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ABSTRACT

There is abundance of low-frequency biomechanical and blue energy that can be harvested from our ambient
environment. Utilization of these energy plays a significant role for the sustainability of the wearable devices and
environmental monitoring devices. Here, we presented a rotational pendulum triboelectric-electromagnetic
hybrid generator (RPHG) which is able to scavenge low-frequency (< 5 Hz) vibration energy from both arbitrary
human motion and ocean waves. Four stacked disk-shaped rotor magnets are introduced into the generator for
the rotational motion. The pendulum rotor can easily rotate around the bearing by gravity or inertia force with a
broadband frequency excitation, and coupled with surrounding coils to operate electromagnetic generator
(EMG). In the meantime, triboelectric nanogenerator (TENG) is realized by utilizing the rotor to trigger the
contact-separation mode of the copper ring and surrounding fluorinated ethylene propylene (FEP) film. The
hybridized generator is very sensitive to irregular human motion and ultra-low-frequency ocean waves. After the
optimization of the configuration of the hybrid generator, the maximum power density of 3.25W/m? and
79.9 W/m? are obtained at a driving frequency of 2 Hz and amplitude of 14 cm by the TENG and EMG, re-
spectively, which can charge a capacitor of 22 puF to 7 V rapidly in 30 s. The RPHG can light up about more than
hundreds of commercial lights emitting diodes (LEDs). Then, the RPHG was placed on human body and tested by
running on treadmill and rope skipping. The open-circuit voltage of the EMG can be about 9 V and that of TENG
can reach 150 V. Finally, the RPHG was tested on a homemade buoy in Tai Lake. When the wave frequency is
about 1 Hz and the wave height is 20 cm, the open-circuit voltage of EMG can reach over 3V and that of TENG
can reach 80V regardless of whether the RPHG is placed vertically or horizontally. Generally, the proposed
device demonstrates the effectiveness towards energy harvesting from ambient environment of multidirectional
and wide frequency range, i.e., human motion and blue energy, showing the great potential of being a sus-
tainable power source for those wearable devices and monitoring devices in blue ocean.

1. Introduction

generations of information technology. More and more microsensors
and actuators are being widely used in various fields, such as health

Over the past decades, with the rapid development of microelec- monitoring, environment protection, infrastructure monitoring and
tronics, microelectromechanical systems (MEMS) and mobile internet security. Although the power consumption of these electronic devices is
technology, Internet of Things (IoT) has becoming one of the next small individually, the number of such units can be huge in the order of
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Fig. 1. Structure design of the hybrid generator. (a)
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Schematic illustration of the RPHG device. (b) Top
view of the structure diagram of the RPHG. (c)
Schematically illustration of the possible applica-
tions of the hybrid generator for human healthcare
monitoring and ocean monitoring in IOT by har-
Cu vesting irregular and low-frequency human motion
and ocean wave energies.
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billions. Traditional batteries or connecting wires do not meet the re-
quirements of these miniature devices, such as wireless, portable, long
life, environmentally friendly, and even implantable. In recent years,
more and more attention has been paid to energy harvesting technique
[1-9], which can convert various environmental energy into electric
energy. It is considered as a reliable and independent strategy for
providing continuous power source.

Human motion and blue energy have the promising prospects for
producing electricity since there is a large amount of human activities
on the earth and 70% surface of the earth is covered by oceans. Wave
energy is one of the main sources of blue energy, which represents the
energy offered by water wave, tide and ocean related. The character-
istics of human motion and ocean waves are random and irregular vi-
brations with ultra-low frequency of less than 10Hz, or even 1Hz.
However, the resonant frequency of these traditional resonant-based
vibration energy harvesters is relatively high [10,11]. Although re-
searchers have proposed a number of methods to reduce the resonant
frequency to be less than 100 Hz or even 30 Hz, the output performance
were decreased greatly [12]. This issue has inspired intensive in-
vestigations of non-resonant mechanisms to broaden the operation
bandwidth and improve the energy harvesting efficiency [7,13]. But the
power output of the reported energy harvesters is limited due to the
ultra-low frequency and irregular magnitude and direction of vibra-
tions. On the contrary, unlimited rotary motion of a pendulum rotor
could be a good solution to eliminate the restriction of traditional
harvesters [14,15].

Meanwhile, based on the coupling of triboelectrification and elec-
trostatic induction, the triboelectric nanogenerators (TENG) [16-26]
have been recognized as one of the most effective energy conversion
techniques. TENG can harvest mechanical energy of broad frequency
range from human motion [23,24], ocean wave [27-32], wind [33-36]
and other mechanical vibrations [37], which benefit from the light
weight, high output voltage, simple fabrication and good reliability.
Also, TENG demonstrates high energy conversion efficiency, low cost,
flexibility, and rich selection of materials [38-43]. However, one of the
main disadvantages of the TENG is that the output current is very low.
On the contrast, electromagnetic generator (EMG) with high output
current due to the low impedance can be a complementary method. The
coupling of these two energy conversion mechanisms indicates an

effective approach to realize high output performance from ambient
mechanical for powering miniaturized electronics [40,44].

Many works hybridized EMG and TENG together, utilizing their
complementary features [45,46] with rotational structure designs, so as
to capture the multidirectional and wide frequency range energies from
human motion and ocean waves. Previously, Guo et al. [47] have re-
ported a hybrid nanogenerator, which is composed of a fully en-
capsulated TENG and an EMG. The moving part of the TENG is in-
directly driven by the magnet in the EMG, which can harvest in harsh
environments. Wen et al. [48] reported a hybrid nanogenerator that
consists of a spiral-interdigitated-electrode TENG and a wrap-around
EMG, which could generate electricity under either rotation mode or
fluctuation mode from ocean tide, current, and wave energy due to its
unique structure. Although these rotating hybrid nanogenerator have
high output performance, the rotation is driven by a large external force
from an electric motor, water, or wind with high flow speed [49-56]. If
the driven force is small, these hybrid nanogenerator could not work
smoothly since the friction between the triboelectric materials.

Considering the irregular, low frequency and even multi-direction
vibrations of human motion and ocean waves, we demonstrated a novel
rotational pendulum design of hybridized generator (RPHG), which can
be easy-driven by ultra-low-frequency and irregular motions. The RPHG
consists of an EMG module and flexible TENGs module. Driven by the
rotation of the pendulum rotor, the copper ring around the rotor
magnets will periodically get in contact and separation with the flexible
TENG blades. The optimum configuration including the number and
thickness of the TENG blades have been investigated and the perfor-
mance of the EMG and the TENG modules are studied. The RPHG was
placed on human body and tested by running on treadmill and rope
skipping, which demonstrated its effectiveness for harvesting energy
from human motion. Finally, the RPHG was fixed on a homemade buoy
and the output performance was verified in Tai Lake to demonstrate its
effectiveness for harvesting water wave energy.

2. Results and discussion
2.1. Fabrication of the hybrid generator

The design schematic of the hybrid nanogenerator is shown in
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Fig. 1a, which mainly includes a pendulum rotor, coils, TENG blades
and a cylindrical frame. The pendulum rotor is composed of an alu-
minum alloy support, four disk-shaped magnets made of NdFeB and a
copper (Cu) ring curling around the magnets, while the pendulum rotor
is assembled on the center shaft by two ceramic bearings. The diameter
and height of the magnets has been optimized in the following dis-
cussion. The frame is a tube structure made of acrylic with two covers
on its top and bottom sides and its inner diameter and height are 65 cm
and 40 cm, respectively. Four groups of coils with a circular pattern
around the center shaft are embedded in the bottom cover, and each
has a dimension of @25 mm X 4 mm. These four coils are connected in
series in order to increase the output voltage. The longitudinal distance
between magnets and coils is 2 mm. As shown in Fig. 1b, one piece of
middle Cu electrode and FEP films on both sides form a sandwich
flexible TENG blade (FEP//Cu//FEP). One side of the blade was fixed
on an acrylic sheet around the frame, while the other side of the blade is
freestanding. The width of the blade is 10 mm. Hereinafter, the length,
thickness, number and position of the blades, were optimized. In this
device, the magnets and the coils form an EMG module, while the
flexible blades and Cu ring form a contact-separation TENG module.
The two TENG blades are connected in parallel.

The pendulum rotor magnets can be easily driven to do clockwise
and anticlockwise rotation around the center shaft by external excita-
tion force. The motion of the rotor magnets will induce magnetic flux
change across each coil and electrical voltage will be generated in the
electromagnetic coil accordingly. Meanwhile, as the pendulum rotor
carries the Cu ring to rotate clockwise or anticlockwise, the copper will
periodically get in contact with the flexible FEP//Cu//FEP blades and
scrape through it. Therefore, a contact and separation between the
surfaces of the two different materials (FEP and Cu) occurs con-
secutively. Electricity is generated through the coupling of triboelec-
trification and electrostatic induction via the periodic contact and se-
paration between two oppositely polarized triboelectric charged
surfaces, resulting in the observed voltage/current signals. The in-
stallation diagram of the whole device, the pendulum rotor and the
TENG blade are shown in Supporting information Fig. S1. In Fig. 1c, a
proposed scheme of the RPHG for scavenging the low-frequency and
irregular human motion energy is demonstrated. Also, it provides an
innovative and effective approach toward large-scale blue energy har-
vesting. The real-time harvesting of kinetic energy can be realized
through the RPHG, which is of great help to human health monitoring
and intelligent Marine Internet of Things (IO0T).

2.2. Working mechanism

The working mechanism of the TENG is schematically depicted in
Fig. 2a. From Fig. 2a (i) to (v), the contact/separation process between
the copper ring and the blade and the generation process of the electric
charge and current flow can be clearly identified. At the original state,
the blade remains at its neutral state without any current flow. When
the Cu ring approaches the FEP film and balances the negative surface
charges on FEP film, causing the electrons flow from the ground to the
Cu electrode under the FEP film until they become fully contact with
each other, resulting in an output signal in state ii. When the FEP film is
in a fully physical contact with the Cu ring during the pendulum rotor
rotation, electrons are transferred from Cu into FEP due to the higher
surface electron affinity of FEP. However, no electron flow occurs in the
external circuit because the produced triboelectric charges with oppo-
site polarities are perfectly balanced. Once a relative separation occurs
between the Cu ring and the FEP film, the negative charges on the
surface of the FEP will induce positive charges on the Cu electrode to
compensate the triboelectric charges, driving the free electrons flow
from the Cu electrode to the ground as shown in state iv. This elec-
trostatic induction process can generate an output voltage/current
signal until the negative triboelectric charges on the surface of the FEP
are fully screened from the transferred triboelectric charges to the Cu
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electrode. In state v, with the rotation of the pendulum rotor, the
copper ring begins to collide with the bottom blade. Subsequently, the
electrons will flow back from the ground to the electrode of the bottom
blade and a reversed direction of the current can be observed. The
positive triboelectric charges on the electrode of the bottom blade are
gradually neutralized until the copper ring are fully contact with the
bottom blade. Thereafter, they began to separate from each other. The
electrons flow in the opposite direction again until the copper ring and
the bottom blade are separated completely. As the rotation of the
magnetic rotor continues, the copper ring starts to contact with the top
blade again, resulting in the flow of electrons from Cu ring to the
electrode of the top blade. Until the Cu ring and the top blade are fully
contact, a full cycle of the electricity generation process completes. The
Cu ring and the two TENG blades act as an electron pump to drive
electrons to flow back and forth twice during one rotation cycle.
Therefore, an alternating current flow can be observed in the external
circuit. Likewise, an anticlockwise motion of the copper ring experi-
ences a similar generation process of electricity with opposite current
flow in the circuit. As shown in Fig. 2b, ¢ and d, finite-element analysis
(FEA) using COMSOL Multiphysics was performed to gain a more
quantitative understanding of the electrical potential distribution of the
TENG where the rotor drives the Cu ring to make a contact and se-
paration with the FEP. As shown in Fig. 2b and c, the gap between the
Cu ring and the FEP changes with the rotating of the rotate magnet
(Fig. 2¢), and the Cu ring scrapes the FEP until they are separated
(Fig. 2d) resulting in a change in electrical potential distribution.

For the TENG, the open circuit voltage Voc and the transfer charge
Qsc under short-circuit conditions can be represented as [57-59].

S

VIENG _ 92
o¢ c €3]
Qe = f I dt )

where o is the transfer charge density, S is the contact area between the
FEP and Cu electrode, and C is the capacitance.

The flexible blade can be considered as a cantilever beam, and its
spring constant k is expressed as [60].

_ Ewt®
e 3

where E is the Young's modulus of the FEP, w is the width, t is the
thickness of the FEP, and [ is the length of the cantilever. The cantilever
can be deformed when a concentrated load Fr of the rotational rotor
magnets is applied on the FEP surface at the contacting point, as in-
dicated in Fig. S2. The fixed end is the origin of the coordinate axis, and
the deflection at the x position is

2
y(x) = 2hrx Ix — 3al

Eth3 @

where x is the coordinate of any one point of the cantilever on the X-
axis, a is the distance from the contacting point to the fixed point of the
cantilever. Therefore, from Eq. (4), the thickness of the Cu electrode,
the thickness of the FEP and the length of the blade are all important
factors that affect the output performance, which will be optimized in
the following experiments.

The EMG part is based on Faraday's law of electromagnetic induc-
tion. A physical model of the EMG part is illustrated in Fig. 2e. Because
of the bearing support for the magnet rotor, the magnets can rotate
around the shaft driven by low frequency vibration without un-
necessary surface friction. Even a small acceleration of the external
excitation can trigger the pendulum rotor rotate clockwise and antic-
lockwise around the shaft. The rotating magnet is just above the coils.
Fig. 2f shows the magnetic field distribution of one magnet. The magnet
flux density decreases as the distance from the object to the magnet
increases. Considering the precision of machining and 3D printing, the
distance between the magnet and the coil is set to 2 mm. The rotational
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Fig. 2. Working mechanism of the hybrid generator. (a) Schematic diagram of the
electric potential distribution during contact-separation. (e) Physical model of the

power generation process of the TENG with two blades in a half cycle. (b—d)
hybrid generator when the rotor magnets rotate. (f) Simulated magnetic field

distribution of the EMG. (g) The output voltage and voltage density of the hybrid generator at a constant frequency of 2 Hz and amplitude of 8 cm with different

magnets combination.

motion of the pendulum rotor magnet will induce the change of mag-
netic field across each coil, and the electrical voltage signals will be
induced in the electromagnetic coil accordingly.

In the physical model, the RPHG is confined to be excited along x-
direction and perpendicular to the ground. The pendulum rotor magnet
rotates under external force F applied in the x-direction. M and m de-
note the mass of the housing and the rotor magnets, respectively. C,,, C;
and C, and f denote the rotational damping force due to the friction
between the bearing and shaft, rotational damping force due to the
friction between the copper ring and FEP film, electric-magnetic
damping force and the inertia driving force, respectively. R and 0 de-
note the distance from the centre of rotor magnet to the centre shaft and
the rotating angle of the pendulum rotor. On the basis of the dynamic
characteristics of the model, the motion of the device is define as
X =X+ (R + r)cos 0 and y,, = (R + r)sin 6, where x,, and y,, denote

the absolute displacements of the rotor magnet in the x- and y-direc-
tions, respectively. x denotes the reciprocating motion of the device.
With the kinetic energy, potential energy, and generalized forces, the
equations describing the motion of the system can be derived by using
Lagrange's equations. Thus, the governing equations of the motion of
the rotor magnet are written as

(M + m)¥ + mR(6 cos 6 — 6% sin 6) + cx = F cos(wt)
[mR* + 118 + Cp + C. + C, = —mR3¥ cos 8 (5)
where I is the mass moment of inertia of the rotor magnet. By ap-
proximating the magnetic field of the rotor magnet to uniform, the
output voltage across each coil is related to the number of turns N, the
angular velocity of the rotor and the radius of the coils. The voltage can
be expressed as
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point2
E(t)=NBLv=NB [ 6ldl
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where piontl and point2 are the coordinates of the two points at which
the outer diameter of the magnet intersects the coils. When the rotor
magnet rotates, there will be electric-magnetic resistance force C,, the
rotational damping force of bearing and the rotational damping force of
TENGs, the C,, C,, and C, can be expressed as

fPOim‘Z &1d1 point2

E ini
C, = NBIL = B%L - Nsz% T al

pointl
— g ph
Cp = 2mcey, \/% R6
_ y(x)Ebh%
C= - )

where B is the magnetic field density; L is the effective length of the
coils when magnetic induction line cutting the coils; R, is the im-
pedance of the coils; and c,, is the mechanical damping coefficient; c is
the frictional coefficient; hr is the thickness of the TENG blade (FEP//
Cu//FEP).

To maximize the output power of the EMG, the output performances
of the device with different combination of magnets were system-
atically investigated. Fig. 2g illustrated the output voltage and the
output density (Voc divided by the total weight of the device) of the
EMG against different combination of magnets at a constant frequency
of 2 Hz and amplitude of 8 cm. It is found that the Vq is closely related
to the number and diameter of the magnets and reaches the maximum
value when 6 magnets with diameter of 25 mm are stacked together.
However, as can be seen from the chart, the voltage density reaches the
maximum value when 4 magnets of @20 mm are stacked and starts to
decrease as the number of magnets increases. Therefore, the EMG
configuration with 4 magnets in diameter of 20 mm is adopted in the
following test.

2.3. Structure optimization and output characteristics

A series of experiments were carried out to optimize the output
performance of the device with different configurations, such as dif-
ferent thickness of the Cu and FEP, and different length of the blade.
The linear motor which is controlled through a function generator with
adjustable frequency and amplitude was used to provide the external
sinusoidal excitation with a frequency of 2 Hz and amplitude of 10 cm
as shown in Fig. S3.

Firstly, the effect of the thickness of Cu electrode on the output
performance of the EMG and TENG was investigated systematically. In
this experiment, the FEP thin film with the thickness of 0.05 mm was
sandwiched by the double sides of copper electrode of different thick-
ness from 0.01 mm to 0.1 mm. It can be noted from Fig. 3a and b that
the root mean square (RMS) voltage density (output voltage divided by
the area rotation and the area of TENG) of the EMG increases with the
decrease of the Cu electrode thickness. Meanwhile, the RMS voltage
density of the TENG reaches the maximum value when the thickness of
the Cu electrode is 0.05 mm. According to Eq. (3), the increase of the Cu
electrode thickness results in the increase of the spring constant, which
leads to the increase of the elastic force. As a consequence, the in-
creasing elastic force has significant effect on the rotation of the rotor
magnets. Considering that the energy harvesting of the EMG is higher
than that of the TENG, therefore, in the following experiment, the
thickness of the Cu electrode is adopted as 0.01 mm. Three types of FEP
blades with different thickness of 0.01, 0.05 and 0.1 mm are considered.
Fig. 3c and d illustrate the Voc and the RMS voltages density of the
EMG and TENG with different thickness of the FEP film, indicating that
the output performances of the EMG remains basically the same of
17.5V as the thickness of the FEP changes. The Voc of the TENG is
closely related to the thickness of FEP. The RMS voltage density
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increases from 4V/cm? to the maximum value of 6 V/cm? at the

thickness of 0.1 mm. According to Egs. (3) and (4), the increase of the
FEP thickness results in the increase of the spring constant and decrease
of the deflection of the blade, which introduces more contact area be-
tween the Cu electrode and the FEP film. Therefore, the Voc of the
TENG will increase with the thicker FEP film. Also, the deformation
photograph of the TENG with different thickness of FEP after 30 min of
testing (4 Hz, 10 cm) can be seen in Fig. S4 in supporting information.
As can be seen from Fig. S4, when the thickness of FEP is 0.01 and
0.05 mm, the deformation of the TENG blade is severe, and when the
thickness of FEP is 0.1 mm, the TENG blade is substantially free of
deformation. So, the thickness of the FEP is determined as 0.1 mm. The
length of the blade is also a major factor that affect the electric output
of the TENG. As depicted in Fig. 3e and f, the V¢ of the EMG does not
change much with changing the length of the blade, while the Vo and
RMS voltage density of the TENG reaches the maximum when the
length of the blade is about 20 mm. As a result, the blade with a length
of 20 mm is used in the following experiments.

Secondly, the influence of the frequency and amplitude on the
output performance of the EMG and TENG was studied, and the results
are shown in Fig. 4. When the frequency of the excitation force is varied
from 1 Hz to 4 Hz with the amplitude maintaining a constant value of
10 cm, the output peak-to-peak voltage of the EMG increases from 2.6
to 13 V. The output peak-to-peak voltage of the TENG correspondingly
goes from 0 to 180 V, as shown in Fig. 4a and b. While the amplitude of
the excitation force changes from 2cm to 14 cm with the frequency
remaining constant of 2 Hz, the output peak-to-peak voltage of the EMG
increases from 1.5 to 9.6 V, and the output of the TENG also goes from 1
to 230V, as shown in Fig. 4c and d. Based on Eq. (4), when the ex-
citation frequency and amplitude are large, the pendulum rotor mag-
nets will obtain a greater angular velocity. At the same time, the con-
centrated load Fr will be larger, which leads to a large output voltage of
the TENG. It is verified that in a certain frequency and amplitude range,
when the amplitude is constant, the output performance increases with
the increase of the frequency. However, when the frequency is constant,
the larger the amplitude, the better the output performance.

Additionally, the number of blades of the RPHG configuration was
investigated. As depicted in Fig. 4e, the output of the EMG is not sig-
nificantly affected by fixing 1 or 2 TENG blades, and the RMS voltage
density is about 0.053 V/cm?. When the number of the TENG blades are
increased to 3-4, the output RMS voltage density is obviously reduced.
The increasement of more TENG blades will seriously affect the rotation
of the pendulum rotor. As a result, the output RMS voltage density at
first increases with the number of the TENG blades and reaches the
maximum value of 9.56 V/cm? when there are 3 TENG blades, and then
decreases sharply to 6.7 V/cm? when the blade number increases to 4.
The main reason is that the dense arrangement of TENG blades limit the
motion of the rotor magnets, the converted kinetic energy is dissipated
by friction. Hence, the optimal configuration of the TENG blades are
defined as 2 blades positioned in the middle, where the output per-
formance of the EMG is not affected too much, while the output of the
TENG has a relatively large. Additionally, The peak-to-peak short-cir-
cuit current of the EMG part can reach to 50 mA, and the peak-to-peak
short-circuit current of the TENG part is about 7 pA under the external
sinusoidal excitation with frequency of 2 Hz and amplitude of 14 cm
(see Fig. S6 in supporting information).

The instantaneous peak output power of the RPHG was measured
under the external excitation with frequency of 2 Hz and amplitude of
10 cm. Usually, the effective output power of the RPHG depends on the
matched load resistance. Once a variable external load is connected to
the EMG and TENG, the output voltage rises as the load resistance in-
creases, as displayed in Fig. 5a and b. The output power is equivalent to
the Joule heating of the load resistor, which can be calculated as U?/R,
where U is open-circuit voltage and R is the load resistance. As shown in
Fig. 5a, the instantaneous peak output power of the EMG increases from
75 mW to 265 mW as the resistance changes from 102 to 75Q2 and then
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Fig. 3. Output voltage of the fabricated device with different blade configuration tested on the linear motor. (a, b) Open-circuit voltage and root mean square (RMS)
of the output voltage density generated by the EMG and TENG with different thickness of Cu electrode of the blade at a constant frequency of 2 Hz and amplitude of
10 cm. (c, d) Open-circuit voltage and RMS voltage density generated by the EMG and TENG with different thickness of FEP of the blade at a constant frequency of
2 Hz and amplitude of 10 cm. (e, f) Open-circuit voltage, RMS voltage and RMS voltage density generated by the EMG and TENG with different length of blade at a

constant frequency of 2 Hz and amplitude of 10 cm.

decreases with the larger load resistance, indicating a maximum power
density of 79.9 W/m?. Meanwhile, there is a similar trend for the TENG.
As shown in Fig. 5b the maximal instantaneous peak power of the TENG
is 0.65 mW under a matched load resistance of 10 MQ which gives the
power density of 3.25W/m? under the contact area of about 2cm?.
Furthermore, the charging capability of the RPHG is characterized by
using a 22 pF capacitor. The external excitation of the frequency is 2 Hz
and the amplitude is 10 cm in this experiment. The corresponding cir-
cuit diagram is illustrated in Fig. 5c and the voltage of the capacitor
against time is shown in Fig. 5d. The TENG has a larger charged voltage
than that of the EMG, although the EMG has a faster charging speed
than that of the TENG. This means that over a certain period, the ca-
pacitance voltage charged by the TENG will be larger than that charged
by the EMG. The charging voltage of the capacitor by the EMG and
TENG reaches 3V and 6.2V after 45s, separately. Although the EMG

has a larger output power, which can charge the capacitor quickly to
3V, its charging level is limited by low output voltage. Due to the
higher output voltage and lower output power of the TENG, the capa-
citor can be charged to a high voltage over a long time. By connecting
the two modules in parallel, the hybrid charging has the characteristics
of fast charging speed and high charging level, as shown in Fig. 5d.
While the hybridized EMG and TENG, has a much better charging
performance than the individual EMG or TENG, which benefit from the
hybridization configuration. Additionally, the RPHG can be also uti-
lized as a power source for powering some electronics without using a
storage unit. As illustrated in Fig. 5e and f, 14 blue LEDs are connected
in series and lighted by the TENG. Meanwhile, about 400 blue LEDs are
connected in parallel and lighted by the EMG. Also, the frequency and
amplitude of the external excitation are 2 Hz and 10 cm respectively.
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different number of TENG blades configuration combinations.

2.4. Extract energy from body motions and water waves

On the basis of the above-mentioned characteristics, the output
performance of the optimized RPHG with the inset configuration were
investigated systematically. To harvest the irregular and low-frequency
biomechanical energy, we mounted the RPHG at different locations of
one tester. As shown in Fig. 6a, the RPHG is held in the tester's hand and
tested on a treadmill at different speed (2-8 km/h). As shown in Fig. 6b
and ¢, both the EMG and TENG modules perform quite well and the
output voltages increase as the speed increases. When the speed reaches
to 8 km/h, the instantaneous peak-to-peak output voltage of the EMG
and TENG is 9.5 V and 150 V, respectively. In the demonstration, 60 red
LEDs were mounted on the arm and connected with the RPHG to show
its direct application on driving electronic devices. In Fig. 6a and Movie
S1 and S2 in the supplementary information, the generator has suffi-
cient power to drive dozens of red LEDs by harvesting the biomecha-
nical energy. Then the RPHG was mounted on the tester's waist to

extract kinetic energy from rope skipping, as shown in Movie S3 of the
supplementary information. A data acquisition card was used to collect
the test data for real time monitoring. The output voltage of the EMG
and TENG for different skipping speed is depicted in Fig. 6e and f. The
higher and denser output voltage was obtained at higher skipping
speed. The aforementioned human body tests demonstrate that the
proposed RPHG can generate considerable electricity from various
human activities. From a practical point of view, the RPHGs can be
employed with energy storage devices to act as backup emergency
power sources for commercial electronic sensors or wearable electro-
nics, especially in some special scenario such as jungles and snow
mountains.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103871.

The RPHG also shows a wide range of application prospects in ocean
wave energy harvesting. Considering the influence of humidity on the
output performance of the TENGs, we have done humidity test and the
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relationship between the output voltage of the TENG and the humidity
is depicted in Fig. S5b in Supporting Information under the excitation of
1.5Hz and 10 cm amplitude. When the humidity is above 50%, the
output voltage of TENG drops very little. As the humidity continues to
increase, the output voltage of TENG drops significantly. When the
humidity increases to 90%, the output voltage of TENG drops by 80%.
To eliminate the humidity effect, as shown in Fig. S7, the scheme of the
RPHG for ocean wave harvesting is totally inside the sealed buoy. So,
we assumed the influence of humidity on the output performance of the
device can be ignored. As shown in Fig. 7a, our device is placed ver-
tically in a sealed box, floating on the water surface. The pendulum
rotor magnets perform a sway motion similar to the motion of the
waves, and occasionally scrape through the TENG, the relationship
between the output voltage of the EMG and TENG and the height of
waves is depicted in Fig. 7b and c. It can be seen that as the wave height
increases, the output voltage of the EMG increases continuously. When
the wave height is 10 cm, the peak-to-peak output voltage can reach
3.4 V. Meanwhile, when the wave height is less than 8 cm, there is no
output of TENG due to the lack of kinetic energy to excite the pendulum

rotor to scrape through the TENG. As the wave height reaches 10 cm,
the swing amplitude of the pendulum rotor increases significantly. The
peak-to-peak output voltage of the TENG is 80 V, which is much larger
than that of 8 cm. To illustrate the output of the RPHG in water waves,
driven by artificial waves in the sealed box, the RPHG placed hor-
izontally on the buoy can light up dozens of red LEDs as shown in Movie
S4 in supplementary information.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103871.

Additionally, we made a simple buoy to implant the device and put
it into the Tai Lake for testing as shown in Fig. 7d, Movie S5 in sup-
plementary information. The RPHG can be placed vertically and hor-
izontally (see Figs. S7 and S8 in supporting information). The water
waves are irregular and complicated, with the frequency of less than
2Hz along random directions. Fig. 7e and f shows the voltage wave-
forms of the RPHG excited by lake water waves of about 20 cm high and
a frequency of 1Hz. When it was placed vertically in the buoy, the
peak-to-peak output voltage of EMG and TENG can reach 3.4V and
80V, respectively, as shown in Fig. 7e and f. However, the output signal
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Fig. 6. Demonstration of the hybrid generator for energy scavenging in human motion. (a) One tester with the hybrid generator in his left hand running a test on a
treadmill at different speed. (b) Dependence of output voltage of the EMG on the speed. (c) Dependence of output voltage of the TENGs on the speed. (d) The hybrid
generator collects the kinetic energy when human rope skipping. (e, f) Dependence of output voltage of the EMG and TENGs on the different skipping times in 1 min.

of the TENG has obvious discontinuity, where the pendulum rotor
swing to a small extent and cannot trigger the TENG continuously.
Because the turbulent waves cause the buoy to rotate, which prevents
the vertical RPHG from being effectively excited by the waves. But the
direction of the wave near the shore is relatively simple, so there is no
significant impact on the output of the RPHG. Fig. 7g and h shows the
effectiveness of the RPHG placed horizontally in the buoy under the
same wave condition, where the pendulum rotor would rotate under
the excitation in any directions. The results indicate that the EMG peak-
to-peak voltage of the RPHG is lower when it is placed horizontally than
that when vertically, which is about 3.2V and 3.4V, respectively. The
TENG's peak-to-peak voltages were the relatively close, at 60 V. How-
ever, the continuity of the output signals is very poor when the RPHG
placed vertically. According to the characteristics of different sea areas,
this provides a basis for the optimal placement of the RPHG. The RPHG
can be placed vertically near the shoreline where the wave direction is
relatively uniform, while it should be placed horizontally in the deep
sea where the wave direction often changes.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103871.

3. Conclusion

In summary, to efficiently harvest mechanical energy from human
motion and blue energy, a rotational pendulum electromagnetic-tribo-
electric hybridized generator based on pendulum rotor magnets is
proposed. With the rotation of the rotor magnets, the EMG module will
produce the electromagnetic induced electricity, and the copper around
rotor magnets will periodically get in contact with the flexible blades
and slide through FEP layers on blades to generate the triboelectric
induced output as the TENG module. To optimize the electrical-output
performance of the device, measurements were carried out for a certain

external excitation of linear motor with different configurations
(thickness of Cu and FEP, length of the blade). Additionally, the output
performance of the RPHG was systemically investigated by same fre-
quency and amplitude under different configuration of number and
position of the blades. After the optimization of the configuration of the
hybrid generator, the maximum power density of 3.25W/m? and
79.9 W/m? are obtained at a driving frequency of 2 Hz and amplitude of
14 cm by the TENG and EMG, respectively. A much better charging
performance than the individual EMG or TENG can be observed on the
RPHG. Also, the RPHG under the external excitation can light up
hundreds of LEDs. Several practical tests were conducted to verify the
effectiveness of the RPHG, such as harvesting the kinetic energy from
human motion and lake waves. When the speed is 8 km/h, the in-
stantaneous peak-to-peak output voltage of the EMG and TENG is 9.5V
and 150V, respectively. When the wave is 20 cm high and the fre-
quency is about 1Hz, the voltage peak-to-peak values of EMG and
TENG can reach 3.4V and 80V, respectively. It can be seen that the
output performance of the device in ultra-low-frequency and irregular
vibration is considerable. Through increasing the number of the coils,
choosing a much stronger magnetic with larger size, enlarging the
surface of the friction layer, etc., the performance of the RPHG can be
further improved. This fabricated device shows a great potential for
realizing the long-term power supply of the wearable IoT and blue
energy applications.

4. Methods
4.1. Fabrication of the RPHG
The harvester is fabricated through machining and 3D-printing

technology. The harvester is mainly acrylic, which has a total dimen-
sion of ®71mm in diameter and 40 mm in height, including a pendulum
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Fig. 7. Demonstration of the hybrid generator for energy scavenging in water waves. (a) Photographs of the hybrid generator driven by the water wave system
equipped with two variable pumps. (b, ¢) Dependence of output voltage of the EMG and TENG on the height of the waves. (d) Photographs of the hybrid generator
tested in lake. (e, f) The output voltage of the EMG and TENG when placed vertically. (g, h) The output voltage of the EMG and TENG when placed horizontally.

rotor, coils, TENG blades and a cylindrical frame. The pendulum rotor is
composed of an aluminum alloy support, four disk-shaped magnets and
a copper ring curling around the magnets, while the pendulum rotor is
assembled on the center shaft by two ceramic bearings. The pendulum
rotor magnets are made of NdFeB, and four coils are copper wire.

The TENG blade has a multiple-layer architecture, including a
flexible substrate sandwiched by one copper films and two fluorinated
ethylene propylene (FEP) films symmetrically. One side of the TENG
blade was fixed on an acrylic sheet around the frame, while the other
side is freestanding. The fluorinated ethylene propylene was bought
online.

4.2. Measurement system

The hybrid generator is anchored on the linear motor (PF02-
37%100) to test the output performance of the device under different
excitations. The output current of the device was measured by a low-
noise current preamplifier (Stanford Research SR570). The output
voltage signals of the RPHG excited by linear motor and water waves
were recorded and displayed through two digital oscilloscopes (Agilent
DSO-X2014A, HOS-MS6100). The output voltage signals of the RPHG

10

excited by rope skipping were recorded by data acquisition board (MC
BTH-1208LS).

A wave simulation system equipped with two variable flow pumps
was applied to simulate the motion of water waves in an actual en-
vironment and provide a stable external force to make the rotor mag-
nets rotate.
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