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The marine environment monitoring system is of considerable significance to the sea development. However, the
power-supply issue of the sensor nodes in the system is a crucial consideration all the time. Here, a chaotic
pendulum triboelectric-electromagnetic hybridized nanogenerator integrated with the power management cir
cuit to power the wireless sensing nodes by scavenging wave energy has been proposed. The physical design of
the harvester utilized the virtue of low working frequency and high electromechanical conversion efficiency
characteristics of the chaotic pendulum. To verify the utility and applicability of the hybridized nanogenerators,
several experimental scenarios were selected, the maximum output power of TENG can reach 15.21 μW and the
EMG is up to 1.23 mW as triggered by the water wave. The hybridizied nanogenerator can light up about 100
LEDs. Moreover, the self-powered wireless sensing node distant transmission has been realized, and data
transmission capability exceeds 300 m. This study provides a new direction of scavenging low-frequency vi
brations from the environment of marine, also in the aerospace and industry.

1. Introduction
The lack of land resources and the acceleration of urbanization
desperately need the exploitation and utilization of marine resources
[1–3]. However, an increasing number of human activities have

gradually deteriorate the marine environment, and the development of
monitoring system is vital problem and has attracted a batch of re
searchers to study [4,5]. Small multi-parameter ocean environment
monitoring buoys have the advantages of small size [6,7], low energy
consumption, real-time data transmission and suitable for the complex
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marine environment, thus widely used in the field of marine monitoring
[8–11]. The monitoring system most consists of a sensor network, a
communication network, and monitoring parameters such as sea tem
perature and humidity [12,13]. As the primary means of monitoring the
dynamic marine environment, buoys realize the monitoring of long-term
fixed-point real-time stereo and help to have a better understanding of
the marine environment. Also the buoys avoid the damage caused by
maritime operations under adverse sea conditions [14–16].
At present, most ocean buoys are powered by batteries, and the
sensor network consumes most of the battery’s energy. The ocean buoy
is far from land, and changing the battery of buoys is rather challenging,
which limits its cost and stability for service. These cause the pollution of
the marine environment and the cost of remanufacturing it. Thus the
study of powering the sensor network of the marine environment
monitoring system is still a hot research topic [17–19]. Many research
groups have equipped the buoys with solar energy storage equipment,
greatly reducing the number of battery changes. But the collection of
solar energy is greatly affected by weather conditions, and the produc
tion of solar panels is characterized by high pollution and high energy
consumption. Hence, an effective and nondestructive means supplying
power to the sensor nodes of the marine environment monitoring system
is highly desired [20–23].
Wave energy is considered as one of the most important sources of
ocean energy, which is characterized by high energy density and
weather resistance [24–26]. And its development and utilization have
far-reaching significance for alleviating energy crisis and reducing
environmental pollution. Although considerable efforts have been made
for exploiting the wave energy to supply power sensor nodes for some
time, rare advancements have been achieved. Current experimental
machines usually need complex mechanical structures to catch and
convert waves to highly regular motions for driving the generator.
However, they are often bulky, costly and vulnerable in the harsh ocean
environment. The triboelectric nanogenerator (TENG) provides a
different way towards the goal [27–31]. Different from the electro
magnetic generator [32–34], the TENG based on triboelectrification and
electrostatic induction [35–37] has the superior advantages of light
weight and low cost, which is suitable and effective for low grade and
low-frequency wave energy [38–41]. A batch of works hybridized the
TENG with EMG utilizing many structures to harvest the wave energy
and convert that into electrical energy to power sensor nodes [42–44].
Previously, Zhang et al. has reported a self-powered intelligent buoy
system (SIBS), in which a high-output multilayered TENG is used for
water wave energy harvesting [45]. In other hands, Lin et al. presented a
pendulum structurehugely improving the harvesting efficiency through
a transformation of impact kinetic energy into potential energy, but the
designed harvester was justly a triboelectric nanogenerator [46]. This
work has provided a universal platform for self-powered wireless sensor
network nodes, but the consumed energy for wireless sensing and data
transmission is a little bit high and close-range data transfer. Thus, a new
design of hybridized nanogenerator to power the low-cost self-powered
wireless sensor nodes is strongly desired.
Here, a chaotic pendulum triboelectric-electromagnetic hybridized
nanogenerator for harvesting wave energy to power the wireless sensor
nodes of the marine environment monitoring system is proposed. The
structure is designed and calculated in line with the reciprocating mo
tion of waves to effectively transfer wave energy into electricity. Results
illustrate that the maximum output power of the TENG and EMG are
15.21 μW and 1.23 mW, respectively. And the hybridized nanogenerator
can light up about 100 LEDs. Furthermore, the nanogenerators can
effectively scavenge wave energy to power the wireless sensing nodes of
the monitoring system and realize the remote transmission of marine
environmental information to monitor the environment of ocean. In
addition, the hybridized nanogenerator is widely applicable for the
construction of other marine platforms.

2. Results and discussion
To solve power supply issues in buoys (Fig. 1a), a hybridized nano
generator is presented. The motion of wave was analyzed to highly
active harvest the ocean energy, as displayed in Fig. 1b, the waves travel
because gravity pulls the water in the crests downward. Forced out from
beneath the falling crests, the falling water pushes the former troughs
upward, and the wave moves to a new position. Notice that the actual
motion of the water itself beneath these waves is circular or orbital,
which confirms our experience that we are carried up and forward as the
wave approaches, and down and back as it passes. Owing to the recip
rocating motion and low frequency of the wave, the nanogenerator is
designed as a chaotic pendulum to harvest the wave energy effectively
powering the sensing nodes within the buoy. The chaotic pendulum
consists of the major pendulum and the inner pendulum, as exhibited in
(Fig. 1c), the main pendulum is the model of mathematical pendulum
and the inner pendulum consists of three magnetic balls equally spaced
on the rotating shaft. The motion state of the chaotic pendulum is
affected by the factors of initial position and starting speed. The major
pendulum follows a simple rule that the pendulum swings back and forth
at the time of the water wave oscillating. The inner pendulum starts to
motion while the major pendulum swings, and the motion track is
chaotic and unpredictable.
The hybridized nanogenerator consists of two parts, triboelectric
nanogenerator (TENG) and electromagnetic nanogenerator (EMG), and
the structure diagram of the designed nanogenerators is displayed in
Fig. 1d. The TENG with polytetrafluoroethylene (PTFE) films and Au
electrodes utilizing the freestanding triboelectric-layer mode is fixed
onto the sector of the central pendulum. And PTFE film is chosen
because of its high negativity. The three magnetic balls of the inner
pendulum and three coils pasted on the inside acrylic installed on the
sector of the central swing made up the EMG. The weighted ball of the
major pendulum, a magnetic ball, were set to increase the oscillation
frequency of the inner pendulum and enhance the output electric of the
EMG. When the triboelectric-electromagnetic hybridized nanogenerator
is motivated from water oscillation, the PTFE film is fixed on the inner
pendulum slide on the interdigitated electrode to converting oscillating
mechanical energy into electrical energy. Meanwhile, the three mag
netic balls inside the chaotic pendulum start to move under their own
gravity and external magnetic incentive condition. That brings about the
change of the magnetic flux of copper coils attached to the inner side of
the chaotic pendulum. Thus, the triboelectric-electromagnetic hybrid
ized nanogenerator could harvest the wave energy and transfer the lowfrequency mechanical vibration into electric energy.
The motion trail of the nanogenerator is simplified and presented the
working process of the TENG and EMG (Fig. 2a–b). And the working
principle of the TENG is based on the triboelectric effect and electro
static induction. Initially, chaotic pendulum is at rest, and the PTFE film
and the Au electrode are in an entirely coincident position, the negative
charges can be accumulated on the surface of the PTFE and the positive
charges are aggregated on the surface of the Au electrode, it can be
attributed to the electrical polarity of PTFE and Au at both ends of the
electrical sequence of the triboelectric material. Amounts of positive
charge and negative charge are equivalent electrostatic equilibrium in
this state, so that there is no electron transfer from the respective elec
trodes. While the main pendulum gets a push as the excitation starts, and
the PTFE is pasted on to the main pendulum rub with the Au electrode
from the position of electron 1 to electron 2, the electric potential dif
ference is produced during this procedure. The positive charges flow
from the electrode 1 to the electrode 2 towards the sliding direction, and
form an instantaneous current on the external load. When the main
pendulum swings in the opposite direction, PTFE film and Au electron
are contacted and rubbed from the direction electron 2 to electron 1, and
the direction of current flowing is consistent with the main pendulum
movement. Thus, the process of electricity generation is continuous, as
displayed in Fig. 2c. For the TENG, the open circuit voltage (VOC) and
2
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Fig. 1. Schematic diagram of the designed triboelectric-electromagnetic hybridized nanogenerator. a) Schematic diagram of hybridized nanogenerator used to
monitor waves around a marine buoy. b) Diagram of wave motion model. c-d) Structural schematic diagram of the hybridized nanogenerator.

the transfer charge (QSC) under short-circuit conditions can be repre
sented as [47–50].
Voc ¼

σS

(1)

C
Z

QSC ¼

the reciprocating motion of the magnetic for a period, a full cycle of the
electricity generation process finishes. The three-dimension model is
also built by COMSOL software, and the simulation result of the working
process of electromagnetic energy harvesting is presented in the Sup
porting Information Video S1. When the pendulum was subjected to the
water wave, the three magnetic balls can rotate inner the chaotic
pendulum, and the induced electromotive force in coils varies with the
rotational position of the magnetic ball. Thus, the chaotic pendulum
triboelectric-electromagnetic hybridized nanogenerator could generate
the alternating current by combining the TENG part with EMG part.
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2019.104440.
We simplified the model of the chaotic pendulum as the double
pendulum, a classic model, to investigate the movement modal of the
nanogenerators efficiently harvesting low-frequency environmental vi
bration, as presented in Fig. 3a. The position of a double pendulum is
characterized by two angles ϕ1 and ϕ2 between the rods and the vertical.
The length of the rods l1 and l2 and the bobs masses m1 and m2 are the
control parameters. The positions of the bobs are

ISC dt

(2)

where σ is the transfer charge density, S is the contact area between the
PTFE and Au electrode, and C is the capacitance.
While the COMSOL Multiphysics software based on finite element
simulation is used to calculate the potential distribution of two elec
trodes and PTFE film under different conditions, as presented in Fig. 2d.
The results of the simulation intuitionistic describe the electric field of
the triboelectric nanogenerator in motion. The underlying profile clearly
illustrates the potential difference between the two electrodes, driving
the current flowing in the external circuit.
The EMG is based on the principle of electromagnetic induction,
producing an alternating current by a periodic change of magnetic flux.
Fig. 2e illustrates the working principle of the EMG component. When
the magnetic ball moves close to the coil, the magnetic flux in the coil
increases at the time of the separation distance decreasing between the
magnetic ball and coil, and the induced current is generated in the
process. As the magnetic ball moves far from the coil, the magnetic flux
in the coil reduces, and a reverse induced current is generated inside the
loop. According to Faraday’s law of electromagnetic induction, the
induced electromotive force can be expressed as
E¼

n

dΦ
dt

x1 ¼ l1 sinϕ1 ;
y1 ¼ l1 cosϕ1 ;
x2 ¼ l1 sinϕ1 þ l2 sinϕ2 ;
y2 ¼ l1 cosϕ1 l2 cosϕ2

(4)

The Lagrangian of a double pendulum is
2

1
dφ 2 1
dφ
dφ dφ
L ¼ ðm1 þ m2 Þl21 ð 1 Þ þ m2 l22 ð 2 Þ þ m2 l1 l2 ð 1 Þð 2 Þcosðφ1
2
2
dt
dt
dt
dt
þ ðm1 þ m2 Þgl1 cosφ1 þ m2 gl2 cosφ2

(3)

where E is induced voltage, n is the induction coil turns, Φ is the mag
netic flux, and t is the time.
Then, the magnetic ball is kept moving to the position where has no
magnetic flux change in the coil and the induced current is zero. With

leading to the following equations of motion [51].

3

φ2 Þ
(5)
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Fig. 2. Operating principle of the hybridized nanogenerator. a-b) The schematic of two direction of motion: a) the motion trail of Au electrodes and the PTFE film,
and b) the motion trail of the magnetic ball and coil. c) The working principle of the TENG unit and the charge distributed in different stages. d) Simulated voltage
profile of the two Au electrodes and the PTFE film with various positions. e) The working principle of the EMG unit.

ðm1 þ m2 Þl1

m2 l 2

d 2 φ1
d2 φ
dφ
þ m2 l2 2 2 cosðφ1 φ2 Þ þ m2 l2 ð 2 Þ2 sinðφ1
2
dt
dt
dt
þ ðm1 þ m2 Þg sinφ1 ¼ 0

d 2 φ2
d2 φ
þ l1 2 1 cosðφ1
dt2
dt

φ2 Þ

dφ
l1 ð 1 Þ2 sinðφ1
dt

φ2 Þ

φ2 Þ þ g sinφ2 ¼ 0

According to the fluctuation-dissipation theorem for a stationary
state, a gain of energy entering the system is exactly compensated by the
energy loss to the reservoir, which gives

(6)

〈ξðtÞξð0Þ〉 ¼ 2αkB TδðtÞ

(7)

where kB is the Boltzmann constant. The velocity-velocity autocorrela
tion function gives the frequency-dependent mobility μ (w, T),
Z ∞
1
dφ dφ
(10)
μðw; TÞ ¼
dt〈 ðtÞ ð0Þ〉expðiwtÞ
kB T 0
dt dt

As the equations of motion depict, the motion of the pendulum is
non-linear and unpredictable. While the pendulum swings back and
forth, there is the energy exchange between the main pendulum and the
inner pendulum, increasing the energy storage of the device compared
to the simple pendulum. The initial conditions of the pendulum are
different, and the motion state of the pendulum is changed [52]. Actu
ally, the external random force added to the chaotic system is normal.
The following equations explain the motion of the pendulum on that
condition.
d2 φ
dφ
þ sin φ ¼ ξðtÞ
þα
dt2
dt

(9)

There may be one more advantages of the chaotic system. Linear
system inevitably has resonant frequency range with limited bandwidth.
For these systems, it performs efficiently at the optimum frequency and
amplitude, but loses responsivity in out-range inputs. Besides, the
chaotic system has wider responsivity to react randomness of input
energy, which makes the device more versatile. To prove the feasibility
of this structure in collecting wave energy, simulate the motion trajec
tory of the chaotic pendulum through the Adams software under a
persistent excitation of sinusoidal excitation (sin30� ) conformed to the
actual wave motion trail. The motion state of the device is shown in

(8)

This formula describes a damped Brownian particle moving in a
periodic potential.
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Fig. 3. Electrical measurement results of TENG
and EMG, and a line motor is used to control the
movement of the device. a) The simplified model
of the chaotic pendulum. b) The nanogenerators
are motivated by the linear motor. c) The output
voltage, the short-circuit current and the transfer
charge of the TENG under different frequencies.
d) The output voltage and the short-circuit cur
rent of the EMG under different frequencies. e)
Dependences of the output voltage and output
power of the TENG and f) the EMG with imped
ance resistance.

Video S2 (Supporting Information). A linear motor producing uniform
variable rectilinear motion was utilized in vertical direction to verify the
above theory in Fig. 3b and Video S3 (Supporting Information). Usually,
the halcyon condition of wave in the ocean is a common situation. To
investigate the wave energy harvesting under the common circum
stance, the frequency of the motor ranging from 0.5 Hz to 2.5 Hz was set
to simulate that situation. The device was stuck on an acrylic platform
fixed on the motor, and a programmable electrometer was used to
measure the open circuit voltage and short circuit current of the nano
generators. On account of the pendulum being a centrosymmetric de
vice, and the output electric of symmetrical TENGs and EMGs being
similar, we set the one side TENG and EMG as the sample demonstrating
the output characteristic curve of the hybridized nanogenerator. With
the variation of the excitation force frequency from 0.5 Hz to 2.5 Hz, the
peak values of the output open voltage, the output short current, and the
transferred charges all first rise and then level out. The maximum
instantaneous peak-to-peak output voltage of the TENG is 197.03 V, the
open circuit current is about 3 μA, and charges is 54 nC (Fig. 3c). The

trend of EMG’s electrical output characteristics change tendency is
dissimilar to the TENG, the output electric of EMG is maximum as the
excitation reaches the natural frequency, the open circuit voltage of
EMG is 1.08 V, and the short circuit current is approached to 4 mA
(Fig. 3d). With the increase of the frequency, the output power of TENG
is leveling out, but the power of EMG is improving, which proves the
theory of chaotic pendulum. The instantaneous peak output power of
the hybridized nanogenerator was measured under the external excita
tion with frequency of 2.5 Hz, as presented in Fig. 3e–f. Once a variable
external load is connected to the EMG and TENG, the output voltage
rises as the load resistance increases. The instantaneous peak output
power of the TENG increases from 8.41 μW to 15.21 μW as the resistance
changes from 100 MΩ to 400 MΩ and then decreases with the larger load
resistance, which indicats that the maximum instantaneous peak output
power is located at the resistance of 400 MΩ. The output power of the
EMG has the same trend as the TENG, and the instantaneous peak output
power of EMG is 1.23 mW under a matched load resistance of 400Ω.
Supplementary video related to this article can be found at https
5
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Subsequently, the water pump was used to study the effect of
amplitude factors on the nanogenerator to harvest the wave energy at
the frequency of 2 Hz. The output electricity was studied on the condi
tion of the water wave amplitude ranging from 3 cm to 7 cm, taking the
horizontal plane at rest as the zero reference level. The output charac
teristics of the hybridized nanogenerator were measured under different
amplitudes, as diagramed in Fig. 4a. The output voltage, output current,
and transferred charges all increased with increasing the amplitude
continuously (Fig. 4b), which implies that as the amplitude of the wave
goes up, the main pendulum swinging augments the friction area be
tween the gold electrode and PTFE. When the amplitude range from 3
cm to 7 cm, the voltage, current, and charges are separately enhanced to
120 V, 2.8 μA, and 42 nC. The output trend of the EMG is chaotic, and
the maximum output electric of EMG is reached 1 V and 4 mA (Fig. 4c).
This result indicates that, as the amplitude of the wave rises, the fre
quency of the pendulum swing rises with the increment of the main

pendulum swing amplitude. The short circuit current and the open cir
cuit voltage of TENG2 and EMG2 under the condition of the different
amplitude are depicted in Fig. S1(Supporting Information). Under the
excitation of the amplitude of 7 cm, the short circuit current and the
open circuit voltage of TENG and EMG are diagramed in Fig. S2 (Sup
porting Information), respectively. Furthermore, the harvester was
tested in the actual condition, Jialing River was chosen (Fig. 4d, Video
S4), and the output electricity was depicted in Fig. S3(Supporting In
formation). The input energy of the river is random, and the nano
generator transferred the random force into power energy, the wide
responsivity to react randomness is better than that of linear systems in
the actual environment. Based on the above analysis, water wave exci
tation with a frequency of 2 Hz and an amplitude of 7 cm were chosen
for the next experiments. In addition, the durability of the TENG in the
experiment of water is presented in Fig. 4e. To demonstrate the effi
ciency of energy harvesting, the output voltage of TENG and EMG under
a trigger is shown in Fig. S4 in the supporting information, and the
Fig. 4. Electrical measurement results of TENG
and EMG, and a water pump is used to control the
movement of the device, also in the actual envi
ronment. a) Test in the wave energy. b) The
output voltage, the short-circuit current and the
transfer charge of the TENG under different
amplitude. c) The output voltageand the shortcircuit current of the EMG under different
amplitude. e) Stability of the triboelectric nano
generator. f) Output power and converted energy
of TENG for a trigger with impedance of 400 MΩ.
g) Output power and converted energy of EMG
for a trigger with impedance of 400 Ω.
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output power and converted energy of EMG for a trigger with impedance
are demonstrated in Fig. 4f–g.
The charging capability of the hybridized nanogenerator was
investigated, the external excitation of the frequency was 2 Hz and the
amplitude is 7 cm in this experiment. We set the targeting voltage at 3 V.
It is found that the smaller the capacitance (10 μF) of the capacitor is the
shorter charging time is used (10 s) to achieve the target, while the
larger capacitance (100 μF) of the capacitor is, the longer charging time
is used (200s). Fig. 5a presents the results of the charging time. On ac
count of the chaotic pendulum triboelectric-electromagnetic hybridized
nanogenerator having excellent electrical output, about 100 LEDs are
connected in parallel and lighted by the hybridized nanogenerator
(Fig. 5b). Also, the frequency and amplitude of the external excitation
are 2 Hz and 7 cm, respectively. The experiment demonstration could be
found in a Video S5 (Supporting Information).
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2019.104440.
The output electricity of the TENG and EMG is alternating current,
and that output mode cannot be used to power the sensing nodes. Thus,
the power management circuit was designed to convert the time-varying
electric output into a constant voltage, and the output characteristics of
the TENG and EMG, a high output voltage and a high output current,
were utilized to simplify the design of the power management circuit
powering for the applications. The whole circuit consists of the rectifier

bridge, the storage capacitor (47 μF), the control circuit, and the voltage
regulator module, used to process, store and control the energy, as
displayed in Fig. 5c. While the hybridized nanogenerator started to
generate electricity, the rectifier bridge and electrolytic capacitor was
used to store the energy generated by the TENGs and EMGs. For the
purpose of efficiently storing energy into the capacitor, the power
management circuit was utilized to improve the efficiency of collecting
the output electricity of nanogenerator. While the transistor, diode and
N-channel MOSFET together with LDO voltage regulators (MAX 666)
were set to monitor the storage capacitor voltage. We calculated the
power demand for subsequent experiment of wireless sensing nodes
transmission, and the proper setting of the charge voltage limit is critical
and ranges from 3 V to 11 V one cycle, as presented in Fig. S5. While
power supply output voltage exceeds its setting, the hardware switches
on, and the discharge power of the capacitor power (about 2.6 mJ once
time) is connected with voltage regulator module LDO, regulating the
voltage to 3.3 V to power the wireless sensing nodes. The wireless
sensing node system consists of a temperature sensor, a radio frequency
(RF) module transmitter, a radio frequency receiver and a monitor
system on the laptop. The picture of the module is displayed in Fig. 5d–e.
The data sender includes the temperature sensor and the radio frequency
module transmitter. The temperature of the surrounding conditions is
detected via the temperature sensor and is transferred through the RF
module transmitter, while the energy consumed by the processing of

Fig. 5. Application of the hybridized nanogenerator. a) The charge time of the hybridized nanogenerator for different capacitors. b) Powering 100 light-emitting
diodes (LEDs) in parallel. c) The schematic circuit diagram of the self-powered wireless sensing nodes transmission system. d-f) Self-powered wireless sensing
nodes transmission system enabled by the hybridized nanogenerator in Bo Hai.
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data collection and transmission is around 0.75 mJ, a lower energy. And
the data is received at the interface of the monitoring system on the
notebook computer by means of RF receiver, however, the receiving end
is powered by the computer. The data remote transmission capability
exceeds 300 m, and the wirelesses was tested in the laboratory (Fig. S6),
also was tested in the Bohai installed on the boat (Fig. 5f). The selfpowered wireless sensing nodes transmission system enabled by the
hybridized nanogenerator is displayed in the laboratory (Video S6)and
in Bohai (Video S7), and the tested temperature is shown in Fig. S7 in the
supporting information. The results of the above experiments indicate
that the hybridized nanogenerator is a practical application in marine
ecosystem monitoring, otherwise, this designed nanogenerator could be
widely used in other small offshore platforms powering sensing node.
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2019.104440.

system on the laptop. The processor chip within the temperature sensor
converted the perceived temperature analog signal into digital signal
and transmited it to the remote transmitter, the digital signal was pro
cessed by 51 MCU in the data sending module transmitting to the data
receiving end and display in the laptop.
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3. Conclusion
In summary, to efficiently scavenge mechanical energy from blue
energy, a chaotic pendulum triboelectric-electromagnetic hybrid
izedizied nanogenerator and self-powered wireless sensing nodes system
is proposed. The nanogenerator possessing the advantages of low
working frequency and high electromechanical conversion efficiency
was investigated to scavenge the mechanical vibration for powering
wireless sensor node under different experimental conditions. The
maximum output power of the TENG and EMG on wave excitation forces
conditions are 15.21 μW and 1.23 mW, respectively. The nanogenerator
can illuminate about 100 LEDs. Moreover, the nanogenerators can
power the wireless sensing node of the marine environment monitoring
system on the buoy and the self-powered sending end transfer the
monitoring data to base station. The design of the chaotic pendulum
triboelectric-electromagnetic hybridized nanogenerator provides an
innovative and effective method toward blue energy harvesting. This
work demonstrates a new direction to scavenge the low-frequency,
chaotic vibrations in the other ambient environment.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nanoen.2019.104440.
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