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other technologies, portable and wearable 
electronic devices are interconnected to 
form mobile sensor networks that seam-
lessly involve humans into the Internet 
of Things (IoTs).[3,4] Faced with the vast 
amounts of distributed sensors and elec-
tronic devices in IoTs, the conventional 
power supply methods based on grid and 
batteries may be difficult to meet their 
demands of lightness, convenience, wire-
less, and environmental friendliness.[5–7] 
The further development of the IoTs 
urgently requires the development of sus-
tainable and renewable distributed energy 
to cope with the constraints of conven-
tional power supply.[8,9] Thus, harvesting 
energy from surrounding environment 
such as solar,[10–12] thermal,[13–15] mechan-
ical,[16–19] and biological energy,[20–22] has 
been considered an ideal solution. Among 
them, mechanical energy harvesting 
would be the most promising method of 

power generation, which is almost unaffected by external envi-
ronmental conditions.[23,24]

Triboelectric nanogenerator (TENG) based on the coupling 
effect of triboelectrification and electrostatic induction can 
convert mechanical energy in the environment into electrical 
energy effectively.[25] Owing to the merits of lightweight, low 

Converting the mechanical energy of human motion into electricity is con-
sidered an ideal energy supply solution for portable electronics. However, 
low-frequency human movement limits conversion efficiency of conventional 
energy harvesting devices, which is difficult to provide sustainable power 
for portable electronic devices. Herein, a fitness gyroscope nanogenerator 
(fg-NG) based on a triboelectric nanogenerator (TENG) and electromagnetic 
generator (EMG) is developed that can convert low-frequency wrist motion 
into high-frequency rotation by using the frequency up-conversion effect of 
the gyroscope. Remarkably, the fg-NG can reach a rotational speed of over 
8000 rpm by hand, increasing the frequency by more than 280 times. The 
fg-NG can continuously and stably output a current of 17 mA and a voltage of 
70 V at frequency of 220–230 Hz. The fg-NG is demonstrated to consistently 
power a hygrothermograph, smart bracelet, and mobile phone. Also, it can be 
applicated to a self-powered intelligent training system, showing its immense 
application potential in portable electronics and wireless Internet of Things 
devices.
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1. Introduction

With the development of information technology and artifi-
cial intelligence technology, portable and wearable electronic 
devices are flooding into our lives and revolutionizing the way 
we live.[1,2] With the support of cloud computing, big data and 
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cost, easy fabrication, high conversion efficiency, TENG have 
been quickly developed in the field of mechanical energy har-
vesting, such as mechanical vibrations, ocean waves, winds and 
human motions.[26–29] Although great efforts have been made 
to improve the output performance of TENG, its low output 
power still makes it hardly to provide a stable and continuous 
electricity supply for electronics with high power demands.[7,30] 
TENG show the characteristics of high output voltage and 
low current, while the traditional electromagnetic generator 
(EMG) is just complementary to TENG and  exhibits a low 
output voltage and high current under the same situation.[31,32] 
Therefore, hybridizing TENGs and EMGs help to significantly 
improve their output performance in various applications.

Converting the mechanical energy of human motion into 
electricity is considered an ideal energy supply solution for 
portable electronics.[33,34] However, humans move at a lower fre-
quency, around 1–5 Hz. At such a low frequency, it is difficult 
for EMG to work effectively.[35] Even for TENG, which is good at 
harvesting low-frequency mechanical energy, the output energy 
per unit time of the device is lower than the expected practical 
value at a low operating frequency.[26] Therefore, it is necessary 
to develop the frequency up-conversion mechanisms to convert 
low frequency motions into high frequency motions and pro-
mote the utilization of low frequency mechanical energy.

Here, we reported a fitness gyroscope nanogenerator (fg-NG), 
which can effectively harvest the mechanical energy of low fre-
quency human movements to charge batteries and power port-
able electronics on its own. The fg-NG consists of a gyroscope 
frequency up-conversion equipment, a TENG with radial grating 
disk structure, a disk EMG, a power management module and 
a USB type-C outlet. The gyroscope frequency up-conversion 
equipment can convert low-frequency wrist motion into high-fre-
quency rotation. The internal flywheel of gyroscope can exceed 
8000  rpm with hand drive, increasing the frequency by more 
than 280 times. The TENG and EMG are integrated inside the 
flywheel to convert the mechanical energy of high-speed rota-
tion of the flywheel into electrical energy. The harvested energy 
is processed by the power management module and converted 
into a direct current (DC) that can be used directly through USB 
type-C outlet. The fg-NG can continuously and stably output a 
DC current of 17 mA and a DC voltage of 70 V at frequency of 
220–230 Hz. The average power of TENG and EMG at the fre-
quency of 220–230  Hz are 70 μW and 7.8  mW, respectively. To 
verify  the feasibility of the fg-NG as the reliable instant power 
unit, it was used to power wearable electronics, such as hygro-
thermograph, smart bracelet, mobile phone. Also, it can be appli-
cated to a self-powered intelligent training system. Therefore, 
our research work proposes a strategy to effectively harvest the 
mechanical energy of low frequency human motion through fre-
quency up-conversion, but also presents a reliable and universal 
power unit for wearable electronics and wireless IoT devices.

2. Experimental Section

2.1. Fabrication of the Hybrid Nanogenerator

The TENG was manufactured by PCB technique, including 
a disc shaped stator and rotator. The stator (Øouter  = 30  mm, 

Øinner = 7.5 mm) of TENG has two groups of patterned copper 
sectors as the electrodes. A 60  μm-thick nylon film was cov-
ered on the copper electrodes as the positive triboelectric layer. 
The rotator (Øouter = 30 mm, Øinner = 4 mm) of TENG has four 
independent copper sectors, each of which was coated with an 
equally shaped PTFE film (300  μm in thickness) as the nega-
tive triboelectric layer. The size of the stator and rotator of the 
EMG is the same as TENG. The 5 mm-thick acrylic sheet was 
tailored by a laser cutter as stator and rotator. Four copper coils 
(Øouter = 10 mm, Øinner = 1 mm, 5 mm in thickness) and four 
magnets (N52, Ø = 10 mm, 5 mm in thickness) were mounted 
on the stator and rotor, respectively. The copper coil was made 
of copper wire with a diameter of 0.08  mm. For the hybrid 
nanogenerator, the stators and rotators of TENG and EMG 
were pasted together respectively.

2.2. Characterization and Measurements

The SEM images of PTFE and nylon film were obtained by the 
field emission scanning electron microscope (SEM, Hitachi 
SU8020). The open-circuit voltage and short-circuit current 
were measured by an electrometer (Keithley 6517) with an oscil-
loscope (Teledyne LeCroy HDO 8108A).

3. Results and Discussion

The basic schematic structure of the fg-NG is illustrated in 
Figure 1a. The fg-NG mainly consists of two parts: the gyroscope 
frequency up-conversion equipment and the hybrid nanogen-
erator. The gyroscope device has two hemispherical shells, which 
can form a horizontal circular groove after meshing. The metal 
flywheel is mounted on a shaft that provides a spin axis for the 
flywheel. Two reduced ends of the shaft are mounted in notches 
of a low-friction guide ring, which is disposed in a groove of the 
shell and moves with the shaft and flywheel. The diameter of the 
reduced shaft ends is larger than the thickness of the guide ring, 
but slightly smaller than the width of groove. The shaft and guide 
ring are thereby rotate circularly within the groove. Thus, the fly-
wheel can rotate about the spin axis (first axis) and also about 
the axis of the rotation of the guide ring (second axis) which is 
perpendicular to and intersects the spin axis. The clockwork is 
installed at one end of the guide ring to provide an initial spin 
to the flywheel. After the flywheel rotates, twist the gyroscope by 
hand to give it a torque on the third axis that is perpendicular to 
both the first and second axis. The flywheel will precess about 
the second axis and generate a torque opposing the manually 
applied torque. When the manually gyrate direction is the same 
as the precession direction of the flywheel, a continuous torque 
will be applied to the spin axis. In theory, the greater the torque 
applied, the faster the flywheel rotates around its spin axis.

The rotator of the hybrid nanogenerator is mounted on the 
flywheel and rotates with the flywheel about the spin axis. The 
stator is installed at the other end of the guide ring and is rela-
tively stationary with the rotating rotator. In order to lead out 
the electricity generated by the hybrid nanogenerator, a conduc-
tive ring made of copper is installed in the groove. The mag-
nets and copper coils are mounted on a laser-cut circular acrylic 
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substrate as the rotor and stator, respectively. The TENG is 
manufactured by PCB technique, as shown in Figure  1d. The 
stator of TENG has two groups of patterned copper sectors as 
the electrodes. Nylon film is applied to the copper electrode 
as a positive triboelectric layer. The rotator of TENG has four 
independent copper sectors, each of which is covered with an 
equally shaped PTFE film as the negative triboelectric layer. To 
increase the triboelectric charge density, the nylon and PTFE 
film are treated by inductively coupled plasma reactive ion 
etching. The scanning electron microscope (SEM) images of 
the etched nylon and PTFE film surface with nanostructure are 
also shown in Figure 1d. Figure 1b,c shown the photographs of 
fg-NG and its main components. The gyroscope is about 7 cm 
in diameter and is easy to grasp. The internal circuit layout 
diagram of the fg-NG is shown in Figure S1 in the Supporting 
Information.

The working principle of gyroscopic device is based on the 
precession whirling of the flywheel spinning at high speed.[24,36] 
As presented in Figure 2a, the flywheel rotates in two degrees 
of freedom, one is the rotation on the x-axis (first axis) with 
angular velocity of ωf1, and the other is the circumferential 
rotation on the z-axis (second axis) with angular velocity of 
ωf2. The output performance of the fg-NG depends on the 
angular velocity ωf1 of the flywheel on the x-axis. The groove 
at the meshing of the shell restrains the shaft of the flywheel 
in the groove, so that the shaft of the flywheel travel around 
the restraint groove, that is, it rotates in the direction of ωf2, 
as shown in Figure  2b. The groove is slightly wider than the 
reduced ends of the shaft so that the flywheel can be slightly 

tilted, as presented in Figure  2d. Angular momentum is 
obtained by giving the flywheel a high initial rotation speed 
through a clockwork mechanism. When the gyroscope is 
twisted by hand and an external torque (Me) is applied to it 
in the direction of y-axis (third axis), the spin axis of the fly-
wheel changes direction (Figure 2e). Due to the conservation of 
angular momentum, the flywheel will precess about the z-axis 
(second axis). This precession causes one end of the shaft rolls 
around the upper surface of the groove while the other end rolls 
around the lower surface, thereby produces a gyroscopic torque 
in the direction of y-axis  that resists external torque applied 
by the wrist. The operator can sense this resisting torque, and 
according to the perceived resistance to control the gyroscopic 
device, so that the flywheel attains a high-speed rotation.

Figure 2c shown the trajectory of the gyroscopic device during 
hand drive. When the operator twists the gyroscopic device peri-
odically, the gyroscopic device gyrates in a conical shape with 
angular velocity of ωf3. The manual rotation direction (ωf3) needs 
to be the same as the flywheel precession direction (ωf2) to apply 
a continuous torque to the rotating shaft, as shown in Figure 2f. 
When the external torque applied is higher than the gyroscopic 
torque generated by the precession of the flywheel, the flywheel 
accelerates its spin under the action of friction between the 
shaft and the groove, thus generating a larger resisting torque 
to respond to the external torque. As a general rule, the higher 
the torque applied, the faster the flywheel spins. The hybrid 
nanogenerator utilizes the high-speed spin of the flywheel to 
convert the low-frequency twisting mechanical energy into high-
frequency output electrical energy. Figure 2g shown the output 
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Figure 1. a) Structural design of the fg-NG. b) Photograph of the fabricated fg-NG. c) Photograph of the disassembly fg-NG and main components. 
d) The TENG based on PCB, and the SEM images of the etched nylon and PTFE film surface.
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frequency of the fg-NG during accelerate operating. After 20 s 
of hand drive at frequency of 2 Hz, the fg-NG output frequency 
reaches 560 Hz (≈8400 rpm), which is 280 times of the manual 
input frequency (Figure  2h). The fg-NG exhibited excellent fre-
quency up-conversion capability, which will greatly improves the 
energy output of the generator.

The basic working principle of the hybrid nanogenerator is illus-
trated in Figure 3. Based on the coupling effect of triboelectrifica-
tion and electrostatic induction, TENG could induce alternating 
flow of charges between two electrodes. The electricity generation 

process of freestanding mode TENG is mainly divided into friction 
charging process and rotary electrostatic induction process. First, 
under the contact and relative sliding of PTFE film and nylon film, 
the negative charge accumulates on PTFE surface and equal posi-
tive charge accumulates on nylon film surface due to the different 
triboelectric polarities.   After several cycles, the charge accumu-
lates to saturation. The next is the rotary electrostatic induction 
process, which is divided into four steps, as shown in Figure 3a. 
In addition, the potential distribution between PTFE and nylon in 
each step is simulated by using COMSOL Multiphysics software. 

Small 2022, 2108091

Figure 2. Schematic working principle of gyroscopic device. a) Markers for flywheel rotation. b) Rotation of flywheel in the groove. c) Trajectory of the 
gyroscopic device during hand drive. d) Tilted flywheel in the groove. e) Torque applied to spin axis of flywheel. f) Continuous torque applied driving 
the gyroscopic device. g) Output frequency of the fg-NG during accelerate operating. h) The fg-NG increases the frequency of manual input by more 
than 280 times.



2108091 (5 of 10)

www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH

www.small-journal.com

There are two sets of electrodes, named electrode 1 (E1) and elec-
trode 2 (E2). Here, the state in which the PTFE film overlaps with 
E1 is designated as the initial state. In this state, equal amounts 
of positive and negative  induced  charges are induced on E1 and 
E2, respectively. At this time, the positive and negative charges on 
the two electrodes are in static equilibrium and there is no elec-
tron transfer in the circuit (Figure 3a–i). The E1 is at a high poten-
tial, and the potential difference between E1 and E2 is the largest. 
With the PTFE film rotating from E1 to E2, the electrons flowing 
from E2 to E1 through the external load under electrostatic induc-
tion effect (Figure 3a-ii). At this point, the potential of E2 gradually 
increases and the potential of E1 decreases. When PTFE is in the 
middle of E1 and E2, the potential of the two electrodes is equal. 
As the PTFE continues to rotate towards E2, the potential of E2 
is gradually higher than that of E1, resulting in an inverse poten-
tial. When the PTFE film overlaps E2 completely, the electrons 

entirely transferred from E2 to E1, resulting E1 negatively charged 
(Figure 3a-iii). At this time, the E2 is at highest potential, and the 
potential difference between E1 and E2 is maximum. When the 
PTFE film rotating from E2 to E1, the electrons flow back from 
E1 to E2, resulting in a reverse current (Figure 3a-iv). In this pro-
cess, the potential of E1 gradually increases to the maximum, com-
pleting a cycle. Therefore, as the PTFE-coated rotor keeps rotating, 
electrons will be periodically transferred between the two sets of 
electrodes to form a continuous alternating current (AC) output.

The working principle of EMG is based on Faraday electro-
magnetic induction, which generates AC by the periodic vari-
ation of magnetic flux in the coil. At the initial state where the 
magnet overlaps with coil 1 (C1), there is no induced current 
owing to the unchanged magnetic flux in the coil (Figure 3b-i). 
As the magnet rotates, the magnetic flux in the C1 decreases, 
resulting in an induced current (Figure  3b-ii). When the 
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Figure 3. a) Schematic working principles of TENG and the simulated potential distributions for TENG by finite element method. b) Schematic working 
principles of EMG and its finite element simulation results.
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magnet is in the middle of the adjacent coils, no magnetic flux 
crosses the coils (Figure  3b-iii). As the magnet rotates toward 
the coil 2 (C2), the magnetic flux crossing the C2 gradually 
increases. Due to the opposite direction of magnetic flux at 
this time, a reverse current is generated (Figure 3b-iv). As the 
magnet keeps rotating, a continuous induced current will be 
generated in the coils. Four coils with the same winding direc-
tion are connected in series to achieve the superposition of 
EMG output performance.

The fg-NG was manually driven and the output perfor-
mance of TENG and EMG was measured at about 220–230 Hz 
(3300–3450 rpm). The relationship between flywheel speed and 
output frequency is shown in Figure S2a in the Supporting 

Information. The open-circuit voltage (VOC) and the short-
circuit current (ISC) of the TENG were shown in Figure 4a,b, 
respectively. The VOC and ISC of TENG are in a sawtooth shape. 
The VOC at the peak of the sawtooth is about 60 V, and the cor-
responding ISC is about 7.5 μA. It can be seen from the enlarged 
Figure that the VOC and ISC at the valley of the sawtooth are 
about 35  V and 4 μA, respectively. The transferred charge of 
TENG is 13.6 nC (Figure S2b, Supporting Information). The 
VOC and ISC of EMG are also in a sawtooth shape, but they are 
not as obvious as those of TENG, as shown in Figure 4e,f. The 
EMG showed a VOC of 10 V and an ISC of 15 mA at 220–230 Hz. 
The sawtooth output performance can be explained by pre-
cession of the flywheel about the z-axis. When the flywheel 
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Figure 4. Output performance of the TENG and EMG. The a) VOC and b) ISC of the TENG operating at about 220–230 Hz. The continuous output 
c) VOC and d) ISC of the TENG during hand drive. The e) VOC and f) ISC of the EMG operating at about 220–230 Hz. The continuous output g) VOC and 
h) ISC of the EMG during hand drive.
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precession rotates around the z-axis, the rotation speed of the 
flywheel will be accelerated or decelerated due to the external 
torque and the resistance of the flywheel rotation, resulting in a 
sawtooth output performance. For TENG, in addition to speed 
variation, the pressure variation between rotor and stator of 
the TENG also affects the output performance. Because TENG 
is mounted on one side of the flywheel, the pressure between 
rotor and stator changes periodically with the precession of the 
flywheel. In addition, the vibration of the flywheel during high-
speed rotation can also affect the output performance. There-
fore, the VOC and ISC of TENG shown a more obvious sawtooth 
shape than that of EMG.

The continuous output VOC and ISC of TENG during 
operating the fg-NG were shown in Figure  4c,d, respec-
tively. When the fg-NG is activated, it is accelerated gradu-

ally to an output frequency of about 220–230  Hz, and then 
slow down freely. As shown in Figure 4c, when fg-NG starts, 
TENG has a high output voltage for a short time, and then 
the VOC remains stable during acceleration. Until the fly-
wheel reaches a high speed, the VOC increases significantly. 
However, the ISC increases gradually in the acceleration and 
has a linear relationship with the flywheel speed (Figure 4d). 
The VOC and ISC of EMG also have a short time high output 
performance at startup, but the output performance has a 
better linear relationship with flywheel speed during accel-
eration and deceleration compared with TENG, as shown in 
Figure 4g,h.

The electrical output of TENG and EMG with different 
external loads with a frequency of 220–230  Hz are shown in 
Figure 5a,b. When a variable external load is connected to the 

Figure 5. a) The peak current, peak voltage and average power of the TENG under various loads. b) The peak current, peak voltage and average power 
of the EMG under various loads. c) Circuit diagram of fg-NG. d) Charging curve of a 330 μF capacitor charged by TENG, EMG and fg-NG, respectively. 
e) Charging voltage on various capacitances for the fg-NG. f) Charging voltage of lithium-ion battery (≈80 mAh, 3.7 V) charged by fg-NG. g) The 
continuous output voltage and current of the fg-NG during hand drive. h) Charging curve of 5 mF commercial capacitor when charging the mobile 
phone, driven by fg-NG.
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TENG and EMG, the output voltage increases as the load resist-
ance increases, while the output current does the opposite. The 
average power of TENG increases with increasing load resist-
ance, reaching a maximum value of 70 μW at 10 MΩ, then 

decreases with the larger load resistance. The average power of 
EMG has the same trend as TENG, and reaches a maximum of 
7.8 mW at 1000 Ω. The average power is calculated according to 
the following equation

Figure 6. a) Two main application scenarios of fg-NG: Application of a self-powered intelligent training system and application of a reliable instant 
power for portable electronic devices. b) LEDs lighted up by fg-NG. c–e) Application as the reliable instant power for portable electronic devices, such 
as hygrothermograph, smart bracelet, mobile phone. f) Connect to the power management module to drive the motor. g) Driving the sensor chip for 
intelligent training.
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where It is the instantaneous current across the resistance, T is 
the period and R is the load.

Figure  5c shown the circuit diagram of fg-NG, where the 
TENG and EMG were connected in parallel by two full-wave 
rectifiers. The continuous output DC voltage and current of 
fg-NG during hand drive are shown in Figure  5g. With the 
acceleration of the flywheel, the output DC voltage and cur-
rent of fg-NG increase gradually.  When the output frequency 
was stable at 220–230  Hz, the maximum voltage and current 
are 70 V and 17 mA, respectively. The charging performance of 
TENG, EMG, and fg-NG to capacitor (330 μF) were compared, 
as shown in Figure 5d. The charging performance of the fg-NG 
is obviously better than that of TENG and EMG. The EMG 
quickly charged the capacitor to 6 V within 6 s, after which the 
charging rate decreased and stagnated near the EMG output 
voltage. While TENG could charge the capacitor to the rated 
voltage at a constant charging rate. It can be seen from the 
curve of fg-NG charging capacitor that EMG plays a dominant 
role in the initial stage. After the capacitor is charged to 6 V, the 
contribution of TENG appears. With the high output voltage of 
TENG, the fg-NG can continue to charge the capacitor, which 
breaks the limit of low output voltage of EMG. Meanwhile, 
the charging rate of fg-NG charging capacitor is much higher 
than that of TENG due to the high output current of EMG. The 
complementarity between TENG and EMG greatly improves 
charging capacity of fg-NG.[19] The fg-NG could charge the 
470 μF commercial capacitor to 18 V within 25 s. The smaller 
the rated capacity of the capacitor, the shorter the charging 
time (Figure 5e). In addition, the fg-NG can also charge com-
mercial lithium-ion battery (≈80 mAh, 3.7 V) from 2 to 3.38 V 
within 1800 s, demonstrating excellent energy harvesting 
ability (Figure 5f). The charging curve of the capacitor (5 mF) 
that charges the mobile phone is shown in the Figure 5h. The 
fg-NG can charge the capacitor to 4.3 V within 9 s and continu-
ously charge the mobile phone, demonstrating the potential of 
applications that power mobile electronics.
Figure 6a shown the two main application scenarios of the 

fg-NG, one is to serve as an instant power source to power port-
able/wearable electronic devices, and the other is to construct a 
self-powered intelligent training system. The electricity gener-
ated by fg-NG can be used directly through the USB Type-C 
outlet (Figure S3a, Supporting Information). The fg-NG can 
directly light up commercial LEDs in TENG shape without 
any storage unit, the photographs of lit LEDs are shown in 
Figure 6b and Movies S1 and S2 in the Supporting Information. 
To demonstrate the capability of the fg-NG as a practical power 
source, it is utilized to consistently power portable/wearable 
electronic devices, such as hygrothermograph, smart bracelet, 
mobile phone, as shown in Figure 6c–e and Movies S3–S5 in 
the Supporting Information. To drive the electronics stably and 
continuously, the capacitors are used as the energy storage unit 
connected to fg-NG. When the fg-NG is connected to an energy 
management chip (Figure S3c, Supporting Information), it can 
drive an electric motor (rated voltage of 3.4  V, rated current 
of 800  mA), demonstrating the high output power density of 
fg-NG, the photographs are shown in Figure 6f and Movie S6 

in the Supporting Information. The fg-NG has been proven to 
have good charging performance for lithium-ion batteries, so 
lithium-ion batteries can be used as energy storage units. After 
storing energy, fg-NG can continue to power electronic devices 
without hand drive (Movie S7, Supporting Information).

Furthermore, fg-NG can also be used to construct self-powered 
wireless intelligent training systems. The power management 
module, lithium-ion battery and intelligent chips are integrated 
into the bottom of the gyroscopic device. The smart chip can 
autonomously detect the speed of the flywheel and wirelessly 
transmit the data to the mobile phone app via Bluetooth, as 
shown in Figure 6g. Intelligent training system can provide users 
with data such as flywheel speed, torsion torque, exercise time 
and calories burned to help users train scientifically, as shown in 
Figure S3e and Movie S8 in the Supporting Information.

4. Conclusion

In conclusion, a fg-NG was successfully developed, which can 
generate high-frequency electrical power by using the preces-
sion effect of the gyroscope. The compactly designed fg-NG 
comprised of a gyroscope frequency up-conversion equip-
ment, a TENG, an EMG, a power management module and a 
USB type-C outlet. The fg-NG could continuously and stably 
output a DC current of 17  mA and a DC voltage of 70  V at a 
frequency of 220–230 Hz. The fg-NG has been demonstrated to 
consistently power wearable electronics and can be applied to 
a self-powered intelligent training system. This work proposes 
a strategy to effectively harvest the mechanical energy of low 
frequency human motion through frequency up-conversion, as 
well as  provides a reliable and universal power unit for wear-
able electronics and wireless IoT devices.
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