
FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (1 of 9) 1501467wileyonlinelibrary.com

 Triboelectric Nanogenerator Based on Fully Enclosed 
Rolling Spherical Structure for Harvesting Low-Frequency 
Water Wave Energy 

   Xiaofeng    Wang     ,        Simiao    Niu     ,        Yajiang    Yin     ,        Fang    Yi     ,        Zheng    You     ,       and        Zhong Lin    Wang*   

  Prof. X. Wang, S. Niu, F. Yi, Prof. Z. L. Wang 
 School of Materials Science and Engineering 
 Georgia Institute of Technology 
  Atlanta  ,   GA    30332-0245  ,   USA   
E-mail:  zhong.wang@mse.gatech.edu    
 Prof. X. Wang, Y. Yin, Prof. Z. You 
 Department of Precision Instrument 
 Tsinghua University 
  Beijing    100084  ,   China    
 Prof. Z. L. Wang 
 Beijing Institute of Nanoenergy and Nanosystems 
 Chinese Academy of Sciences 
  Beijing    100083  ,   China   

DOI: 10.1002/aenm.201501467

ambient mechanical energy, [ 8–14 ]  because 
they exhibit the desirable characteristics 
of simple structure, low cost, lightweight, 
high effi ciency, and high power density, as 
well as the prospect of broad applications. 
Widely distributed water kinetic energy is 
an abundant source for large-scale applica-
tions, and the energy provided by water is 
much less dependent on seasonality, day-
light, weather, and/or temperature. [ 15,16 ]  
However, since liquid water can inherently 
make the two electrodes in a TENG short-
circuit, [ 17 ]  a TENG with an open structure 
cannot work under harsh conditions in the 
presence of water. Although some TENGs 
used for harvesting wave energy have been 
fabricated and sealed in enclosed casings 
based on rolling structures, [ 18–21 ]  they all 
utilized single-electrode and attached-
electrode modes. For single-electrode 
mode designs, [ 19–21 ]  their performance is 
fundamentally limited by the electrostatic 
shield effect, so such a kind of structure is 

mainly for sensor purpose and its output is low as an energy 
harvester. [ 22 ]  For attached-electrode mode designs, [ 18 ]  it requires 
that the two triboelectric materials must be fully contacted; 
even an air gap with tens of microns will largely degrade their 
performance. [ 23 ]  However, the ocean wave energy is a random 
energy source, resulting in a not optimized performance of 
such devices for practical application. More importantly, all the 
previous design’s natural frequency is beyond 10 Hz, which is 
much larger than the vibration frequency of water wave. There-
fore, there still lacks a feasible triboelectric nanogenerator 
design that can effectively harvest the water wave energy. 

 To solve the above problem, this paper demonstrates a 
rolling-structured, freestanding triboelectric-layer-based nano-
generator (RF-TENG) for harvesting energy from low-fre-
quency wave movements. A TENG was initially fabricated by 
using a rolling Nylon ball to contact with a Kapton fi lm in an 
enclosed spherical shell. Relying on the surface contact electri-
fi cation effect between conventional polymers, this RF-TENG is 
extremely lightweight, low cost, and capable of fl oating on the 
surface for wave energy harvesting. The freestanding design 
has a relatively linear charge transfer curve that assures good 
charge transfer effi ciency, even under low-amplitude vibra-
tion. [ 24 ]  In addition, the rolling design greatly reduces the 

 Water waves are increasingly regarded as a promising source for large-scale 
energy applications. Triboelectric nanogenerators (TENGs) have been 
recognized as one of the most promising approaches for harvesting 
wave energy. This work examines a freestanding, fully enclosed TENG 
that encloses a rolling ball inside a rocking spherical shell. Through the 
optimization of materials and structural parameters, a spherical TENG of 
6 cm in diameter actuated by water waves can provide a peak current of 
1 µA over a wide load range from a short-circuit condition to 10 GΩ, with an 
instantaneous output power of up to 10 mW. A multielectrode arrangement is 
also studied to improve the output of the TENG under random wave motions 
from all directions. Moreover, at a frequency of 1.43 Hz, the wave-driven 
TENG can directly drive tens of LEDs and charge a series of supercapaci-
tors to rated voltage within several hours. The stored energy can power an 
electronic thermometer for 20 min. This rolling-structured TENG is extremely 
lightweight, has a simple structure, and is capable of rocking on or in water to 
harvest wave energy; it provides an innovative and effective approach toward 
large-scale blue energy harvesting of oceans and lakes. 

  With the growing threat of energy crises, new technologies 
for harvesting mechanical energy from the environment are 
gaining importance in various fi elds of research. There are gen-
erally three ways to convert oscillations into electrical energy—
through electromagnetic, [ 1,2 ]  electrostatic, [ 3–6 ]  and piezoelectric 
means. [ 7 ]  Triboelectric nanogenerators (TENGs) based on the 
conjunction of contact electrifi cation and electrostatic induction 
have been recognized as a promising approach for harvesting 
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energy loss through friction and improves energy conversion 
effi ciency. Finally, this rolling design exhibits low natural fre-
quency that can effectively achieve resonance with ocean waves. 
With these three advantages, the innovative design of a free-
rolling ball surrounded by two arc electrodes is particularly 
suitable for energy harvesting under irregular wave oscillations. 
Both theoretical simulations and experimental tests are utilized 
to optimize the material selection, structural parameters, and 
electrode designs. This optimized RF-TENG can deliver a max-
imum current of 1 µA and a peak power output of up to 10 mW 
on an external load in real water wave conditions. This enclosed 
RF-TENG can be used to directly light more than 70 LEDs, 
and the energy harvested by the RF-TENG can also be stored 
in electric double-layer supercapacitors (EDLCs) and drive an 
electronic thermometer. 

 An image of the fabricated RF-TENG fl oating on water is 
shown in  Figure    1  a. Figure  1 b shows the schematic diagram of 
the freestanding structured design that consists of one rolling 

ball and two stationary electrodes. When driven by a wave vibra-
tion, the freestanding ball can roll back and forth between the 
two electrodes, thus providing alternating current to the external 
load. To maximize the electrifi cation during contact, a polyhexa-
methylene adipamide (Nylon 6/6) ball and a polyimide (Kapton) 
fi lm are chosen as the materials for the triboelectric layers. To 
enhance the electric output of the TENG, nanowire arrays are 
fabricated on the surface of the Kapton fi lm (Figure  1 c) that pro-
vides a large contact area to generate more triboelectric charges 
on the surface. The area for each electrode is 15 cm 2  and the 
diameter of the outside shell sphere is 6 cm. To more accurately 
simulate a realistic wave environment, all of the tested RF-
TENGs in the experiment are driven by an actual water wave 
system equipped with a pump.  

 The operating principle of the proposed RF-TENG is based 
on the conjugation of the triboelectric effect and electrostatic 
induction. [ 13,23,24 ]  When the freestanding Nylon ball rolls on the 
top of the Kapton fi lm, equal amounts of charges generate on 
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 Figure 1.    Device structure, basic operations, and working principles of the freestanding-triboelectric-layer based nanogenerator (RF-TENG) with a 
rolling Nylon ball enclosed. a) Photograph of a rocking nanogenerator fl oating on water. b) Schematic diagrams of freestanding-structured design. 
c) SEM image of nanorod structure on the Kapton surface. d) Schematic working principle of a dielectric-to-dielectric RF-TENG in rolling mode. 
e) The simulated potential distributions at three different rolling displacements ( α ). f) The simulated open-circuit voltages ( V  OC ) and transferred 
change ( Q  SC ) at different rolling displacements.
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the top surface of the Kapton and on the surface of the Nylon 
ball (Figure  1 d(i)). When the Nylon ball rolls from the left-hand 
electrode (LE) toward the right-hand electrode (RE), the nega-
tive charges fl ow from the LE to the RE via the external load to 
screen the local fi eld of the nonmobile negative charges on the 
dielectric due to the electrostatic induction process (Figure  1 d(ii)). 
When the ball reaches the overlapping position of the RE 
(Figure  1 d(iii)), all of the negative charges will then be driven to 
the RE. Subsequently, a backward rolling of the Nylon ball from 
the RE to the LE should drive the fl ow of the negative charges 
back from the right electrode to the left electrode, forming a 
reverse current in the load. 

 A theoretical model of the RF-TENG has been established to 
simulate the change of the open-circuit voltage ( V  OC ) between 
the two electrodes when the displacement angle  α  changes 
due to external vibration (Figure  1 d,e). The displacement angle 
 α  is the angle between the horizontal level line and the line 
through the centers of the two balls. Using COMSOL software, 
we employ the fi nite element method (FEM) [ 25 ]  to simulate the 
open-circuit voltage ( V  OC ) and short-circuit transferred charge 
( Q   SC  ) for freestanding structures under a minimum achievable 
charge reference state. [ 24 ]  At the initial state, the Nylon ball is 
sitting on top of the LE (the displacement angle  α  = 0°) and 
the simulated electrical potential difference between the two 
electrodes is zero. When the Nylon ball with positive surface 
charges rolls to the middle position ( α  = 90°), a potential dif-
ference ( V  OC ) of ≈ 456 V is generated between the two elec-

trodes under the open-circuit condition (Figure  1 e(ii)). Finally, 
when the Nylon ball reaches the overlapping position of the RE 
( α  = 180°),  V  OC  will increase to ≈903 V, as shown in Figure  1 e(iii). 
If there is an external load connected between the two elec-
trodes, this potential difference will drive electrons to fl ow 
between the electrodes. Based on this fundamental relation-
ship, [ 25,26 ]  a large open-circuit voltage can be generated from the 
RF-TENG due to the relatively small inherent capacitance  C 

    
V

Q

C
OC

SC=
  

(1)
   

 We also ran a theoretical simulation for short-circuit trans-
ferred charges in addition to the open-circuit voltage. Short-circuit 
transferred charges  Q   SC   have a similar shape to the open-circuit 
voltage profi le (shown in Figure  1 f), which derives from the 
nearly constant internal capacitance  C  due to the stationary 
electrodes in the RF-TENG. The short-circuit current  I  sc  relies 
not only on the TENG inherent parameter d Q  sc /d x , but also 
on the external motion velocity, as illustrated in the following 
equation 
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 The simulation shows that one major advantage of utilizing 
this freestanding structure in harvesting the vibration energy is 
the large slope of the  V  OC  and  Q  SC   curves around the equilib-
rium position (  α  = 90° ). [ 24 ]  This slope refers to the change rate 
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 Figure 2.    Electrical measurement results of optimal RF-TENGs at a wave frequency of 1.43 Hz. a) The measured transferred charge ( Q   SC  ). b) The measured 
short-circuit current density ( I  SC ). c) The measured  V  load  across the external 10 GΩ resistor. d) The current  I  load  and output peak power  P  on different 
external resistors.
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of  V  OC  and  Q  SC   with the displacement angle of the rolling ball. 
Because the external vibration amplitude is random, this rela-
tively large slope can assure excellent charge transfer effi ciency 
and device performance for both small and large vibration 
amplitudes. However, in a traditional attached-electrode struc-
ture, the  V  OC  and  Q  SC   curves will only have large slopes at the 
two ends ( α  = 0° and 180°); [ 26 ]  the slope is close to zero near the 
equilibrium position. [ 26 ]  Thus, the attached-electrode design is 
only suitable for harvesting vibration energy that is suffi cient 
to reach the large-sloped regions; this structure will perform 
poorly under small-amplitude vibrations, about 10–100 times 
smaller than the freestanding mode. 

 The optimal electrical outputs are measured and shown in 
 Figure    2  . For this device (4 cm diameter Nylon ball) under a 
1.43 Hz wave vibration (the natural frequency of this oscillating 
structure), the short-circuit transferred charge  Q  SC  is 24 nC 
per cycle and the induced short-circuit current  I  SC  is 1.2 µA, as 
shown in Figure  2 a,b, respectively. Because the output voltage is 
beyond the range of our voltage meter (Keithley 6514), we utilize 
another method to determine the fi nal open-circuit voltage. We 
measure the current of the device under different external resis-
tive loads. As shown in Figure  2 c, the measured  V  load  across a 
10 GΩ resistor reaches a value up to 12,000 V. In Figure  2 d, the 
current density shows little variation in the short-circuit condi-
tion at a range from 1 MΩ to 10 GΩ; a further increase in the 
load resistance then leads to an increase of the voltage ( V   load ) 
as well as the output power ( P ). At a resistance of ≈10 GΩ, the 
Nylon/Kapton device provides an instantaneous output power 
of up to ≈10 mW. It is noted that this large matched external 
resistance (beyond 10 GΩ) and ultra-high open-circuit voltage is 
due to the low inherent capacitance of this device. [ 23 ]   

 The output of the RF-TENG is initially optimized by 
changing the paired triboelectric materials. One option uses 
the previously shown dielectric-to-dielectric design (Nylon 
ball and Kapton fi lm shown in  Figure    3  a). The other option 
uses a conductor-to-dielectric design PTFE (Polytetrafl uoro-
ethylene) ball and aluminum foil, shown in Figure  3 d). The 
working principle is the same for both types of RF-TENGs 
demonstrated in this work. The relevant working process for 
the conductor-to-dielectric design is illustrated in Figure S1 
of the Supporting Information. It is obvious that the output 
power density of the Nylon/Kapton device is superior to the 
PTFE/Al device. Under the same experimental conditions, the 
peak power output of the PTFE/Al device is only 1 mW at a 
load resistance of the ≈10 GΩ, which is over 10 times lower 
than that of the Nylon/Kapton device, as shown in Figure  3 c,f. 
Based on the experimental data, the design of the Nylon ball 
and Kapton fi lm is the favored structure for achieving max-
imum output.  

 Along with the triboelectric paired materials, a structural 
optimization of the RF-TENG is also performed to maximize 
its performance. The ratio of the outer sphere diameter to 
the inner ball diameter is the most important design consid-
eration. Since scaling the device does not change the power 
density (Figure S3, Supporting Information), we mainly study 
the infl uence of the inner ball’s diameter while maintaining 
the outer shell’s diameter the same. The theoretical calcula-
tion is fi rst performed to show their infl uence on the output. 
As shown in the COMSOL 2D simulation results ( Figure    4  a), 
 Q  SC  increases linearly when diameter  d  initially increases from 
zero. This increase is due to the increase in the total amount 
of charges on the Nylon ball surface (proportional to the center 
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 Figure 3.    Measurement results of two kinds of RF-TENGs’ electrical outputs at optimized frequency respectively. a) The schematic diagram and meas-
ured transferred charges ( Q   SC  ) for the Nylon/Kapton device. b,c) The dependence of the electrical outputs (the current, the voltage, and the power) 
on the load resistance for the Nylon/Kapton device. d) The schematic diagram and measured transferred charge ( Q   SC  ) for PTFE/Al device. e,f) The 
dependence of the electrical outputs (the current, the voltage, and the power) on the load resistance for PTFE/Al device.
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circle’s perimeter in this 2D simulation). However, when  d  con-
tinues to increase, the increasing slope gradually decreases and 
fi nally begins to reduce. This decrease in total  Q  SC  is due to the 
reduction of the charge transfer effi ciency stemming from the 
reduced air gap in the RF-TENG, as shown in Figure  4 b. The 
simulated charge transfer effi ciency  η  CT  decreases from 90.5% 
to 32.3% when the diameter increases. The charge transfer effi -
ciency  η  CT  is defi ned as the ratio of short-circuit transferred 
charges  Q sc to the total generated triboelectric charges  Q  tribo , 
as shown below 

    

,Q

Q
CT

SC final

tribo

η =
  

(3)
   

  Along with the theoretical simulation, corresponding experi-
ments are also performed to verify the results, as shown in 
Figure  4 c. The experimental study agrees well with our theoret-
ical prediction, with only small numerical variations due to the 
2D approximation utilized in the FEM simulation. When the 
diameter  d  of the tested Nylon ball increases from 1 to 4 cm, 
 Q  SC  for balls with diameters of 1, 1.5, 2.5, and 3 cm dramati-
cally increases, but  Q  SC  for the 4 cm ball exhibits a saturation 
tendency. In the meantime, the charge transfer effi ciency  η  CT  

decreases from 91.3% to 34%. Based on the simulation results 
as well as the experimental data, there exists an optimum 
rolling ball diameter that provides a maximized output, and 
4 cm is considered the best diameter to obtain the maximum 
charge. Scaling the outer sphere’s diameter is shown to have 
the same effect with scaling the inner ball diameter, and the 
corresponding FEM simulation results have been illustrated in 
Figure S3 (Supporting Information). 

 In addition to the structural optimization of the RF-TENG, 
another important issue that needs careful consideration is the 
resonance with the water wave, which is ignored in the previous 
study. The water wave has a relatively low frequency (typically 
below 2 Hz) [ 27 ]  and the natural frequency of the structure must 
be within this range. We performed a comprehensive experi-
ment to investigate the dependence of output performance on 
the wave frequency by rocking the devices in a wave simulator 
(with a frequency range from 1.05 to 2.35 Hz and an increasing 
step of no more than 0.15 Hz). The experimental data and 
associated apparatus are shown in Figure  4 e,f. The fabricated 
RF-TENG has a uniform and signifi cant response characteristic 
within a given frequency range from 1.23 to 1.55 Hz. This situ-
ation is similar to the PTFE/Al device, and its relevant data are 
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 Figure 4.    Theoretical and experimental studies of RF-TENGs with different balls inside and at different wave frequencies. a,b) The simulated transferred 
change  Q  SC  and charge effi ciency  η  CT  of fi ve TENGs with different ball sizes ( d  = 1, 2, 3, 4, 5 cm). c,d) The measured transferred change  Q  SC  and charge 
effi ciency  η  CT  of fi ve TENGs with the different ball sizes ( d  = 1, 1.5, 2.5, 3, 4 cm). e) The dependence of output on the wave frequency for the Nylon/
Kapton device ( d  = 4 cm). f) Photographs of RF-TENG driven by the water wave system equipped with a variable frequency pump.
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illustrated in Figure S2 (Supporting Information). Most impor-
tantly, the natural frequency of the RF-TENG is low enough 
to reach resonance with the water wave, which represents an 
essential step in furthering a practical use of wave energy on a 
large scale. 

 We also optimize the electrode structure to better harvest 
ocean waves with random directions. The previously men-
tioned RF-TENG with only one pair of electrodes (as shown in 
 Figure    5  a) is only capable of harvesting water waves in a single 
direction. However, due to the continuous changes in condi-
tions and wave properties, controlled wave excitation along 
a single favorable direction is not likely to be obtained in typ-
ical irregular seas. To solve this problem, an RF-TENG with 
two pairs of orthogonal electrodes is designed and shown in 
Figure  5 b. To quantitatively characterize the RF-TENG’s output 
response to a multi-direction wave force, a multichannel meas-
urement system is utilized to separately record short-circuit 
transferred charges from each pair of electrodes. Moreover, 
we also measure the charging performance of these devices. 
As shown in Figure  5 c, when the Nylon ball moves along 
the path A↔A’, the output signal in the two-electrode device 

signifi cantly exceeds the signal when the ball moves along path 
B↔B’. Correspondingly, the charging voltage of a 1 µF capac-
itor is only 2 V after the ball randomly rolls for 30 s (Figure  5 e). 
In contrast, an obvious enhancement can be observed for the 
four-electrode device compared with the two-electrode unit, as 
shown in Figure  5 d. With two bridge rectifi cation circuits, the 
output from the different electrodes can be combined and the 
gross output of this RF-TENG is more or less steady; this can 
be verifi ed through the measured charging performance shown 
in Figure  5 f. With this rationally designed multielectrode 
structure, the RF-TENG renders an innovative and effective 
approach to fully utilizing wave motions from all directions.  

 This type of TENG can have a wide range of applications 
in harvesting water wave energy. In an initial demonstration, 
70 green LEDs are connected in series with the TENG to show 
its direct application in driving electronic devices, as shown in 
 Figure    6  a. As shown in Figure  6 b and Movie S1 of the Sup-
porting Information, the TENG has suffi cient power to drive 
dozens of green LEDs by harvesting the wave energy. Moreover, 
these devices can also be employed with energy storage devices 
to act as power sources for commercial electronic sensors. In 

 Figure 5.    Device structure, operations, and characterization of RF-TENG with multielectrodes design. a,b) Schematic diagram of the RF-TENGs with 
two electrodes and four electrodes. c,d) The measured transferred charge between different electrodes. The insets show rolling direction of ball. 
e,f) The RF-TENG charging curve of a 1 µF capacitor.
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a second demonstration, a series of ELDCs (each of 100 mF) 
is utilized along with the TENG and bridge rectifi ers to form 
an entire self-powered system, as shown in Figure  6 c. The 
charging performance of this series of EDLCs is shown in 

Figure  6 d. These EDLCs can be charged from 0 V to a working 
voltage of 2.4 V within several hours by continuously oscillating 
the RF-TENGs in the waves. A commercialized thermometer 
can be easily powered by this self-powered system; the working 

 Figure 6.    Applications of RF-TENGs for wave energy harvesting. a) Schematic diagram of the connection between the TENG and 70 green LEDs. 
b) Optical images of 70 green LEDs being driven by the rocking TENG in a wave system. c) Schematic diagrams of the self-power system with TENG, 
rectifi cation circuits, EDLC, and load. d) The charging curves for one, two, and four EDLC capacitors in series, respectively. e) Charging curves of 
EDLCs in series by using an RF-TENG and discharging curves of EDLCs with a thermometer as load. f) Photographs of the self-power system with 
rectifi cation circuits, EDLCs, and thermometer.
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process of this self-powered temperature sensor system is 
shown in Figure  6 e. As shown by the upward line representing 
the charging process, the voltage of the EDLCs reaches 1.8 V 
when the RF-TENG is driven to charge four EDLCs in series for 
a period of 60 min. At this point, the switch is closed and the 
thermometer begins operating; the voltage of the EDLCs then 
begins to decrease, as shown by the line for the discharging 
process. As shown in Figure  6 f and Movie S2 of the Supporting 
Information, the temperature of the water can be recorded and 
visualized through the LCD display for a period of more than 
20 min before the thermometer automatically turns off once 
the voltage of the EDLCs (25 mF in total) drops to 1.0 V; the 
EDLCs then begin to recharge. For this self-powered system 
with four EDLCs in series, the percentages of charging and 
working times are 73.5% and 26.5%, respectively. The above 
energy supply processes for temperature sensors with specifi c 
power consumption requirements are very representative. 
Most sensors in unattended water monitoring systems adopt 
an intermittent operating mode to gather or send data and 
demand discontinuous high power consumption. The above 
concept and design can offer a feasible power solution to the 
long-term, wide-area, in-situ, and near real-time monitoring of 
water parameters, and may be the best power choice, particu-
larly in closed environments such as sealed pipelines.  

 In summary, we have demonstrated a freestanding, fully 
enclosed rolling TENG that can be applied in harvesting 
water kinetic energy. This freestanding design is suitable 
for water energy harvesting applications for three unique 
reasons. First, the freestanding design ensures excellent 
charge transfer effi ciency for all amplitudes of vibrations. 
Second, the rolling structure effectively reduces friction and 
improves effi ciency. Finally, the effective resonance of this 
design can be reached with actual water waves. We have 
fi nished a systematical optimization of triboelectric pairing 
materials, rolling ball diameters, and electrode structures to 
achieve a maximized output for random water waves. The 
performance of this TENG unit enables the direct driving of 
70+ LEDs and commercial thermometers in a duty cycle of 
26.5% with EDLCs. As a result of its distinctive mechanism 
and structure, the RF-TENG and the self-powered system 
present a possible green and effective option in the fi eld of 
water wave energy harvesting, which can have signifi cant 
potential applications in environmental monitoring, hydro-
logical research and other fi elds.  

      Experimental Section 
  Fabrication of the TENGs in an Enclosed Sphere : For the TENG in 

an enclosed spherical shell, two Al fi lm (thicknesses of 50 µm and 
dimensions of 5 cm × 3 cm) electrodes were attached to the inner surface 
of a large transparent plastic sphere (diameter of 60 mm); both were 
linked by cables. Based on the above stationary electrodes, two sets of 
freestanding contact mode TENGs (a Nylon ball and a Kapton fi lm device, 
and a PTFE ball and an Al foil device) were introduced in this paper. 

 For the fi rst group, a Kapton fi lm (thickness of 25 µm and dimension 
of 5 cm × 10 cm) was introduced to cover both Al electrodes, and the 
surface of the Kapton fi lm was dry-etched by using inductively coupled 
plasma to create aligned nanowire structures. A series of Nylon balls 

(diameters of 1.50, 2.50, 3.00, and 4.00 cm) were placed inside the large 
spherical shell. The fabricated device was then sealed with epoxy paint 
so that it was fully waterproof. For the second group, a freestanding 
PTFE ball (diameters of 2.00, 2.60, 3.60, and 4.00 cm) was placed inside 
the spherical shell with two stationary Al electrodes, and the fabricated 
device was sealed with epoxy paint. The surface of the Al foil was wet-
etched by using electrochemical anodic corrosion to create nanoporous 
structures. 

  Measurement of the TENGs and the EDLCs : A fi eld emission scanning 
electron microscope (FESEM SU 8010) was used to measure the surface 
morphologies of the Kapton fi lm and Al foil. To measure the electric 
outputs of the TENG, a programmable electrometer (Keithley Model 
6514) and a low-noise current preamplifi er (Stanford Research System 
Model SR570) were used. A wave simulation system equipped with a 
variable fl ow pump was applied to simulate the motion of water waves 
in an actual environment and provide a stable external force to make 
the freestanding ball roll and contact with the Kapton fi lm. Finally, an 
electrochemical station (CHI Corporation, CHI660B) was utilized to 
measure the charging and discharging performance of the EDLCs.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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