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Abstract: Wearable sensors are important components, converting mechanical vibration energy into
electrical signals or other forms of output, which are widely used in healthcare, disaster warning,
and transportation. However, the reliance on batteries limits the portability of wearable sensors and
hinders their application in the field of Internet of Things. To solve this problem, we designed a
miniaturized high-performance hybrid nanogenerator (MHP-HNG), which combined the functions
of triboelectric sensing and electromagnetic power generation as well as the advantages of miniatur-
ization. By optimizing the design of TENG and EMG, the wearable sensor achieved a voltage output
of 14.14 V and a power output of 49 mW. Based on the wireless optical communication and wireless
communication technologies, the wearable sensor achieved the integration of sensing, communica-
tion, and self-powered function, which is expected to realize health monitoring, emergency warning,
and rehabilitation assistance, and further extend the potential application value in the medical field.

Keywords: triboelectric—electromagnetic hybrid nanogenerator; wearable sensor; mechanical
vibration energy harvesting; self-powered; health monitoring

1. Introduction

With the popularity of portable electronic products and the continuous development
of Internet of Things technology, wearable electronic devices are developed in the direction
of intelligence [1]. Nowadays, wearable electronic devices are used in the medical field
for positioning and monitoring [2—4]. Accurate monitoring of motor status is essential for
human health assessment, especially for early diagnosis, early treatment, and medical care
rehabilitation [5,6]. It has been reported that one-third of community-dwelling older adults
experience at least one fall incident within a year [7]. These accidental falls in the elderly
can lead to severe functional decline and even organic lesions, which seriously affect the
life quality of the individuals [8]. In addition, to achieve better rehabilitation effects of
some chronic diseases, such as stroke, osteoarthritis, and Parkinson’s disease, the patient’s
motion states need to be continuously monitored and recorded [9-11]. Therefore, real-time
health monitoring of the elderly is very important. It is even more critical to provide timely
alerts and assistance after falling, aiming to reduce the risk of accidents.

Wearable sensors, as an important part of smart electronic devices, can monitor the
physical signals of the human body in real time and realize the efficient sensing of in-
formation. However, the problems of high battery demand, frequent replacement of
batteries, and excessive waste of batteries producing environmental pollution cannot be
ignored [4,12-17]. Therefore, it is important to focus on using sustainable, low-cost, and
self-powered ways to obtain useful resources from the surrounding environment to adapt
to the development of the green information era [4]. As one of the most abundant en-
ergies in our living environment, mechanical energy has the features of continuity, easy
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access, and widespread existence [18]. However, the random motions of the human body
are characterized by low frequency, large amplitude, and continuous fluctuations over
time [19]. One major challenge to collect energy from low-frequency vibrations is to de-
sign a resonant energy harvester to cooperate efficiently with human motions [20,21]. To
solve this problem, non-resonant, nonlinear energy-harvesting techniques could be used
at low frequency and under low-amplitude excitations [22]. The different kinds of energy
conversion mechanisms of nanogenerators have unique working principles and properties,
which have been developed to harvest various mechanical vibration energies [23]. Based
on the coupling effect of contact charge and electrostatic induction, a triboelectric nano-
generator (TENG) has a high-voltage output, which can effectively integrate self-powered
and sensing functions [24-26]. Taking advantage of TENG’s excellent sensing properties,
motion sensors are capable of detecting mechanical vibration energy and converting it into
electrical signals [27]. It can directly reflect the human’s motion, physiological, and patho-
logical states by motion parameters, such as displacements, velocities, and accelerations.
However, the traditional TENG is still limited by low current and high impedance, which
hinders its further development in the field of sensor applications [24]. One method is
improving the performance of TENG by using advanced materials and advanced designs
to increase the output power [2,4,22,28]. Hybridizing multiple energy conversion mecha-
nisms into an energy-harvesting system is another approach to obtain more power from
a single mechanical movement [29,30]. By integrating the excellent high-current output
performance of electromagnetic generators (EMGs), the triboelectric and electromagnetic
hybrid nanogenerators (TEHNGs) will enhance the output power and realize functional
integration or complementarity [20,23,24,31]. Therefore, the ability to effectively integrate
functions and increase the output efficiency is a prerequisite for accurate monitoring [25].
A wearable sensor based on hybrid nanogenerators designed in one study needs to be
carried in a backpack because of its large size and weight [32]. Although it increased the
output efficiency by simultaneously generating hybrid electrical output under the same
mechanical excitation, it is not friendly to the elderly [22]. Many sensors based on different
mechanisms have been reported in the medical field (Table S1) [24,32-34]. However, it
remains a challenge to achieve high-performance output and comfort. Therefore, it is
essential to develop miniaturized wearable devices and optimize structures of TEHNG to
improve the collection efficiency and provide more power for medical monitoring.

Herein, a miniaturized high-performance hybrid nanogenerator (MHP-HNG) was
innovatively designed. The MHP-HNG can realize the functions of integrating effective
sensing and efficient energy harvesting by coupling the motion forms of the TENG and
EMG to form the same-frequency vibration. The MHP-HNG utilizes magnets to form
a flexible structure, which provides repulsive forces to support the mass block. At the
same time, the MHP-HNG drives the mass block to produce relative motion in the vertical
direction by detecting changes in external mechanical energy. This process provides the
necessary conditions for triboelectric sensing and electromagnetic generation. Afterwards,
a free-standing grid structure and a Halbach magnet array were designed to optimize
the MHP-HNG to improve the sensing signal quality of the TENG while enhancing the
magnetic flux density and energy-harvesting efficiency of the EMG, respectively. With an
external 1 kQ) resistor, the wearable sensor achieved a peak power output of 49 mW. When
the human fell, the wearable sensor reached a sensing voltage output of 14.14 V. Combined
with wireless communication technology, the MHP-HNG is not only an excellent energy
harvester to power the wearable sensor, but it can also realize remote real-time monitoring
of human motion. This might be promising to expand the application of wireless sensing
systems and promote their development in the medical field.

2. Materials and Methods
2.1. Device Information

A digital oscilloscope (Agitek Test Equipment Co. Ltd., Xi’an, China, ZLG, ZDS2024B
Plus) equipped with a 100 MQ2 impedance probe was utilized for output voltage testing.
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The short-circuit current was measured by using a low-noise current preamplifier (Stanford,
Sunnyvale, CA, USA, SR570). A servo motor ((Leadshine Technology Co. ltd. Shenzhen,
Guangzhou, China, SMC600-BAS) was employed to construct a test platform for conducting
speed tests. The magnetic field strength of the magnet was measured by using a high-
precision Gaussmeter (YiSheng Victor Tech Co. Ltd., Shenzhen, China, VC862A, VICTOR),
and inductance strength was assessed by using a multimeter (Fluke Test Equipment Co.
Ltd., Shenzhen, China, FLUKE 17B+).

2.2. Fabrication of MHP-HNG

The entire shell of the nanogenerator was printed by a 3D printer using polylactic acid
(PLA) material, of which the size was 60 mm x 40 mm x 10 mm. PI tape was adhered
to the outside of the shell to ensure that the sensor was hermetically sealed to isolate the
influence of harsh weather conditions and body sweat [35]. In the triboelectric sensing part,
a polytetrafluoroethylene (PTFE) film with a thickness of 0.5 mm was used to fabricate
the negative electrode material, a nylon film with a thickness of 0.22 mm was used as the
positive electrode material, and double-sided conductive copper foil with a thickness of
0.1 mm was used to make electrodes. The electrodes and PTFE film were attached to the
inner shell with quick-drying glue as the stator of the TENG, while the nylon film acted
independently as the TENG slider. In the electromagnetic power generation part, the EMG
was composed of rubidium iron boron magnets and custom coils. A Halbach magnet
array consisting of 10 magnets (30 mm X 3 mm X 3 mm) bonded by quick-drying glue
was used as the slider of the EMG. The lacquered copper wire was wrapped up into a
rectangular coil by a winding machine, which was fixed on the support plate as the stator
of the EMG. The inner and outer diameters of the coil with a total number of 2000 turns
were 4 mm x 24 mm and 8 mm X 28 mm, respectively, and the height was fixed at 2 mm.

3. Results and Discussion
3.1. Structure and Working Principle of MHP-HNG

The structure of the MHP-HNG is shown in Figure 1a, and the PLA material was
prepared by a 3D printer to form the shell of the nanogenerator. The internal structures of
the MHP-HNG included the TENG, EMG, and flexible substrates (Figure 1a). As the core
part of the sensing function, the TENG consisted of a PTFE film, an electrode with a grid
structure, and a nylon film with a grid structure. The PTFE film was selected as a tribo-
negative material due to its higher electron-accepting ability compared with other polymer
materials [20]. Meanwhile, the PTFE material had a smooth surface, which could effectively
reduce the friction damping between TENG layers. The nylon film was used as a tribo-
positive material because of its tendency to lose electrons when contacted with PTFE [36].
The EMG consisted of coils and a Halbach magnet array made of 10 neodymium magnets.
The stator of the nanogenerator included electrodes attached to the inner shell, PTFE film,
and coils glued to the support plate. The stator was fixed on the shell to ensure synchronous
movement with the device by quick-drying glue. At the same time, 10 neodymium magnets
were attached to the inner wall of the mass block substrate and the nylon film was on
the outer wall. Then, the substrate was bonded with a quick-drying glue to form a mass
block, which was used as the slider of the nanogenerator, as shown in Figure 1b. The force
applied to the whole mass block included the friction between the TENG layers, gravity,
and the repulsive forces of the magnet at the bottom. The mass block was in suspension
due to repulsive forces between the two magnets at the base of the flexible substrates and
at the bottom of the mass block, respectively, which was placed in the opposite direction of
the magnetic poles. When the external force on the nanogenerator changed, the repulsive
force on the mass block from the bottom magnet would change, the relative movements
occurred between the slider and stator, while gravity and friction remained essentially
constant. According to the principles of electrostatic induction and triboelectric operation
(Figure 1c), the load between the two electrodes generated an alternating current voltage
as a triboelectric sensing signal, reflecting the information about the change in speed and
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acceleration of the human body movement. Meanwhile, relative movements between
the Halbach magnet array of the slider and the rectangular coil of the stator caused the
magnetic flux change of the coil and generated an electromagnetic power generation signal
to power the entire device, as shown in Figure 1d. By collecting the mechanical vibration
energy of the human body and converting it into an electrical signal, the wearable sensor
based on the MHP-HNG could achieve the integration of responses to human movement
and self-powered function.

(a) TENG EMG
Slider Stator

L5

substrates L

N Nylon I Copper W PTFE I Coil
d

vertical moving

Figure 1. The schematic diagram and working principle diagram of the MHP-HNG. (a,b) The
schematic diagram and vertical motion diagram of the triboelectric and electromagnetic hybrid
nanogenerator. (c,d) The working principle diagram of the TENG and EMG.

3.2. Optimization of MHP-HNG

The effect of grid structure width on the sensing performance of the TENG was
investigated, aiming to make the wearable sensor better respond to the displacement
change information of mass block vibration. The effects of different nylon film grid widths
(L1) and electrode grid widths (L2) on the output performance of voltage were tested
(Figure 2a). The nylon film and electrodes were cut with laser-marking equipment and the
velocity sequence of the friction layer test was provided by the servo motor. To simulate the
displacement of the mass block inside the nanogenerator in the vertical direction, the nylon
film in the upper friction layer was driven to move against the electrodes and PTFE film in
the lower friction layer, sliding 6 cm in a straight line at a speed of 11.2 cm/s (Figure S1).
The effect of L1 on the open-circuit voltage output was tested at first. L1 was changed from
1 mm to 3 mm and L2 was fixed to 1 mm. The test results are demonstrated in Figure 2b,
where the open-circuit voltage output showed a tendency of increasing and then decreasing
at the same sliding speed. When L1 was 2 mm, the open-circuit voltage output reached
the maximum value of 8.08 V. Then, the effect of L2 on the open-circuit voltage output was
explored, with L1 fixed at 2 mm. The open-circuit voltage output results of L2 are shown
in Figure 2c, which ranged from 0.5 mm to 2.5 mm. When the width was 0.5 mm, the
open-circuit voltage output reached the maximum value. After that, it showed a downward
trend. The reason for this was that when L1 and L2 moved relative to each other, the surface
of the nylon and the electrode were gathered on negative and positive charges, respectively.
Then, there would be a current inside the TENG. When increasing from the minimum
value, the contact area of them would gradually increase to obtain the maximum potential
energy and achieve the best output performance at a certain width. If L1 or L2 continued
to increase, neighboring electrodes could come into contact, causing a smaller potential
difference between neighboring electrodes, which reduced the output performance. These
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results indicated that a friction layer with a grid structure could respond sensitively to
displacement information from linear sliding. Therefore, the optimized L1 and L2 were set
to 2.0 mm and 0.5 mm, respectively.
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Figure 2. Optimization of the MHP-HNG. (a) The schematic diagram of the friction layer of the grid
structure. (b) Testing the open-circuit voltage output variation of the nylon film grid width (L1) in
the range of 1-3 mm. (c) Testing the open-circuit voltage output variation of the electrode grid width
(L2) in the range of 0.5-2.5 mm. (d) The schematic diagram of a series coil. (e) Comparing the peak
voltage, current, and effective voltage, current output results of three combination modes of single
coil (1), series coil (2), and parallel coil (3) at 3.5 Hz are presented. (f) Output results of open-circuit
voltage output and short-circuit current of the series coil combination under single excitation.

Optimizing the performance of the EMG improved the current output efficiency
of nanogenerators. According to the Faraday law of electromagnetic induction and the
influences of magnetic flux, the output voltage and magnetic flux can be given by:

V:L;—Z)*N 1)
@ =BxS @)

Here, V is the induced electromotive force, N is the number of coil turns, and ’fi—‘f is
the rate of change of magnetic flux, in Equation (1), while ¢ is the magnetic flux, B is the
magnetic flux density, and S is the area in the vertical direction of the magnetic field, in
Equation (2). The output voltage depends on the number of coil turns, and the magnetic
flux is proportional to the magnetic flux density.

As for the relationship between the inductance strength and the number of coil turns,
it can be expressed as:

Mo * Ur * N Zx A
—torph it 22 )

Here, L is the inductance, pg is the permeability in a vacuum, y, is the relative
permeability of the material in the inner cavity of the coil, N is the number of turns of the
coil, A is the cross-sectional area of the coil, and I is the length of the coil, in Equation (3).
The number of coil turns is proportional to the inductance strength.

Therefore, the output power of the EMG mainly depended on the magnetic flux
density of the magnet and the inductance strength of the coil, and the output power was
proportional to both. Compared to the conventional magnetic field pole alternation, the
Halbach magnet array could effectively enhance the magnetic flux density by 1.4 times [37].
Based on the Halbach magnet array, the flux density of the magnet increased to 427 mT,
measured by a Gaussmeter, and the resistance of the single coil was 543 (), measured by a
multimeter (Figure S2). The inductance strength was 22 mH. According to the distribution

L
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of the magnetic field generated by the bar magnet, the combination of a double rectangular
coil fit better with the magnetic field, which improved the cross-sectional area and space
utilization of the coil, as shown in Figure S2. According to the magnetic flux density of
the magnet array, coils were placed as shown in Figure 2d. The best performance of the
EMG among three coil combinations (single coil, series coil, and parallel coil) was tested
by a linear stepping machine (Figure S3). The oscilloscope was connected to the coil pin
with a 100 M probe, and the linear stepping machine was set to slide at 3.5 Hz. After
testing, the combination of series coils was found to have the best overall performance. As
shown in Figure 2e, the peak open-circuit voltage output was about 13.2 V, and the peak
short-circuit current was about 6.44 mA. The effective voltage was 2.36 V, and the effective
current was 1.58 mA. In addition, the output results of a single excitation are shown in
Figure 2f, where the resonant frequency of the electrical signal was above 20 Hz. Therefore,
the combination of the series coil and the Halbach magnet array was selected to construct
the electromagnetic power generation part.

3.3. Performance of MHP-HNG

Combining the above output characteristics, the performance of wearable sensors for
generating triboelectric sensing signals during velocity changes was tested. Different speed
test sequences (3.2 cm/s, 6.4 cm/s, 9.6 cm/s, 12.8 cm/s, and 16.0 cm/s) were designed
to verify the effect of speed on the open-circuit voltage output, as shown in Figure S1.
The results demonstrated that by increasing the sliding speed, the voltage amplitude
increased from 4.0 V to 15.4 V (Figure 3a). The stability of triboelectric sensing signals
was proven because the waveform of the signal output did not change significantly from
a single traveling period at different sliding speeds. When the signal curves of 12.8 cm/s
and 16.0 cm/s were amplified simultaneously, the signal frequency increased with the
increase in speed (Figure 3b). The above experiments proved that voltage amplitude
and signal frequency could be used as the basis for determining the speed excitation.
However, compared with the mechanical fixed excitation, the magnitude and direction
of the vibration excitation produced by humans are more random. When the mass block
of the sensor vibrated vertically with respect to the shell, the maximum vibration energy
was generated from the sensor at the chest position. Meanwhile, the minimum internal
resistance suffered by the sensor which resulted in the highest conversion efficiency [38,39].
Therefore, the actual sensing performance of the sensor device by wearing it on the chest
was tested. The oscilloscope recorded the open-circuit voltage outputs generated by sitting
up, walking, running, falling, and other states (Figure 3c). When the human was in the
jumping or running state, the wearable sensor would be excited by vibration, and the
output voltage was significantly greater than that generated in other states. When the
human accidentally fell, the mass block in the wearable sensor changed from the resting
state to the high-frequency vibration state. The sensor responded to changes in acceleration
and output an open-circuit voltage signal of 14.14 V. Therefore, the difference in voltage
signal output was used as a judgement criterion for changes in human movement states.

The charging performance of the EMG was tested by a linear stepper at the frequency
of 3.5 Hz, as shown in Figure S3. The results showed that the peak voltage and effective
voltage increased with the increasing value of load resistance. When the resistor of 1 k()
was connected, the wearable sensor had the maximum output power and effective power,
which were 49 mW and 2.28 mW, respectively (Figure 3d). In addition, the charging
performance of the wearable sensor was tested by using different capacitors with rectifiers,
and the charging curve is shown in Figure S54. The supercapacitors of 1.0 mF, 2.2 mF, and
4.0 mF were charged to 2V, 2.5V, and 4.1 V in 10 s, respectively. Therefore, the EMG had a
good charging performance, and the wearable sensor could effectively collect and use the
electrical energy.
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Figure 3. Performance characterization of the MHP-HNG. (a) Open-circuit voltage output of the
wearable sensor of the servo motor at the speed of 3.2-16.0 cm/s. (b) Open-circuit voltage output
magnification at 12.8 cm/s (green) and 16.0 cm/s (purple). (c) Comparison of the voltage signal
output of the wearable sensor under different motion states of the human body. (d) Peak voltage,
peak power, effective voltage, and effective power output of the sensor when externally loaded with
different resistances.

3.4. Application of MHP-HNG
3.4.1. Application of Self-Powered Wireless Optical Communication Sensing System

The optical communication system is a high-rate wireless information transmission
system, which can provide reliable technical support for high-frequency electrical signal
output generated by wearable sensors in response to human body movements. The optical
communication sensing system uses the electromagnetic power generation signal of the
wearable sensor to drive the light-emitting diode (LED) as the signal source. The voltage
output from the sensor meets the threshold for lighting up LED with constant intensity.
The system uses a photoresistor as the receiver to detect the change in luminosity and
convert it to voltage change, which enables the transmission of the electrical signal from
the sensor to the receiver. The specific schematic diagram is shown in Figure 4a. Therefore,
the combination of optical communication technology and wearable sensors is expected to
realize human health monitoring.

To verify the feasibility of optical communication sensing, the influence of certain
factors on the transmission performance of the optical communication sensing system were
explored, including the output frequency of the wearable sensor and the placement distance
between the signal source and the receiver. As the placement distance decreased, the
amplitude of the voltage signal generated by the receiver increased accordingly (Figure S5).
Under different output frequencies of wearable sensors, the voltage drops in the receivers
were basically same, as shown in Figure S6. The results showed that the magnitude of
the voltage signal on the voltage drop of the receiver was inversely proportional to the
distance between the signal source and the receiver. Meanwhile, the output of the LED
was stable and not affected by the output voltage of the wearable sensor. Based on the
above information, the wearable sensor and optical communication technology were used
to build a wireless optical communication sensing system. The physical diagrams of the
wireless optical communication sensing system are shown in Figure S7. First, wearable
sensors collected the mechanical energy of human motion and converted it into electrical
energy to drive LED. The photoresistor received the light signal that carried the energy
information and converted it into an electrical signal. The single-chip microcomputer
compared and processed the electrical signal information and sent the flag to the terminal,
which could display the corresponding motion state. The clear LabVIEW interfaces are
shown in Figure S8. When a person was walking and running, respectively, the peak
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voltage intervals were 504 ms and 345 ms, and the voltage frequencies were about 2 Hz
and 2.9 Hz, as shown in Figure 4b,c. When a person had a fall accident, the voltage
peak interval decreased to 122 ms and the frequency was about 8.2 Hz (Figure 4d). In
the actual demonstration, when a person’s walking state changed to an accidental fall
state, the interface immediately switched to a red warning light to alert the accident
(Figure 4e). Based on the same-frequency vibration of the TENG and EMG in the wearable
sensor, the wireless optical communication sensing system was able to effectively detect
the human body’s movement states, which is of great significance for the development of
self-powered sensing.
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Figure 4. Application of a self-powered wireless optical communication sensing system. (a) Working
principle of the self-powered wireless optical communication sensing system. Comparison of the
output voltages of wearable sensors and the corresponding LabVIEW interfaces for the human
body in walking (b), running (c), and falling (d) states. (e) Comparison of the output voltages of
self-powered wireless optical communication sensing systems in monitoring walking and falling and
the corresponding application scenes.

3.4.2. Application of Self-Powered Wireless Communication Sensing System

The above results showed that the wireless optical communication system can recog-
nize the change in the state of human motion, but it still requires an additional external
power supply system to maintain operation. A reasonable circuit design was used to enable
wearable sensors to achieve the integration of sensing and energy-harvesting functions,
which allowed the wireless communication sensing system to realize self-powered wireless
sensing of human motion states. The whole scene is shown in Figure 5a. The wearable
sensor was bound to the person’s chest to continuously capture the mechanical vibration
energy of human motion and convert it into an electromagnetic power generation signal to
power the wireless communication sensing system. At the same time, motion information
mapped from the triboelectric sensing signal was transmitted through the wireless com-
munication sensing system. The automatic switching circuit module (ASM) and Bluetooth
module were combined to design a self-powered wireless communication sensing system
(Figure 5b). The whole circuit physical drawing is shown in Figure S9. When a person
moves, the vibration energy is captured by the electromagnetic power generation part of
the sensor and converted into alternate current (AC) electrical energy through the princi-
ple of electromagnetic induction. The ASM power management circuit receives the AC
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electrical energy generated by the sensor and converts it into direct current (DC) electrical
energy through the rectifier circuit unit and charges the 4.7 mF capacitor. The electrical
energy is stored in the capacitor, which realizes the self-powered function. At the same
time, two cc2541 Bluetooth modules were used as the master and slave, respectively, to
build the wireless communication system. When the capacitor is charged to the detection
threshold voltage, the automatic switching module quickly turns on and releases the stored
energy to maintain the operation of the Bluetooth module. After the Bluetooth module
of the slave is operated, the internal analog-to-digital conversion (ADC) acquisition unit
continuously collects the triboelectric sensing signals output by the wearable sensor. When
a fall accident occurs, a clear difference between the sensing signal of the fall and normal
movement state will be perceived by the system. Then, it will send an alert to realize the
purpose of intelligent perception and real-time monitoring of human motion.

(a)

(b)

Wearable i :: | s
— 4.7mF

Sensor
_I_

Advertiser Scanner

00 150

Figure 5. Application of a self-powered wireless communication sensing system. (a) Scenario
diagram of the application scenario of a self-powered wireless communication sensing system.
(b) The working principle of the self-powered wireless communication sensing system. (c) The
change in the charge and discharge curve of the self-powered wireless communication sensor system,
and the demonstration scene shown on the computer terminal interface of the normal motion and fall
states of the human body. In this picture, the blue color represents the process of circuit conduction,
the orange color represents the working state, the pink color represents the process of sending
the signal.

The wearable sensor was tested in the practical medical monitoring scene based on the
sensing and self-powered properties that wearable sensors possess. Figure 5c shows the
charging and discharging curve of the system and the terminal display interface in different
motion states in the practical application. The entire self-powered wireless sensing system
was worn on the human body. After 130 s of charging, the voltage of the 4.7 mF capacitor
in the ASM module was charged to 4 V. At this time, the wireless communication sensing
system entered the normal operation state. When a person fell, the Bluetooth module
detected a change in the output voltage amplitude and immediately sent the broadcast
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packet. At the same time, a warning light was illuminated at the display terminal to provide
early warning. After waking up the Bluetooth module, the wireless communication sensing
system monitored the motion status information of the human motion in real time for
more than 35 s. Based on the above application demonstration of practical scenes, the
self-powered wireless communication sensing system provided a practical basis for remote
monitoring in the medical field.

4. Conclusions

In conclusion, a wearable sensor coupling the TENG and EMG for harvesting me-
chanical vibration energy and monitoring human motion states was comprehensively
proposed. By combining the kinematic properties of flexible substrates and nanogenerators,
the TENG and EMG could achieve the same-frequency vibration and simultaneous output.
Optimization of the friction layer, magnet, and coil structure enabled the wearable sensor
to achieve the sensing signal output of 14.14 V and the power output of 49 mW. Further-
more, a self-powered wireless communication sensing system combined with wireless
communication technology was designed, which could realize real-time monitoring of the
human movement status without an external power supply. Therefore, the wearable sensor
is expected to achieve health monitoring, emergency warning, and rehabilitation assistance,
which might further expand its application in the medical field.
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grid structure and testing the sensing performance of the TENG based on a servo motor. Figure S2:
The magnetic field strength of the Halbach magnet array, the physical diagram of the combination
of the double rectangular coils, and the resistance of the single coil. Figure S3: Optimizing the coil
combination mode and testing the charging performance of the EMG based on a linear stepper test
platform. Figure S4: Charging curves within 10 s for the capacitors of 1.0 mF, 2.2 mF, and 4.0 mF.
Figure S5: Exploring the effect of the placement distance between the signal source and the receiver
on the voltage output of the voltage drop of the receiver. Figure S6: Exploring the effect of the output
frequency of the wearable sensor on the voltage drop of the receiver. Figure S7: The circuit physical
diagram of the wireless optical sensing system. Figure S8: The clear LabVIEW interfaces for the
human body in walking (left), running (middle), and falling (right) states. Figure S9: The circuit
physical diagram of the wireless sensing system.
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