increase
of height h (Figure 3f), which is attributed to the
increase of allowable moving space.
Triggered by thewaterwavemotion, the devicewith

anchored TENG walls and a metal ball will be raised at
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one end, and the sloping of device can induce the
occurrence of collision.22 To mimic the action of water
waves, we designed the sloping collision mode as
shown in Figure 4a. The sloping angle is defined as θ.
The device is anchored on the ramp surface, and the
ball is rolling from the acrylic surface of one TENG
(zero initial velocity) to collide with the center of
another TENG at an allowable moving length of L0 =
6 cm. As well as above, the ball has the velocity v0 and
v1 before its collision with the acrylic and after the
collision. The component of gravity force of ball per-
pendicular to the ramp is offset by the normal force
of the ramp, and the component along the ramp
will act on the acrylic and wave-structured core.
In this collision mode, the equations of v(t) and x1(t)
can be obtained by simply substituting gsinθ for g

in the vertical collision, and then the dynamic output
characteristics can be calculated (Sections 1, 2 in
Supporting Information).
The influences of ball size on the maximum output

power and generated electric energy were examined
for θ= 30�. The results are presented in Figure 4b,c. The
curves of power versus R for various d indicate that the
increase of d can result in an increase of power peak
value first, and then a decrease. Similar to Figure 3d,
the power is first dominated by the mass of ball and
then by the allowable moving space. The peak value
of power can reach the maximum value at d = 3.5 cm
under the currently adopted conditions. The optimum
ball size (d = 5 cm) is also observed for the electric
energy under the competition between ball mass
and allowable moving space. Then we also calculated
the sloping angle dependent output behavior for
d = 3.5 cm (Figure 4d). It can be found that the power
and energy both increase with increasing the sloping

angle, implying that the larger wave height, the higher
output. In addition, the number of metal balls may also
have an impact on the output performance of TENG.
But in a real device, the randomicity of moving orbit of
metal balls or their mutual collision will bring the great
complexity of output behavior. If the metal balls are
restricted to move synchronously in a specific orbit
with theirmutual collision or separation prevented, the
TENG impacted by the ball group can exhibit a stable
output behavior. On the basis of this assumption, the
relationships of peak power, electric energy and num-
ber N of metal balls were theoretically calculated for
L0 = 15 cm, d = 3.0 cm, and θ = 15� by regarding the
balls as a group. Figure 4e shows the maximum power
as a function of resistance for various N, and Figure 4f
shows the power peak value and electric energy
with respect to N. The power has the maximum value
for two balls, and electric energy has the maximum
for three balls. There exists an optimum ball number,
but this conclusion is only correct based on the
assumption.
In the calculations, a solid ball made of stainless

steel was considered, for which the increase of mass is
induced by the increase of size. If the ball is hollowwith
variable void ratios or it is made of different materials,
the ball mass is variable for a fixed ball size. We
calculated the maximum output power and generated
electric energy of TENG for different ball masses at a
fixed ball diameter (d = 3.0 cm) in the vertical collision
and sloping collision modes. The results indicate that
the power and energy increase with increasing the
mass (Figure S3), which is due to the faster compres-
sion and the larger deformation depth for a largermass
at a constant allowable moving space. When the ball
mass is large enough, the compression can last until

Figure 3. (a) Schematic representation of the vertical collision between the metal ball and TENG in the device. (b,c) QSC, ISC,
and VOC as functions of time for various ball diameters dwhen given a constant height h = 6 cm. (d) Maximum output power
with respect to the resistance for variousd. (e) Effect of ball diameter on themaximumpower and electric energy at a constanth.
(f) Power and electric energy for various h at a fixed d (3.0 cm).
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the complete contact, ensuring a high output perfor-
mance of the TENG, but a too heavy ball is inadvisable.
In addition, the thickness of the intermediate wavy
dielectric film can have an influence on the TENG's
output during the collision process. The wavy core is
regarded as a harmonic spring, and its thickness affects
the elastic force. As the thickness of the wavy dielectric
film increases, the elastic force increases, and the film
becomes more difficult to be compressed, thus the
spring constant increases. This will lead to a slower
compression and a smaller deformation depth, there-
by a lower electric output. For two extreme cases, a too
thick film largely increases the compression difficulty,
and a too thin film cannot support the TENG to recover
to its initial state. Therefore, a moderate film thickness
is desirable for the TENG to generate a stable high
output. The effect of the wavy film thickness will be
examined carefully in our future study.
The above calculation results provide a theoretical

prediction for the performance improvement of TENG
in wave energy harvesting. To verify the theoretical
results, we carried out the corresponding experi-
ments including vertical collision and real water wave
tests. The wavy-structured TENGs composed of a wavy

Cu-Kapton-Cu film sandwiched between two fluori-
nated ethylene propylene (FEP) thin films coated
by Cu were fabricated (Figure S4a). The detailed fabri-
cation method can be found in the Methods section.
To increase the surface charge of FEP and improve the
TENG performance, electrons were first injected to
the top surface of FEP film with Cu on its backside
using the method in the literatures.28,29 The wavy-
structured TENG has been proved to be extremely
stable and robust, and it is promising for water wave
energy harvesting.
First, similar to Figure 3, we designed the vertical

collision experiments (sketch is shown in Figure S4b), in
which we also kept the top of metal ball at the same
height (5.5 cm above the acrylic surface) to consider
the restricted moving space. We measured the open-
circuit voltage and short-circuit current of TENG during
the collision between the ball and TENG for various
ball sizes, as presented in Figure 5a,b. It can be found
that as the metal ball becomes larger, the voltage and
current first both increase, then reach saturations, and
finally decrease. Note that the AC signal of current is
because thewavy-structured core is self-restorable, while
the AC signal of voltage results from the measurement

Figure 4. (a) Schematic representation of the sloping collision between the metal ball and TENG in the device. (b) Maximum
output powerwith respect to resistance for various d at amoving length L0 = 6 cm, and a sloping angle θ= 30�. (c) Effect of ball
size on the maximum power and electric energy at constant L0 and θ. (d) Power and electric energy for various θ at fixed d
(3.5 cm) and L0 (6 cm). (e) Maximum output power with respect to resistance for various ball numbers N at L0 = 15 cm, d =
3.0 cm, and θ = 15�. (f) Effect of ball number on the maximum power and electric energy.
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principle of digital oscilloscope. Figure 5c clearly shows
that there exists an optimum ball size for the voltage
and current to get the maximum average peak values.
The result is in good agreement with the theoretical
predictions as shown in Figure 3. Under the adopted
conditions, the optimum ball diameter is 3.5 cm. For
this optimum size, the TENG can transit an instanta-
neous power of 1.94 mW at the matched resistance of
20 MΩ (Figure 5d).
To further demonstrate the influence of ball size on

the electric output for effective wave energy harvest-
ing, four basic wavy-structured TENG units, standing

anchored walls, allow a metal ball to form the single
unit of TENG network, as the photograph shows in
Figure 6a. The fabrication details are described in the
experimental section. A photo of sealed device floating
on water in a pool connected with scores of LEDs
is shown in Figure 6b. Triggered by the water wave
motion, these LEDs can be lightened up (see the inset).
A video named as Video S1 was also captured to
demonstrate the capacity of the device to harvest
water wave energy. It is known that under the action
of water waves, the device sloping induced collision
drives the generation of electricity. According to Small

Figure 5. (a) Open-circuit voltage, (b) short-circuit current for various ball sizes in the vertical collision experiments.
(c) Relationship between average voltage peak and current peak values and ball size. (d) Average peak current and power
with respect to the resistance for the optimum ball diameter (d = 3.5 cm).

Figure 6. (a) Photograph of an as-fabricated TENG device for harvesting water wave energy. (b) Photograph of the device
floating onwater and optical images of 70 LEDs driven by thewaterwave. (c) Open-circuit voltage, (d) short-circuit current for
variousball sizes in thewaterwave tests. (e) Relationshipbetweenaverage voltagepeak and current peak values andball size.
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Amplitude Wave Theory,30 a floating object or a water
mass point experiences an elliptical trajectory under
shallow water and a circular trajectory under deep
water in a single-frequency cosine wave (Figure S5).
The bobbing up and down of the device results in
the collision betweenmetal ball and TENGs. In fact, the
real water waves in ocean are the group of waves with
different frequencies, heights, and wavelengths; there-
fore, themotion of the device in oceanmaybe random.
As long as the collision can occur, the device can
work well. However, for better water wave conversion,
an effective wave management to get regular waves is
necessary in the future research.
In the following experiments, we adopted a single

and constant wave condition to study the effect of
the ball size on the electric properties. Similar to our
previous work,22 the seesawing motion of the tank
with water inside at fixed amplitude and frequency
will generate the water wave for experimental mea-
surement. The open-circuit voltage and short-circuit
current for various ball sizes were displayed in
Figure 6c,d. Enlarged views of output for d = 3.5 cm
in Supporting Figure S6 shows the bimodal character
of current signal due to the restorability of wavy core.
When the diameter of the metal ball tested increases
from 1.5 to 4.5 cm, the voltage and current for balls
with 1.5, 2.0, 2.5, 3.0, and 3.5 cm diameter increase
dramatically with the increase of d, but voltage and
current for 4.0 and 4.5 cm balls show a saturation
tendency. The tendencies of average voltage and
current peak values with respect to the ball diameter
can be seen in Figure 6e. There exists an optimum
ball diameter providing the maximized output, similar
to above theoretical result. If the ball diameter can be
increased further, the output will be decreased due
to the competition between ball mass and allowable
moving space according to above theoretical analysis.

But we should note that if the metal ball becomes
further larger, the acrylic box is easy to tilt seriously
on the water surface, and the ball is very difficult
to move due to the great sinking induced by the heavy
ball. Otherwise, this work provides an approach of
structural optimization for the TENGs toward water
wave energy harvesting. After the TENGs with the
optimized performance are integrated into the TENG
network, the output performance of this network will
be improved evidently. The TENG technology will play
a more important role in current development of blue
energy harvesting.

CONCLUSION

In summary, we have studied and optimized a basic
unit of TENG network for harvesting water wave
energy, which has a box structure composed of walls
made of a wavy-structured Cu-Kapton-Cu film and two
FEP thin films, with a metal ball enclosed inside. The
theoretical model of the wavy-structured TENG was
established, and its output characteristics when im-
posed a periodic triggering at a low frequency and a
collision with the metal ball in typical collision modes
were theoretically calculated. The results indicate
that there exists an optimumball size, mass, or number
to reach maximized output power and electric energy.
That provides a theoretical prediction for perfor-
mance improvement of TENG in water wave energy
harvesting. Then real water wave experiments were
carried out using as-fabricated TENG devices to dem-
onstrate the influence of ball size on the output
performance, and a good agreement with the theo-
retical results was obtained. On the basis of the
theoretical and experimental studies, this work could
provide useful guidance for structural optimization
of wavy-structured TENGs for effectively harvesting
water wave energy.

METHODS

Fabrication of the Wave-Structured TENGs. First, a 125 μm thick
Kapton film was periodically bent into a wavy shape by using
a set of glass rods with diameter of 6 mm. The set was sent into
a furnace and baked at 360 �C for 2 h. Because the Kapton film
is thermoplastic, it can remain in the wavy shape stably below
its glass transition temperature.21 Then 200 nm thick copper
was sputtered on both sides of the wavy Kapton film as
electrodes. Second, two 20 μm thick FEP films (the type of
FEP140 with Mw ≈ 432 000, purchased from DuPont Company)
cleaned by the alcohol, acetone and deionized water in se-
quence, were deposited with a layer of copper on one side as
the electrode. The copper sides of two FEP-Cu films were tightly
attached to two acrylic substrates (with a size of 10 cm� 10 cm
for vertical collision tests, while 8 cm � 8 cm for water wave
tests). By placing a needle above the FEP surface of FEP-Cu
film with a height of 5 mm, connecting the needle to the
cathode, and connecting the Cu electrode to the anode and
ground, electrons were injected to the top surface of FEP film.
A polarization voltage of 5 kV was applied for 5 min. Third,
by sandwiching the wavy Cu-Kapton-Cu film using two acrylic
substrateswith FEP films facing inside and bonding the structures

together with adhesive tape, the wavy-structured TENG device
was finally obtained.

For the water wave harvesting, four wavy-structured
TENG units were vertically anchored onto the internal surface
of acrylic plates in the center position of an acrylic box. The
four TENGs were connected to a rectifier bridge and then
connected in parallel. A steel ball was placed in the center
of the device, and then the waterproofing was processed.
When studying the effect of ball size, we placed a ball with the
diameter of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, or 4.5 cm into the box
center, respectively, and sealed the acrylic devices. Each
device is the single unit of the TENG network for wave energy
harvesting.

Electrical Measurement of the TENGs. The output voltage and
current signals of the devices were measured by a digital
oscilloscope (Agilent InfiniiVision 2000X) and a current pream-
plifier (Keithley 6514 System Electrometer).
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Determination of x1�t relationship and dynamic output
characteristics of TENG during the collision between TENG
and a metal ball, and experimental vertical collision and
water wave tests. (Figure S1) Dynamic output performance
at different load resistances during the horizontal collision;
(Figure S2) dynamic output performance during the vertical
collision; (Figure S3) effect of ball mass on the output
performance for a fixed ball size; (Figure S4) sketch of
wavy-structured TENG and the vertical collision experiment;
(Figure S5) schematical diagram of moving trajectory of
TENG device under the action of a single-frequency cosine
wave; (Figure S6) enlarged view of the open-circuit voltage
and short-circuit current in the water wave test. (PDF)
Movie S1. (AVI)
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