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Abstract

Self-powerability is a new trend in the development of portable devices.

Harvesting biomechanical energy to power personal information electronics is

of great significance. In this work, we report a wearable noncontact free-

rotating hybrid nanogenerator (WRG), which is constituted by a triboelectric

nanogenerator and an electromagnetic generator. A continuous output over

2 seconds can be achieved during one instantaneous incentive by external

force, which is improved by two orders of magnitude compared to other wear-

able nanogenerators due to its unique mechanical energy storage design. The

WRG can be integrated into shoes to generate an output energy of 14.68 mJ in

each stepping, which meets the power requirements of most personal informa-

tion electronics. The wireless sensor, GPS, and smartphone can be powered by

the WRG continuously. The WRG is expected to be applied in self-powered

information electronics extensively in the future.
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1 | INTRODUCTION

With the advent of the information age, individuals are
relying on electronic devices for information sensing,
communication, and computing.1-3 These applications
utilize battery-powered devices whose batteries have a
limited useful life.4,5 Powering billions of these distrib-
uted devices is a huge challenge.6,7 Up to now, the lim-
ited capacity of power source has impeded the service life
and performance of wearable/portable information elec-
tronics.8,9 It is an emergency to develop both efficient
and stable wearable energy harvesting technologies.10,11

Fortunately, energy harvesting technologies and devices
have demonstrated the unique capabilities in powering
information electronics, such as nanogenerators, electro-
magnetic generators (EMGs), and biofuel cells.12-16

As a new type of renewable, sustainable energy tech-
nology, nanogenerator has been reported comprehen-
sively since 2006.17,18 This technology can convert
mechanical energy into electrical power based on tribo-
electric or piezoelectric effects.19-23 Some studies have
integrated the triboelectric nanogenerator (TENG) into
commercial shoes to harvest biomechanical energy from
human motions to light up LEDs in real time.24-26

Besides, the nanogenerators based on piezoelectric and
electromagnetic induction effects also have been utilized
to powering wearable information electronics.8,21,27,28

These energy harvesting technologies show an encourag-
ing prospect in mobile applications.29-33 However, the
biomechanics motion is always discontinuous and of low
frequency.34 For the existing wearable nanogenerator,
each biomechanical motion can produce tens of millisec-
onds of effective output only. It is difficult to keep the
energy harvester scavenge biomechanical energy effec-
tively and power for information electronics continu-
ously. The rotating disk-based TENGs can generate a
continuous high-frequency output, which provides an
opportunity to drive electronics continuously.35,36

Mechanical energy storage technology has been
widely used in hydraulic and wind power generation to
increase the effective output time.37,38 The gravitational
potential energy of water is stored by the dam and
released slowly to achieve continuous and efficient power
generation. Here, we demonstrated a wearable non-
contact free-rotating hybrid nanogenerator (WRG), as a
mobile power source based on mechanical energy storage
technology. The WRG also named “wind-fire wheel
nanogenerator,” which was inspired by Chinese myths of
Nezha. The WRG can convert the noncontinuous gravita-
tional potential energy of humans into the continuous
rotational kinetic energy of the rotor by a unique
mechanical transmission structure. An instantaneous
incentive by external force can generate a continuous

electrical output over 2 seconds. The effective output time
is improved by two orders of magnitude compared to
other wearable nanogenerators. The WRG can generate
14.68 mJ energy during one stepping, which meets the
power requirements of most mobile information electron-
ics. In addition, the WRG has been achieved in powering
the wireless sensor, GPS, and smartphone continuously
and stably, which is expected to be applied to self-
powered information electronics in the future.

2 | RESULTS AND DISCUSSION

As schematically illustrated in Figure 1A, the structure of
the WRG mainly consists of two parts: the hybrid nan-
ogenerator and the wearable gravitational potential
energy storage portion. The hybrid nanogenerator is
made up of a noncontact free-rotating TENG and an
EMG. By utilizing the laser cutting technology, two circu-
lar acrylic disks with a diameter of 60 mm and a thick-
ness of 5 mm are fabricated to be the substrate. Six
magnets have been held in the acrylic disk with an alter-
nating magnetic manner as the rotor, and the
corresponding six coils are held in another acrylic disk as
the stator. In the meantime, a piece of poly-
tetrafluoroethylene (PTFE) film (�300 μm in thickness)
is tailored into a six-segment structure and role as the
tribo-charged layer, which is attached onto the rotor.
Two separated aluminum sheets with complementary
six-segment shapes (�500 μm in thickness and 6 cm in
diameter) are attached onto the stator as stationary metal
electrodes (Figure 1A, B). To increase the triboelectric
charge density during the electrification process, we fab-
ricate the micropattern structure on the tribo-charged
layer and metal electrodes.39,40 The inductively coupled
plasma (ICP) process is utilized to carve nanorods on the
surface of the PTFE film by reactive ion etching
(Figure 1D).

The wearable gravitational potential energy storage
portion is manufactured through 3D printing and laser
cutting techniques (Figure S1). Due to the unique
mechanical transmission structure, the WRG can convert
the human body's gravitational potential energy into the
rotational kinetic energy of the rotor. When the human
body gravity loads on the WRG, the foot will press the
pedal down to push the rack forward. Through a series of
gear transmission structure, the rotatable acrylic disk will
keep turning in a clockwise direction even if the rack
moves backward. Therefore, the rotor can be accelerated
continuously and reach a maximum rotating speed of
13.74 rps during human motion. The noncontinuous
human body's gravitational potential energy is trans-
formed into the continuous rotational kinetic energy of
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the rotor. Then the WRG can generate an uninterrupted
electric power based on electrostatic induction and elec-
tromagnetic induction. To expound the working principle
of the TENG part, we calculate the potential distribution
of the electrodes at different rotating motion states by uti-
lizing the COMSOL Multiphysics software which was
based on finite-element simulation (Figure 1F).

The working principle of hybrid nanogenerator is
schematically described in Figure 2A-D. The hybrid nan-
ogenerator can be divided into two parts: a TENG and an
EMG. The working process of the TENG is mainly com-
posed of the following two steps: an initial contact charg-
ing step and a cyclic rotating electrostatic induction
step.41,42 Firstly, the tailored PTFE film is brought into
contact with a piece of aluminum sheet which is referred
to as electrode 1 (E1), while another complementary part
of the aluminum sheet named electrode 2 (E2). In this
process, the free electrons from the aluminum sheet will
be injected into the surface of PTFE film, because of the
different triboelectric polarities of the two materials. As a

result, a net negative charge is retained on the PTFE film
surface and a net positive charge is retained on the alu-
minum sheet (Figure S2). The two layers were then sepa-
rated with a 1-mm-thick air medium in between.

Secondly, a complete cycle of the freestanding electro-
static induction includes four steps during the rotating
movement (Figure 2A).43 In the initial state (step I), only
a few electrons could flow from E2 to E1, because there
are a relatively small distance of the vertical separation
compared to the horizontal distance between the mass
centers of two adjacent different metal electrodes. With
the PTFE film rotating from E1 to E2, the electrons are
flowing from E2 to E1 to eliminate the potential differ-
ence generated by the stable net negative charges on the
PTFE film (step II). Until the PTFE sector film overlaps
with E2 completely, the majority of the electrons have
flowed to E1 and leaving most of the positive charges on
E2 (step III). In the next stage of the movement, the ana-
lyzed part of the PTFE sector film moves toward the next
segment of E1. The electrons will flow back from E2 to

FIGURE 1 A, The schematic diagram of the basic structure of wearable noncontact free-rotating hybrid nanogenerator (WRG)

composed of the hybrid nanogenerator and the wearable gravitational potential energy storage portion. B and C, The enlarged schematic of

the hybrid nanogenerator and the gear transmission structure. D, Digital image of the tribo-charged layer and the scanning electron

microscopic image of the nanostructure on the polytetrafluoroethylene film (scale bar: 1 μm). E, Digital image of WRG (scale bar: 5 cm).

F, Simulation result of the induced potential differences between the two aluminum electrodes at the four steps of motion in a full cycle

JIANG ET AL. 1193
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E1, resulting in the output current with an opposite
direction (step IV), until the analyzed PTFE film seg-
ments rotating back to another position like the original
one. That is an operation cycle of the energy conversion
of the TENG. The working principle of the EMG is based
on Faraday electromagnetic induction (Figure 2C). Dur-
ing the circle rotation of the magnets carried by the

acrylic plate, the EMG can generate an alternating cur-
rent through periodic variation of magnetic flux in
coils.44,45

The performance of the TENG and the EMG drove by
a direct current motor (about 11 rps) is measured. The
short-circuit current and the open-circuit voltage are
shown in Figure 2B and D, respectively. The TENG can

FIGURE 2 A, Schematic diagram of the working mechanism of triboelectric nanogenerator (TENG) under the relative rotation

between the tribo-charged layer and metal electrodes in a complete cycle. B, The short-circuit current and open-circuit voltage of TENG at a

steady speed driven by a direct current motor (about 11 rps). C, Schematic diagram of the working principle of an electromagnetic generator

(EMG) under the relative rotation between the coils and the magnets in a complete cycle, where the symbols � and � represent the output

currents that flow in and out of the plane, respectively. D, Short-circuit current and open-circuit voltage of EMG driven by the linear motor

(1 Hz). E and F, The output performance of TENG and EMG under a single load press, respectively
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produce a higher voltage output (~50 V), and the EMG
produces a higher current output (~10 mA).

The linear motor was used to simulate the human
body's gravitational potential energy change to test the
electrical output performance of a WRG (Figure 2E,F).
The single load press can drive the hybrid nanogenerator
to reach a maximum rotating speed of 13.74 rps. An effec-
tive output time over two seconds can be achieved. The
TENG can deliver a continuous open-circuit voltage of
about 51.5 V and a short-circuit current of about 2.5 μA.
The peaks of the voltage remain stable with the gradual
decrease in the rotational speed, while the short-circuit
current gradually decreases. The open-circuit voltage and
the short-circuit current can be derived by the equation
as follows41,43,46:

QSC, final =
ðl
0

σwdk

1+ C2 kð Þ
C1 kð Þ

� �
x= g+ l

−
ðl
0

σwdk

1+ C2 kð Þ
C1 kð Þ

� �
x=0

ð1Þ

ISC =
dQ
dt

ð2Þ

VOC =
Q
C
: ð3Þ

Here, Qsc is the short-circuit transferred charges. The
width of the PTFE film is defined as w. We assume that
only a small region of dk in the bottom dielectric surface
(the distance of this region to the left edge of the bottom
dielectric surface is k) contains the tribo-charges with a
density of σ, and correspondingly the total charges on
metal electrode 1 and 2 are σwdk. Ci(k) is the capacitance
between this small surface σwdk and metal electrode.
Thus, there is no correlation between voltage and rotat-
ing speed. The ISC has a linear dependency with rotating
speed.

For the EMG, the short-circuit current and the open-
circuit voltage can reach up to 15 mA and 5.6 V, respec-
tively. Both the short-circuit current and the open-circuit
voltage decrease with the gradual reduction of the rota-
tional speed. The open-circuit voltage and the short cir-
cuit current can be derived by the equation as follow44:

VOC =
d;
dt

ð4Þ

ISC =R
d;
dt

ð5Þ

Here, VOC is the open-circuit voltage, ; refers to
magnetic flux, t refers to time, R is source impedance,

and ISC refers to short-circuit current. Thus, the ISC has
a linear dependency voltage and current with rotating
speed.

The effective output of the energy harvesters is
improved significantly when driven by a single load
press, benefitting from the wearable gravitational poten-
tial energy storage portion. To accurately and intuitively
evaluate the relationship between the electrical output
performances of the WRG and the rotating speed of the
rotor, the peaks of the output have been measured and
analyzed in Figure 2E,F.

To drive the electronics stably and continuously, a
battery and capacitor are used as the energy storage unit.
The charging circuit diagram of the WRG is shown in
Figure 3A. The charging capacity of the TENG, the EMG,
and hybrid generator are studied systematically. Here,
the WRG is driven by a linear motor. It is obvious that
the charging ability of the hybrid generator is superior
to the TENG and EMG (Figure 3B). In the initial stage
(in the early 130 seconds) of the charging test, the EMG
contributes the majority of the charging capacity of the
WRG but quickly stagnate with the voltage of the capaci-
tor close to the charging voltage of the EMG. After about
380 seconds, the charging capability of the TENG begins
to exceed that of the EMG, becoming the major contrib-
uting part in the WRG because the TENG has the higher
output voltage. In other words, the EMG contributes the
most electrical energy in the process of turbulent charg-
ing, while the TENG mainly provides the energy of
trickle charging.47 The complementarity between the
TENG and EMG improves the charging capacity of the
hybrid generator. The charging capability of the WRG for
the commercial lithium-ion battery (~3.4 mAh) has also
been evaluated, which can be charged from 1.9 to 3.3 V
in 2 minutes, as shown in Figure 3C.

To investigate the impedances of the TENG and EMG
unit of the WRG, the output current and voltage are mea-
sured under the different loading resistances. With an
unified 1 Hz load press, the output voltage of the EMG
increases with the loading resistances increasing until
300 Ω and then turns to decrease. The maximum output
power during the whole operation process is about
13.8 mW (Figure 3E). The output voltage of the TENG
exhibits a noticeable increase with the loading resistance
increasing, where the maximum output power of the
TENG is about 40.3 μW under a 5 MΩ loading resistance
(Figure 3F).

In order to demonstrate that the WRG can be used as
the power source for information electronics, it is inte-
grated into the commercial shoes and power for a GPS
(Figure 4B-E). The gravitational potential energy change
of the human body caused by running and walking are

JIANG ET AL. 1195
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harvested to charge the battery (0.8 mAh) of the GPS. We
successfully demonstrate a self-powered GPS system to
monitor the location of the moving individual in real
time. A route is obtained on an electronic map by the
self-powered GPS system (Figure 4D), which will provide
the potential applications in an emergency of the electri-
cal energy shortage, especially in the remote areas.
Figure 4E explains the charging process by the WRG and
the discharging process by the GPS of a capacitor. Firstly,
the capacitor (470 μF) is charged to 3.4 V in 8 seconds
and keeps being charged by the WRG. Then, with the
GPS enabled, the voltage of the capacitor decreases to
2.1 V sharply and enters the standby period of 4 seconds.
The WRG can charge the capacitor of the GPS to the
operating voltage during this standby period, which will
realize a self-powered GPS working in real time and
continuously.

Furthermore, the universality of the WRG as a power
source is also demonstrated. It can power the information
electronics with different operating voltage and power
consumption. Figure 5 G-I depicts the actual operating
condition of the different electronics which are powered
by the WRG. For intuitively and fully reveal the univer-
sality applications of the WRG, it is utilized to power
three types of the representative information electronics,
including calculator (rated voltage of 1.5 V), wireless tem-
perature sensor (rated voltage of 3 V,) and mobile phone
(rated voltage of 5 V). It is noted that the WRG can drive
these devices to work continuously due to the long effec-
tive output time and high output power. By converting
the human body's gravitational potential energy into the
rotational kinetic energy of the rotor, the WRG can gen-
erate a relatively high effective output to power multifari-
ous wearable/portable electronics.

FIGURE 3 A, Circuit diagram of wearable noncontact free-rotating hybrid nanogenerator (WRG). B, Capacitor (1 mF) charge curve of

each part and WRG. C, Lithium-ion battery (~3.4 mAh) charge curve of WRG. D, Schematic diagram of load press and electrical measure

system for WRG. E and F, The relationships between the output voltage/power and the loading resistance of EMG (E) and triboelectric

nanogenerator (TENG) (F). G and H, The continuous output voltage/current of EMG (G) and TENG (H) at a 1-Hz frequency load press

1196 JIANG ET AL.
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3 | CONCLUSION

In summary, we have introduced a WRG that consists of
the hybrid nanogenerator part and the wearable

gravitational potential energy storage part. The
noncontinuous and low-frequency gravitational potential
energy is converted into the continuous rotational kinetic
energy by the mechanical transmission structure. This

FIGURE 4 Applications of wearable noncontact free-rotating hybrid nanogenerator (WRG). A, Design the technical route of WRG.

WRG could be utilized in information emission, reception, and compute. B-E, Application of a self-powered GPS system based on WRG. C,

Charge curve of a capacitor (470 μF) by WRG for GPS system. D, Image of the electronic map. E, Digital photograph of the self-powered GPS

system. F, LEDs lighted up by WRG. G-I, Application as the universal power source for mobile phone, calculator charger, and wireless

temperature sensor, respectively
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mechanical energy storage technology can be used in wide
wearable/portable applications with miniaturization.

The TENG and EMG generated power based on elec-
trostatic induction and electromagnetic induction, which
are no-contact effects with little mutual interference.
Thus, they can be easily connected to the grid for power
generation. The hybrid method is expected to be applied
in a broad field in micro-/nano-energy and large-scale
energy system.

The WRG could be integrated into the commercial
shoes to harvest human-motion energy, which can pro-
vide a stable and efficient power source for information
electronics. The output power can meet the most of the
information electronics with different operation voltage
(1-5 V) and power consumption (0.1-10 mA), such as
GPS, calculator, wireless temperature sensor, and even
mobile phone. Furthermore, it is expected to build the
next generation of self-powered wearable/portable infor-
mation electronics in the future.

4 | METHODS

4.0.1 | Characterization methods

The scanning electron microscopic image is taken by the
Hitachi field emission scanning electron microscope
(SU 8020). The output voltage and current of the WRG
are measured by an electrometer (Keithley 6517 System)
and recorded by an oscilloscope (Teledyne LeCroy HD
4096), and the mechanical excitation is provided by a lin-
ear motor (LinMot PS01-37*120-C).

4.0.2 | Calculation of the peak power

Peak power (PP) is employed to evaluate the output per-
formance of the WRG. PP can be derived by the equation
as follows:

PP=Vmax × Imax: ð6Þ

Here, Vmax is the maximum output voltage. Imax is the
maximum output current at different load resistance.

4.0.3 | Fabrication of tribo-charged layer

The nanostructure of the PTFE film is fabricated by the
ICP etching system (SENTECH/SI 500). Firstly, a piece of
the PTFE film (�300 μm in thickness) is tailored into a
six-segment structure and rinsed by alcohol and
deionized water. The Au (Aurum) is sputtered onto the

PTFE film surface about 30 seconds and fabricated as the
mask for the etching process. After that, this tailored
PTFE film is etched by ICP reactive ion etching for
300 seconds (ICP power: 400 and 100 W, respectively).
The reaction gases in the ICP process are CF4 (30.0
sccm), Ar (15.0 sccm), and O2 (10.0 sccm). Then, the Au
bottom electrode (50 nm) is deposited on the PTFE film
surface by magnetron sputter (Denton Discovery 635) for
15 minutes (sputter power 100 W). Finally, the Au bot-
tom electrode is connected by a wire to ground, and a
polarization voltage of 5 kV is applied through the corona
needle for 15 minutes.
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