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Abstract: A self-powered portable triboelectric nanogenerator (TENG) is used to collect biomechani-
cal energy and monitor the human motion, which is the new development trend in portable devices.
We have developed a self-powered portable triboelectric nanogenerator, which is used in human
motion energy collection and monitoring mobile gait and stability capability. The materials involved
are common PTFE and aluminum foil, acting as a frictional layer, which can output electrical signals
based on the triboelectric effect. Moreover, 3D printing technology is used to build the optimized
structure of the nanogenerator, which has significantly improved its performance. TENG is conve-
niently integrated with commercial sport shoes, monitoring the gait and stability of multiple human
motions, being strategically placed at the immediate point of motion during the respective process.
The presented equipment uses a low-frequency stabilized voltage output system to provide power for
the wearable miniature electronic device, while stabilizing the voltage output, in order to effectively
prevent voltage overload. The interdisciplinary research has provided more application prospects for
nanogenerators regarding self-powered module device integration.

Keywords: self-powered; nanogenerators; human mechanical energy collection; sport monitoring

1. Introduction

Energy is a kind of physical resource that enables humanity in so many ways. With
the increase of consumable devices and their functions in daily life, more energy is required
to satisfy the respective demands [1-4]. Considering that humanity is fully aware of the
consequences of non-renewable energy exhaustion for the planet, we should use renew-
able energy sources as much as possible in order to satisfy these increasing demands [5].
Renewable forms of energy commonly include solar energy, wind energy, hydroenergy,
geothermal energy, mechanical energy, and so on. Specifically, the mechanical energy be-
longs to a good-quality resource, because it is not limited by time, place, or other objective
factors [6—10]. The process of human motion is the most frequent source of mechanical
energy, which is sustainable and easy to obtain [11-17]. As wearable devices are contin-
uously developing, people can use them to collect energy for their daily needs [18-24].
In recent years, TENG has attracted broad attention, as it can transform the ubiquitous
mechanical energy into electrical energy. The developments of TENG technology have led
more widely to applications of nanogenerators in various fields. Compared with electro-
static, piezoelectricity, and electromagnetism, TENG has the functions of low cost, light
weight, self-power, and blue energy collection, among others [25]. Meanwhile, TENG can
be considered as a promising portable biomechanical energy harvesting platform [26,27].
TENG should also serve more potential applications and demands to improve its power
generation performance [28-32]. A possible method is to enlarge the friction area and
increase the friction time to improve the electricity generation performance of TENG. The
output of TENG is mainly related to contact area [33]. Therefore, a concave-convex TENG
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is designed by us to improve the output, which increases the contact area. Hence, the
use of other materials on the friction layer and improving working modes are the keys to
improving its working performance [34,35].

Additionally, studies have indicated that over one-third of traumas of over 65-year-old
men and women worldwide are caused by accident falls. As people grow older and up to
over 80 years old, they will have accident falls, at a high probability, every year. This may
lead to hospitalization or even death [36-39]. Studies have shown that myasthenia and
bad balance are the key factors in fall incidents. An appropriate sport monitoring device,
focused on the mobile gaits and stability capabilities in human motion processes, is one of
the core plans to prevent falls [40—44]. Therefore, the development of a portable mobile
gait monitor system, with an optimized operation mode and improved performance of
human motion mechanical energy collection and transformation into electrical energy, is
a necessity. Furthermore, it should be capable of monitoring and potentially preventing
accidental falls, based on gaits and stability monitoring, which is of great significance to
the application promotion of TENG in various fields.

We have designed and built a self-powered portable triboelectric nanogenerator,
which is named a portable mobile gait monitor system; this portable mobile gait monitor
system can be used to collect human motion energy and monitor mobile gaits and stability.
The materials are common PTFE and aluminum foil, used in the fraction layer, which
outputs electric signals, based on the triboelectric effect. 3D printing technology is adopted
to build an optimized supporting structure, which improves the working mode of the
nanogenerator [34,35]. Owing to the increasing contact area, the output is 5.5 times higher
than the common contraction-separation TENG. Here, human motion mechanical energy
is harvested and transformed into electrical energy, while the gait and stability of multiple
human movements are also monitored at the immediate location of the foot base, during
the motion processes. This function has enhanced the motion monitoring aspect, as used
for preventing falls. A low-frequency stabilized voltage output system is used to stabilize
voltage output, so as to provide appropriate power to wearable miniature electronic
devices. This interdisciplinary research has provided more application possibilities of
nanogenerators’ integration into self-powered module devices.

2. Materials and Methods
2.1. Materials

PTEFE films (0.5 mm) and Al foils (0.3 mm) were bought from Colleague hareware,
Shanghai, China. PLA wires for 3D printing were purchased from Shenzhen Aurora
Technique Co., LTD, Shenzhen, China. Emery papers (1200 mesh) were bought from
common hardware store.

2.2. Methods

The TENG with optimized structure is redesigned with a new structure and new
methods. Firstly, the concave-convex structure is fabricated by a 3D printing machine.
Then, the PTFE films and Al foils are cut into pieces after polishing for 60 s. Finally, the
PTFE films and Al foils with treatment are pasted on the surface of the concave-convex
structure. It is noticed that the TENG without optimization is fabricated with a sandwich
structure and materials without treatment.

2.3. Test

The data of properties and applications testing of TENG are tested by an oscilloscope
(sto1102c, micsig, produced by Shenzhen China). The properties of parts are tested by
improved pulley block and step motor. In practical testing, TENG with optimized structure
and TENG with sandwich structure are implanted into shoe soles, respectively, which
are prepared for the performance test. For satisfying the requirements of stable power
supply with modern microelectronics, we design a low-powered voltage regulator module
that can transfer unstable electric pulses into stable output. By integrating with this low-
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powered voltage regulator module, the TENG with optimized structure can actively drive
the GPS module.

3. Results

The development of intelligent sport is dependent on data collection and monitoring
in a reasonable and effective way. With the development of technologies, the electric
consumption of one electronic equipment becomes lower; however, the monitoring system
integrated with lots of sensors still requires large power supplies [45,46]. Therefore, the
biggest issue in sport monitoring is that a battery with a short lifespan can lead to high-cost
maintenance and environmental pollution. However, the battery power supply could
be replaced when the nanogenerator was born, making it possible to monitor sport with
more convenience [47]. Herein, TENG with optimized structure is implanted into shoe
soles portably. It can convert body motion mechanical energy into electric energy and the
electrical signal can be used not only as a sensing signal, but also for power to charge micro
electronic equipment. Therefore, it can be applied to human body gait balance monitoring,
motion frequency monitoring in sport, and so on (as shown in Figure 1a). Figure 1b shows
the optical image of TENG with optimized structure. The feature, volume, and structure
of TENG with optimized structure can be adjusted by 3D printing technology according
to practical needs. The TENG with optimized structure is implanted into sport shoe soles
to collect human body mechanical energy data and monitor gait. Figure 1c shows the
image of the TENG 3D structure. The key to improving the output performance of TENG
is to improve the material and working mode and increase the friction area and friction
time. We adopt the same material system; the left side of Figure 1c shows the TENG with
regular “sandwich” structure, which is the control object, and the right side of Figure 1c
shows the optimized concave-convex structure TENG, which is the experimental object,
and the optimized concave-convex structure is fabricated by a 3D printing machine. The
TENG with optimized structure can evaluate power generation performance through an
increase in friction area and friction time. Figure 1d shows the working mechanism of
TENG. No electric charges are generated when the TENG is not driven by mechanical
energy (Figure 1d(I)). Then, with the body moving, electric charges occur on the material
surface when different two materials make contact (Figure 1d(II)). When the friction layers
are separated, the electric potential difference is produced, and the electric charges flow
from the bottom layer to the upper layer instantaneously (Figure 1d(III)). When the friction
layers depart completely, electric charges are balanced (Figure 1d(IV)). With two friction
layers making contact again, the electrostatic induction charge compensates for the electric
potential difference through the external load reflux (Figure 1d(V)). The whole portable
mobile gait monitor system is shown in Figure le. The output electric signals from the
triboelectric generator can be collected by oscilloscope, connecting computers to analyse
these signals. In addition, irregular AC voltage can be converted to regular DC voltage
using a low-frequency stabilized voltage output device. This DC voltage can supply power
to devices such as Bluetooth or GPS and the gait can be monitored by these devices. The
process of the actual test is shown in Figure S1.

We compare TENG with optimized structure properties with the TENG with regular
“sandwich” structure properties (as shown in Figure 2). Figure 2a shows under the force
of 11.3 N, the output voltage of two types of TENG at different frequencies. When the
frequencies are 0.5 Hz, 1 Hz, and 1.5 Hz, the output voltages of TENG with regular
“sandwich” structure are 1.093 V, 0.952 V, and 0.789 V, respectively, whereas the output
voltages of TENG with optimized structure are 2.826 V, 2.656 V, and 2.705 V, respectively.
It is important to monitor motion frequency for sport sensing monitoring. Body motion
frequency and motion complete quality are related to athletic ability. It can be clearly seen
from Figure 2a that the voltages of the two TENGs match the tested mechanical frequency,
both of which can monitor motion frequency. However, the TENG with optimized structure
properties is better than the TENG with regular “sandwich” properties. For proving the
TENG with optimized structure properties and showing that it can meet motion mechanical
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needs, we test the pressure sensing properties, as shown in Figure 2b. When body motion
mechanical energy is collected, the force produced in the human motion is also one of the
important links in the transformation of mechanical energy into electric energy. According
to Formulations (1) and (2), the landing speed v is calculated (1), then the force in contact
with the device is calculated (2) (the default contact time “t” is 0.1 s):

mgh=1/2- mv? 1

F=m- v/t )

Under the frequency of 1 Hz, when the forces are 2.8 N, 11.3 N, and 21.2 N, the output
voltages of TENG with regular “sandwich” structure are 0.416 V, 0.732 V, and 1.94 V, respec-
tively whereas the output voltages of TENG with optimized structure are 3.008 V, 4.048 V,
and 5V, respectively. The performance of TENG with optimized structure mechanical en-
ergy conversion to electrical energy is obviously better than that of the comparison device.
Meanwhile, TENG can sense different motion frequencies and forces. These properties
can monitor body gait (frequency) and balance ability (pressure distribution). In order to
explore the characteristics of the TENG generator, the energy conversion efficiency of the
TENG is investigated. The formulas of energy conversion efficiency are as follows:

E, = Loy2 3)
2
1
E, = Emgh X n 4)
n = E1 + Ex x 100% (5)

where E; and E; represent the electrical energy stored in capacitor and the mechanical
energy, respectively. In Formula (3), C and V represent the capacity and charge voltage of
capacitor, respectively. m is the mass, g is the gravitational acceleration of the earth’s surface,
h is the height of the object from the reference plane, and 7 is the number of workings in
Formula (4). In Formula (5), 1 can be obtained by E;/E;, which is the energy conversion
efficiency. According to calculation, the energy conversion efficiency of TENG is 0.05%. The
capacities of the TENG with and without optimizing in original state are 1.7 nF and 1.5 nF,
respectively. The volume of the TENG is ~28 cm®. The power density is 0.686 mw/m?, and
Table S1 shows the power density compared with other works. Figure 2c shows the testing
platform used to test TENGs’ properties [48,49]. The stepped motor is used to control
motion frequency to imitate human body motion frequency. Through the simple pulley
blocks and multiple counterweights, the instant forces exerted on TENGs are calculated.
Figure 2d shows the charging of the 4.7 uf capacitor with optimized structure and non-
optimized TENG. The working frequency is conducted with 6 Hz for 100 s. When the
pressure is 6 N, the optimized TENG is charged to 9.12 V (red line). When the pressure is
3 N, the optimized TENG is charged to 7.52 V (green line). When the pressure is 3 N, the
not optimized TENG is charged to 4.24 V (purple line). In Movie S3, the capacitor charges
to 16.8 V by TENG at 6 Hz for 100 s (the movie plays at 8 x normal speed). Figure 2e shows
that TENG drives micro electronic equipment. The capacitor can drive the calculator after
being charged by TENG (Figure 2e(i)). Figure 2e(ii) shows a simple demonstration that
LEDs are controlled by a Bluetooth module, which is driven by TENG. By tapping TENG,
the output voltage drives the Bluetooth transmitter to transmit the information to the
receiver. The number and lighting frequency of LEDs on the receiver are directly related to
the tapping force and frequency of TENG (Movie S1). This simple wireless information
transmission function can provide more potential application scenarios of sport big data.
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Figure 1. The structure, working mechanism, and application in the sport scene of the portable mobile gait monitor system.
(a) The practical application of TENG in the sport scene. (b) The optical picture and installation position of TENG. (c) The
structure of TENG. (d) The working mechanism of TENG. (e) Portable mobile gait monitor system.
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Figure 2. The comparison of properties of TENGs (a) The output voltage of TENGs at different frequencies. (b) The output
voltage of TENGs at different forces. (c) The properties’ test platform. (d) Charging capacitor by TENGs. (e) The TENG
drives micro electronic equipment.
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We find that TENG can collect mechanical energy and convert it into electronic energy
to charge the mini capacitor to drive micro electronic equipment in the test process. More-
over, TENG can drive them directly. However, because of irregular voltage output, the
high voltage may cause overload damage to micro electronic equipment (such as the GPS
module). For improving the application ranges of TENG, we developed a low-frequency
voltage stabilizing output device. It supports TENG to drive micro electronic equipment
to avoid overloading (as shown in Figure 3). Figure 3a shows the circuit diagram of the
low-frequency voltage stabilizing output device. The low frequency voltage stabilizing
system consists of six parts: input, rectifier, switch, manostat IC, filter capacitor, and out-
put. The electrical energy is stored in the capacitor through the rectifier bridge. After the
capacitor voltage reaches a certain value, the input terminal and the output terminal of
DC/DC are connected to make DC/DC work. The output voltage of DC/DC is divided by
R1R2, then the DC/DC outputs stable voltage. When the capacitor voltage cannot reach
the DC/DC working voltage requirement, DC/DC cuts out with the capacitor and stops
outputting, and then the capacitor is charged by the portable mobile gait monitor system
again. The TENG internal resistance is 20 M(?, as shown in Figure S2. Figure S3 shows
the one-time test process of AC/DC conversion efficiency. Input voltage and current of
AC are 4.5V and 1.201 A, respectively. The DC output voltage is fixed at 2.87 V and the
current is 0.791 A. After five tests, the average of AC input voltage and current are 4.56 V
and 1.022 A, respectively. The average output current of DC is 0.784 A, according to the
following formula:

ny = g ©
bc P output

The AC/DC conversion efficiency is 48%. Figure 3b shows the low-frequency voltage
stabilizing output device working modules. Body motion drives TENG and then TENG
collects mechanical energy, outputs triboelectric signals, releases them to DC/DC converter
through rectifier bridge and capacitor, and finally achieves the effect of pulse regulated
output. Figure 3c shows the output voltage of TENG. Because of irregular mechanical
motion, the output voltage ranges from 2 V to 25 V. According to these electrical signals,
the gait can be capture and recognized. However, the electrical energy from TENG cannot
directly power the electronics, which may cause micro electronic equipment overload and
damage due to the overly high and irregular voltage [50-52]. In the future, the portable
mobile gait monitor system will be integrated with more functions using a dedicated self-
powered ASIC. Through the low-frequency voltage stabilizing output device, the unstable
output signal is modulated into a stable output signal. Some microelectronics, such as
Bluetooth and GPS mode, can be driven by the portable mobile gait monitor system (as
shown in Figure 3d). The voltage switch is controlled by hand operation. When the switch
is turned off, the electrical energy output by the triboelectric generator can be stored. When
the switch is turned on, a stable DC voltage will be output to supply power for some
intelligent monitoring equipment. Figure 3e shows the enlarged view of Figure 3d. In our
next work, we will improve the function of the equipment. We want to make it not only
stabilize the output, but also meet more motion monitoring possibilities from the judgment
and frequency of the electrical signal after the regulated output.

The physiological structure of the human body determines the working mode of
the upper and lower limbs. Combined with torso coordination and cooperation, various
forms of human movement are formed. With the body movement forms changing, many
movements are formed such as push, pull, whip, stretch, swing, and twist, among oth-
ers. Further, every motion can produce mechanical energy and the mechanical energy
is collected by TENG. Figure 4a shows the output voltage of walking collected by the
“sandwich” structure TENG, and the average voltage is 0.265 V in 60 s. Figure 4b shows the
output voltage of walking collected by TENG with optimized structure, and the average
voltage is 5.45 V in 60 s. This shows that both TENGs can collect motion energy and
monitor the walking movement. However, the output voltage of TENG with an optimized
structure is higher than the “sandwich” structure TENG, which shows that the TENG with



Energies 2021, 14, 4996 7 of 12

the optimized structure property is better than the “sandwich” structure TENG in body
motion energy collection; this result is in line with the testing part. In order to expand more
applications in human motion mechanical energy collection and monitoring, the in situ
movement and marching movement are tested, which are regular exercises of human body.
Figure 4c shows the output voltages of various in situ movements tested by TENG with the
optimized structure. When the tester does tiptoe, mark time, and high leg run movements,
the output voltages are 2.08 V, 4.16 V, and 29.14 V, respectively. This is because the center
of gravity of tiptoe and mark time movements is at the forefoot; however, the TENG is
implanted in the heel, which causes the TENG to produce lower voltage. When the tester
does high leg run movement, the tester foot makes contact with the ground entirely, so
the output voltage is higher than that of the first two motions. The above motion forms
are several common forms in in situ movements. We also monitor a variety of sport forms
during the march, as shown in Figure 4d. According to the in situ movements” monitoring
conclusion, we conclude that the center of gravity shifts and movement ranges determine
the output voltage magnitude. Therefore, in the march test, we test from in situ movement
to forms of movement in which the center of gravity gradually moves and becomes larger.
When the tester does mark time, trot, run, and jump movements, the average output volt-
agesare 42V,9.78 V,20.8 V, and 33.14 V, respectively. The above data show that the output
voltage of TENG is related to motion forms. The greater the range of human motion forms
and the greater the shift of the center of gravity, the more mechanical energy produced and
the higher the voltage output.
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Figure 3. The low-frequency voltage stabilizing output device. (a) The circuit diagram of the device. (b) The low-frequency
voltage stabilizing output device working modules. (c) The untreated friction voltage. (d) The output voltage of low-
frequency voltage stabilizing output device. (e) Output details.
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the march.

The conclusion of the output voltage of TENG with human body motion forms is
drawn in the previous tests. The TENG is used to collect human body motion mechanical
energy to drive micro electronic equipment and analyze gait (as shown in Figure 5).
Figure 5a shows the output voltage of portable mobile gait monitor system when the tester
walks. The average voltages of the first, the second, and the third parts of the left and right
feetare 4.5V,543V,5.6V,491V,5.62V, and 3.47 V, respectively. Through the data and
image, we can judge that the left foot is the inertial support leg of the tester. For example,
in the start race of 100 m, triple jump, and skiing motions, the tester prefers to use the left
leg as an inertial leg with which to move. Figure 5b shows the response of voltages of the
first, the second, and the third parts of the left and right feet. The response of the device
can be calculated from the following equation:

V-V

i

R% = ‘ x 100% @)

where the Vj and V; respect the output triboelectric voltage at 4.5 V and average voltage of
every section. The responses of voltages of the first, the second, and the third parts of the
left and right feet are 0%, 19.6%, 19.9%, 17.2%, 8.4%, and 29.8%, respectively. According
to the responses of voltage, we can conclude that the gait of the tester is rhythmic. The
above data show that the tester’s gait cycle is a regular gait with stability, periodicity, and
rhythm, and the left leg is the dominant leg. Figure 5c shows the installation position of the
portable mobile gait monitor system and the image of portable mobile gait monitor system
driving micro electronic equipment. With the human body mechanical energy collection
and electronic energy conversion, the portable mobile gait monitor system can drive micro
GPS equipment intermittently (as shown in Figure 5d). Move S2 shows the entire testing
process. When the tester is running, the portable mobile gait monitor system can collect
mechanical energy and convert it into electronic energy to drive micro GPS equipment
to launch signal. The signal receiving end can receive the signal and monitor the tester’s
position in real-time. This kind of application provides a potential application scene for
solving the self-demand of electronic equipment in urgent need of power supply or remote
areas with weak mobile network signals.
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Figure 5. The application of the portable mobile gait monitor system monitor gait balance and driving micro electronic

equipment. (a) The output voltage of the portable mobile gait monitor system. (b) The response of output voltage. (c)

The portable mobile gait monitor system and micro electronic equipment installation position. (d) The e-map of the

walking process.

4. Conclusions

In summary, we manufactured a self-powered and portable mobile gait monitor
system, which is used to collect body exercise energy and monitor exercise gait and
balance ability. The TENG with optimized structure power generation performance was
significantly improved by 3D printing technology. TENG is flexibly implanted into a sport
shoe to monitor gait and balance in various exercise processes during in situ movement
and march movement. The low-frequency voltage stabilizing system can protect micro
electronic equipment from overload damage, which is caused by transient high TENG
voltage output due to irregular mechanical energy. This interdisciplinary research provides
more possibilities for the integrated application of self-powered modular equipment.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/en14164996/s1, Movie S1: The self-powered piezoelectric sensor can transmit wireless
signal to control the LED, Movie S2: TENG can collect mechanical energy to drive micro GPS
equipment to launch signal, Movie S3: TENG charge capacitor, Figure S1: The actual test scenario,
Figure S2: The output voltage and power of TENG against different resistance, Figure S3: Single
test process of AC/DC conversion efficiency, Table S1: Power density comparison. Table S1: Power
density comparison.
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