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ABSTRACT: Ocean waves are one of the most promising renewable energy
sources for large-scope applications due to the abundant water resources on the
earth. Triboelectric nanogenerator (TENG) technology could provide a new
strategy for water wave energy harvesting. In this work, we investigated the
charging characteristics of utilizing a wavy-structured TENG to charge a
capacitor under direct water wave impact and under enclosed ball collision, by
combination of theoretical calculations and experimental studies. The analytical
equations of the charging characteristics were theoretically derived for the two
cases, and they were calculated for various load capacitances, cycle numbers, and
structural parameters such as compression deformation depth and ball size or
mass. Under the direct water wave impact, the stored energy and maximum
energy storage efficiency were found to be controlled by deformation depth,
while the stored energy and maximum efficiency can be optimized by the ball
size under the enclosed ball collision. Finally, the theoretical results were well verified by the experimental tests. The present
work could provide strategies for improving the charging performance of TENGs toward effective water wave energy harvesting
and storage.

KEYWORDS: triboelectric nanogenerator, water wave energy, charging characteristic, charging system optimization,
energy storage efficiency, blue energy harvesting

1. INTRODUCTION

With the growing threat of energy crisis and environmental
deterioration, seeking new energy sources as substitutes for the
traditional ones, such as ocean wave, wind, and solar energies, is
of great importance in human production and living.1−3 Among
all of the new energy sources, ocean wave energy is superior
because it is easily available, sustainable, and independent of
season, climate, and weather conditions.4,5 Previous converters
for water wave motions were mainly based on electromagnetic
generators by use of magnets, metal coils, absorber, and turbine,
which are heavy, bulky, and inefficient at ocean wave
frequency.6−8 Therefore, it is greatly desirable to search for a
lightweight, small-sized, cost-effective, and facile technology to
convert water wave energy into electricity.
Recently, triboelectric nanogenerator (TENG) based on

contact electrification and electrostatic induction has been
invented as a promising technology for harvesting mechanical
energy, which exhibits the advantages of high output power,
high energy conversion efficiency, low weight, and fabrication
cost.9−13 It has been proved to have the ability to harvest water
wave energy and be of huge potential toward large-scale blue
energy harvesting from the ocean.14−23 In our previous works, a
TENG network design was proposed,14,15 and a basic unit of
the network was structurally optimized to reach the highest
output performance.16 From the theoretical and experimental

results, it could be found that there exists an optimum ball size
or mass to reach maximized output power and electric energy
in a box-like device composed of wavy-structured TENG walls
and an enclosed ball. Because of the uncontrollable and
unstable nature of environmental water waves, the converted
electrical energy from TENGs is unstable and cannot be
directly used to power electronic devices. Therefore, an energy
storage unit such as capacitor or battery is required to store the
harvested energy and provide a regulated and manageable
output.24,25 However, until now the integration behavior of
TENG with an energy storage unit is still unclear. In addition,
the influence of structural parameters on charging character-
istics of TENG and the issue about how to optimize its
charging performance remain to be studied, which is critical for
efficient water wave energy harvesting and storage.
In the present work, we discussed the characteristics of

utilizing a wavy-structured TENG to charge a capacitor in two
cases, that is, under the direct water wave impact and enclosed
ball collision. On the basis of the theoretical model of wavy-
structured TENG, the charging characteristics of TENG when
imposed as a periodic triggering at a low frequency were
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calculated to simulate the direct water wave impact. The
influences of load capacitance, charging cycle number, and
deformation depth were systematically analyzed in the
multicycle charging process. The charging performance of
TENG during the enclosed ball collision induced by water
waves (in designed sloping collision mode) then was
investigated and optimized for various structural parameters,
such as the size, mass, or number of enclosed ball. Finally,
corresponding experiments were performed to further validate
the above theoretical predictions. The combination between
theoretical calculations and experimental studies provides the
strategies for improving the charging performance of TENGs
toward effective water wave energy harvesting and storage.

2. RESULTS AND DISCUSSION
2.1. Charging Characteristic of TENG under Direct

Water Wave Impact. The finite element model of a wavy-
structured TENG, in which a wavy conductor−dielectric−
conductor film was sandwiched between two flat dielectric
films, was first constructed as in our previous work.16 The basic
output properties of TENG were simulated by the finite
element method (FEM) adopting the same TENG parameters
and boundary conditions. Through the continuous fraction

interpolation of FEM results, the semianalytical governing
equation of TENG was obtained, and then the dynamic output
characteristics of TENG at arbitrary load resistance can be
numerically calculated by specifying the mechanical motion
mode.26−29 The wavy-structured TENG has been demon-
strated to be capable of harvesting the impact energy from
water waves.16,30 Herein, we imposed a periodic triggering at a
low frequency on this TENG to simulate the direct water wave
impact.
Figure 1a shows the equivalent circuit model of the wavy-

structured TENG connected with a resistor under direct water
wave impact. The TENG can be modeled as the serial
connection of an ideal voltage source (VOC) with a capacitor
(CT).

31 The resistive load performance of TENG under water
wave impact was calculated through the following equation:
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Figure 1. (a) Equivalent circuit model of the wavy-structured TENG connected with a resistor under direct water wave impact. (b) Average output
power with respect to the load resistance R for various deformation depths xmax. (c) Schematic circuit diagram of the TENG to charge a capacitor
through a full-bridge rectifier under direct water wave impact. (d) Voltage−time relationships at different load capacitances CL when xmax = 6 mm.
(e) Stored charge−time relationships at different CL when xmax = 6 mm. (f) Influence of load capacitance on the final stored energy, voltage, and
charge.
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where xmax varying from 1 to 6 mm is the compression
deformation depth, and angular frequency ω is fixed as 4π ( f =
2 Hz). The steady-state output charge, current, and voltage for
various resistances were obtained by applying a periodic
boundary condition (Figure S1). Note that in the calculations
the undeformed state at maximum separation was the initial
state, and this state under short-circuit condition was chosen as
the charge reference state. The maximum separation was set as
6 mm, so the maximum value of xmax is 6 mm. The average
output power Pout as a function of the resistance for various xmax
then was captured as shown in Figure 1b. The maximum
average power Pout,max can be transited at an optimum load
resistance for all xmax values, and the maximum power increases
with increasing xmax.
In this work, the charging characteristics of wavy-structured

TENG were mainly focused on, and the circuit diagram of the
TENG to charge a capacitor through a full-bridge rectifier
under direct water wave impact is schematically presented in
Figure 1c. The full-bridge diode rectifier can prevent the charge
leaking back from load capacitor CL to the TENG. The
nonlinear time-variant system can be simplified to a linear
system by neglecting the reverse leakage current of diodes and
conducting voltage.32 In the first half of each charging cycle, the
wavy structure is compressed and VOC under the reference state
gradually increases. The diodes D2 and D4 are conducting,
while D1 and D3 are fully turned off. A simplified linear circuit
without rectifier, in which the serial connection of VOC and CT
is connected with the load capacitor across a node M, can be
obtained in Figure S2. In the second half of each charging cycle,
the direction of CL is reversed because of the function of full-
bridge rectifier. By utilizing the initial condition that initial
charges on both CT and CL are zero, we can derive the
analytical formulas and calculate the voltage, stored charges,
and stored energy on the CL at the kth charging cycle.
At the beginning of the first charging cycle, the total charges

stored on node M are zero (Q1
M = 0, Qk

M stands for the stored
charges on node M at the beginning of the kth charging cycle).
During its first half, it is a unidirectional charging process, and
voltage V1,1st

C and stored charge Q1,1st
C on CL can be obtained

from the following equations:
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where Q1,1st is the transferred charge on the inherent capacitor
CT in the first half of the first cycle. For the second half of the
first cycle, the direction of CL is reversed, and the charges
stored on node M at the beginning of the second half of the
first cycle (Q1,mid

M ) can be given by
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where QSC,max and Cmax, respectively, denote the values of QSC
and CT at x = xmax. The voltage V1,2nd

C and stored charge Q1,2nd
C

on CL at the second half of the first cycle then can be calculated
by
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Similarly, the voltage and charge on CL in the second charging
cycle can be calculated (detailed derivations, see Supporting
Information, section 2). For clarity, the voltage profiles of Vk

C

and |Vk
C| in the first two cycles are shown in Figure S3. Note

that the Vk
C exhibits the alternating-current character, because

its positive direction is defined from the positive electrode to
the negative electrode of TENG, and thus |Vk

C| denotes the real
voltage on CL. Subsequently, for the kth charging cycle, Qk

M can
be obtained by a recursion method:
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The voltage on CL at the end of kth charging cycle (|Vk,2end
C |)

can be derived as
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For a detailed derivation, see Supporting Information, section
2. The stored energy on CL at the end of kth charging cycle
then is calculated by
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The charging voltages at different load capacitances CL when
xmax = 6 mm are shown in Figure 1d. For all CL values, the
voltage gets the same saturation value gradually similar to a
typical resistor−capacitor (RC) charging curve, and the
charging speed slows gradually with the evolution of time.
The charging speed is larger for smaller CL, and the time for the
voltage to reach saturation is shorter. On the other hand, the
stored charges on various CL when xmax = 6 mm were calculated
by the product of charging voltage and capacitance CL as shown
in Figure 1e. For smaller CL values, the stored charge first
increases and then gets saturation quickly. As the CL increases,
the stored charge increases, and the curve is elevated until it
becomes linear. After 1000 charging cycles, the voltage and
stored charge on the load capacitor (inset of Figure 1f) indicate
that when CL is small enough, the voltage on CL is
approximately its saturation voltage while the stored charges
are close to zero. In contrast, when CL is large enough, the
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voltage is close to zero and the stored charges are
approximately 2kQSC,max. These lead to an optimum load
capacitance for maximum stored energy after 1000 cycles
(Figure 1f).
The stored energies on the capacitor were numerically

calculated for various cycle numbers and deformation depths to
get further analysis. The relationship between stored energy
and CL for various k when xmax = 6 mm is shown in Figure 2a.
At smaller CL, the curves of stored energy coincide for different
k because the charging voltage reaches saturation very quickly.

There exists an optimum CL for the stored energy to reach the
maximum value for any k, and the maximum stored energy and
optimum CL both increase with increasing k. That can be also
viewed from the almost linear relationship between extracted
optimum CL, optimum stored energy, and k in Figure 2b. The
stored energy with respect to the capacitance CL under different
deformation depths xmax at k = 200 was also examined and
shown in Figure 2c. As can be seen, the stored energy increases
with the increase of xmax, and the optimum CL shifts toward a
larger value due to the increase in the inherent capacitance of

Figure 2. (a) Relationship between stored energy and load capacitance for various cycle numbers k when xmax = 6 mm. (b) Extracted optimum
capacitance and optimum stored energy for various k. (c) Stored energy with respect to the capacitance CL under different deformation depths xmax
at k = 200. (d) Optimum CL and optimum stored energy as functions of xmax at k = 200. (e) Maximum energy storage efficiency for different xmax.

Figure 3. (a) Schematic circuit diagram of the TENG to charge a capacitor through a full-bridge rectifier under the enclosed ball collision. (b)
Charging voltage V1

C on the capacitor (CL = 10 nF) for various metal ball diameters d in the first charging cycle. The moving length L′ and sloping
angle θ were set as 6 cm and 30°, respectively. (c) Stored energy with respect to the CL for various d during the first charging cycle. (d) Optimum
stored energy as functions of d during the first charging cycle.
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TENG. At larger xmax, the optimum CL and optimum stored
energy both increase more rapidly (Figure 2d). For the direct
water wave impact system, the maximum energy storage
efficiency ηmax is defined by

η = × = ×
P

P

E t

P
100%

( / )
100%k

max
store,max

out,max

,end
C

max

out,max (10)

where the maximum stored power Pstore,max is the maximum
ratio of stored energy to charging time.33 The maximum
efficiency ηmax was calculated for various xmax, as shown in
Figure 2e, and it was found to increase with the increase of xmax.
Note that in this work, we just considered the case of xmax ≤ 6
mm. If the maximum separation is beyond 6 mm (xmax is also
beyond 6 mm), the efficiency also has the same tendency; that
is, it increases with increasing xmax. The maximum stored power
for a specific xmax is independent of the load capacitance CL, but
the charging time to get the maximum stored power is smaller
for smaller CL (Figure S4). The efficiency results reveal that
under the direct water wave impact, the stronger impact force
reflected by larger xmax can enhance the charging performance
of wavy-structured TENG.
2.2. Charging Characteristic of TENG under Enclosed

Ball Collision. Besides harvesting the impact energies of water
waves, we also harvested the wave energies using a full-
packaged device floating on water surfaces by means of the
collision between an enclosed ball and TENG walls. Triggered
by the water wave motion, the sloping of device can induce the
occurrence of collision. We designed the sloping collision mode
the same as in our previous work to mimic the action of water
waves.16 The sloping angle is defined as θ, and the allowable
moving length for the ball is defined as L′. The details can be
found in previous work. In this work, we mainly addressed the
charging characteristic of the enclosed ball collision system.
Figure 3a shows the schematic circuit diagram of the TENG to
charge a capacitor through a full-bridge rectifier under the
enclosed ball collision. The TENGs anchored onto the internal

surface of a sealed box are connected to rectifier bridges and
then connected in parallel before charging the capacitor CL.
We first considered the charging characteristic of TENG for

the first charging cycle in designed sloping collision. The
charging voltage V1

C on the capacitor (CL = 10 nF) for various
ball diameters d in the first cycle was calculated on the basis of
eqs 4 and 6, and the result is presented in Figure 3b. The two
equations in section 2.1 are also suitable for the ball collision
system, because the motion mode information was not utilized
in our derivation. Without specific notation, the enclosed ball
was chosen as a steel ball with a density of 7.9 g/cm3. V1

C

exhibits the alternating-current character due to the direction
transition of CL at half-cycle. With increasing d, the period of
charging cycle increases, and the absolute voltage at the end of
the first cycle first increases and then decreases. The total
stored energy on CL during the first cycle then was calculated
by the following equation:

= =
+ +

E
C V C Q

C C C C

( )

2

2 ( )

( ) ( )1,end
C L 1,2end

C 2
L

3
SC,max

2

L max
2

L min
2

(11)

The E1,end
C −CL curves for various d in Figure 3c indicate that

there exists an optimum CL to reach the maximum E1,end
C , where

the impedance match between the TENG and the load is
reached. As for the effect of d, the optimum stored energy was
found to increase first and then decrease with increasing d,
exhibiting an optimum ball diameter for the ball collision
system to get the maximum stored energy on optimum
capacitance (Figure 3d).
The charging performance of wavy-structured TENG under

the enclosed ball collision was also characterized in a multicycle
charging process. The voltage and stored energy on CL at the
end of kth charging cycle were calculated through eqs 8 and 9.
The results about the voltage−cycle number relationship for
various ball diameters d at CL = 2 μF are shown in Figure 4a.
The voltage profiles have the increasing trend with k similar to

Figure 4. (a) Voltage−cycle number relationship for various ball diameters d at CL = 2 μF. (b) Relationship between stored energy and load
capacitance for different cycle numbers k at d = 2 cm. (c) Stored energy at various load capacitances for various d after 1000 cycles. (d) Optimum
stored energy as functions of k for various d. (e) Extracted optimum CL and optimum stored energy for various d after 1000 cycles. (f) Maximum
energy storage efficiency for different d.
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a logarithmic function curve, and as the d increases, the voltage
increases first and then decreases with an optimum diameter (d
= 5 cm). The relationships between stored energy and load
capacitance were investigated for different cycle numbers k and
ball diameters d, as shown in Figure 4b,c. An optimum CL was
observed for the system to reach the maximum stored energy
for any k and d. When k increases (d = 2 cm), the optimum
stored energy increases and the optimum CL shifts right to a
larger value. The increase of optimum stored energy with k is
linear for various d (Figure 4d), which is the same as the case of
direct water wave impact. When we changed the ball diameter
d, the optimum stored energy after 1000 cycles possesses a
maximum value at the optimum diameter of d = 5 cm (Figure
4c). Similar to the optimum stored energy, for the optimum CL,
there is also an optimum diameter as shown in Figure 4e. The
existing optimum ball diameter for charging performance can
be ascribed to competition between ball mass and allowable
moving space, similar to the output performance.16

To demonstrate the linear relationship between optimum
stored energy Ek,end,opt

C (or optimum load capacitance CL,opt) and
k, we provided an approximate analytical solution to Ek,end,opt

C

and CL,opt. Usually, the CL is much larger than both Cmax and
Cmin, and eq 8 can be simplified as
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Equation 9 can be changed into
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On the basis of the zero differentiation of Ek,end
C by CL at CL,opt,

we can obtain the analytical solutions:

= +C k C C1.5918 ( )L,opt max min (14)
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The two equations are excellent estimations at larger k (>10)
and also applicable to other categories of TENGs.
In addition, the stored power Pstore can be derived from eq

13:
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where f stands for the frequency of periodic motion, and at the
optimized charging time topt = 0.6282CL/f(Cmax + Cmin), Pstore
reaches its maximum value:
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This equation can also verify that the maximum stored power is
independent of CL as shown in Figure S4. The maximum
energy storage efficiency under the enclosed ball collision then
can be given by

η = ×
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where (Eout,per)max is the maximum output energy per cycle. The
maximum efficiency ηmax was calculated for different d, and it
can be found from Figure 4f that an optimum d also exists for
the ball collision system to reach the maximum of ηmax. Note

Figure 5. (a) Stored energy at various load capacitances for various sloping angle θ after 1000 cycles at d = 3.5 cm and L′ = 6 cm. (b) Influence of θ
on the optimum CL and optimum stored energy after 1000 cycles. (c) Stored energy at various CL for various ball mass m after 1000 cycles at d = 3.0
cm, L′ = 6 cm, and θ = 30°. (d) Stored energy at various CL for various ball number N after 1000 cycles at L′ = 15 cm, d = 3.0 cm, and θ = 15°.
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that the calculation methods of stored energy and maximum
efficiency are also applicable to TENGs with other structures
for harvesting water wave energy. Some conclusions are also
suitable for all TENG structures, because we did not utilize any
TENG category information in our formula derivations. For
example, the stored energy reaches its peak value at an
optimum load capacitance, and both the optimum stored
energy and the optimum CL increase with increasing k.
However, for different TENG structures, the influences of
different structural parameters on the stored energy or
efficiency may be different.
In addition to the influence of ball diameter, we also studied

the influences of sloping angle θ, ball mass m, and ball number
N on the charging characteristics of the TENG during its
collision with an enclosed ball. The sloping angle-dependent
charging behavior for d = 3.5 cm and L′ = 6 cm is shown in
Figure 5a,b. The optimum stored energy after 1000 cycles was
found to increase with increasing sloping angle, implying that
the larger is the wave height, the higher is the storage. Also, the
optimum CL has a little increase with the increase of θ (Figure
5b). In the above calculations, the ball was chosen as a steel ball
with a constant ratio of ball mass to ball volume. If the ball is
hollow with variable void ratios or it has different materials, the
ball mass m is variable for a fixed ball size. Figure 5c presents
the stored energy with respect to CL for various ball masses
after 1000 cycles at d = 3.0 cm, L′ = 6 cm, and θ = 30°. The
results indicate that the optimum stored energy increases with
increasing the mass, which is similar to the output character-
istic. The increase in ball mass results in a faster compression
and a larger deformation depth at a constant allowable moving
space. For the effect of ball number, with the assumption that
the metal balls move synchronously in a specific orbit with their
mutual collision or separation prevented, the stored energy−CL
curves after 1000 cycles were plotted in Figure 5d for various N
at L′ = 15 cm, d = 3.0 cm, and θ = 15°. The optimum stored
energy has the maximum for three balls.

To verify the above theoretical predictions on the charging
characteristics of TENG under enclosed ball collision, we
carried out the corresponding experiments of real water wave
tests. The wavy-structured TENGs with a wavy Cu−Kapton−
Cu film sandwiched between two fluorinated ethylene
propylene (FEP) thin films coated by Cu were utilized in the
experiments. Four such TENGs were anchored as standing
walls, allowing a metal ball to form the single unit of TENG
network. The experimental details can be found in Supporting
Information, section 3. Figure 6a shows a photo of a sealed
device floating on water in a pool and a schematic photo of the
connection fashion between TENGs and the load capacitor
through the bridge rectifiers. Four TENGs are respectively
connected to a full-bridge rectifier and then connected in
parallel. We used the sealed device to charge various capacitors
by adopting a single and constant wave condition. In the
experimental measurements, the water waves were generated
through the seesawing motion of tank with water inside at fixed
amplitude and frequency.
The charging voltage on various load capacitances CL under

the enclosed ball collision was measured by a voltage meter
(Keithley 6514 System electrometer), as shown in Figure 6b.
The trends of charging voltage with the charging time and CL
are in accordance with the theoretical results shown in Figure
1d. At zero time, the capacitor is charged at the maximum
speed, and then the charging speed slows gradually until 0. The
voltage for all capacitances finally reaches the same saturation
voltage, and it takes less time to charge a smaller CL to reach
the saturation voltage. The stored energy−time relationship
and stored power−time relationship for a fixed capacitor (CL =
100 nF) were plotted in Figure 6c. From that, we can see that
the stored energy increases to saturation gradually, and there
exists the optimum charging time to get the maximum stored
power. The optimum charging time can correspond to an
optimum charging voltage, and the maximum storage efficiency.
The curves of the stored energy with respect to the load

Figure 6. (a) Photograph of a sealed TENG device floating on water in a pool. The inset shows a schematic photo of the connection fashion
between TENGs and the load capacitor through the bridge rectifiers. (b) Charging voltage on various load capacitances CL under the enclosed ball
collision. (c) Stored energy−time relationship and stored power−time relationship for a fixed capacitor (CL = 100 nF). (d) Stored energy with
respect to the load capacitance for various charging time.
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capacitance for various charging time presented in Figure 6d
indicate the maximized stored energy can be observed at
optimum CL. The increases of optimum stored energy and
optimum CL with the charging time are in good agreement with
the theoretical results (Figure 4b). The above experimental
results can further validate our theoretical predictions, and,
conversely, the theoretical results can guide future experimental
designs. This work provides the optimization approach of
charging performances of wavy-structured TENG, which will
facilitate the applications of TENG technology on the blue
energy harvesting.
Finally, we need to emphasize the relationship and

differences between this work and the previous work. This
work is a subsequent study of the previous work,16 but they are
also different. In the previous work, the output performance of
triboelectric nanogenerator, for example, output power and
electric energy, was mainly investigated and optimized from the
viewpoint of TENG structure. However, in this work, we
mainly addressed the charging characteristics of TENG to a
capacitor, including the stored energy and stored efficiency
associated with the structural parameters or load capacitance.
Understanding the integration behavior of TENG with an
energy storage unit and further optimizing the charging system
can provide useful guidance for efficient water wave energy
harvesting and storage.

3. CONCLUSIONS
In summary, we have optimized the charging performance of a
wavy-structured TENG to a capacitor in two cases, that is,
under the direct water wave impact and enclosed ball collision.
On the basis of the FEM simulations and analytical equation
derivations, the charging characteristics of TENG when
imposed as a periodic triggering at a low frequency and when
colliding with a metal ball in designed sloping collision were
theoretically calculated. The results indicate that the stored
energy can reach the maximum value at an optimum load
capacitance for all situations. The stored energy−capacitance
relationship and maximum energy storage efficiency under the
direct water wave impact are greatly affected by the
compression deformation depth. On the other hand, there
exists an optimum ball diameter, mass, or number for the
enclosed ball collision system to reach maximized stored energy
and efficiency. The real water wave measurements then also
present the same charging behavior as the theoretical
predictions. This work could provide useful information for
charging performance optimization of TENGs for effective
water wave energy harvesting and storage toward large-scale
blue energy harvesting.
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