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Abstract: The rapid development of the fifth generation technology poses more challenges in the
human motion inspection field. In this study, a nanogenerator, made by PVDE, ionic hydrogel, and
PDMS, is used. Furthermore, a transparent, stretchable, and biocompatible PENG (TSB-PENG) is
presented, which can be used as a self-powered sensor attached to the athlete’s joints, which helps to
monitor the training and improve the subject’s performance. This device shows the ability to maintain
a relatively stable output, under various external environments (e.g., inorganic salt, organic matter
and temperature). Additionally, TSB-PENG can supply power to small-scale electronic equipment,
such as Bluetooth transmitting motion data in real time. This study can provide a new approach to
designing lossless, real-time, portable, and durable self-powered sensors in the sports motoring field.

Keywords: flexible; self-powered; sport monitoring; basketball pass

1. Introduction

The world is entering the era of Internet of Things (IoT) at an accelerated speed, based
on the rapid development of the fifth generation technology [1-4]. Wearable electronic
equipment and sensors are increasingly developing over the past few years and have
shown good application prospects in many fields [5-8]. In the sports field, the recording
and monitoring of human motion training data bear great importance to the promotion of
the sports development. At the same time, they are important research objects, in the field
of sports training [9-13]. According to known research achievements, wearable electronic
equipment has already been applied to the theory and practice of sports training, such as
basketball, athletics and swimming [14-20]. The monitoring of relevant data of athletes,
such as physiological, biochemical, and anatomical data, has been implemented, in order to
improve the athletic performance. Specifically, in basketball, the winning factors are mainly
the transformation of attack and defense [21,22]. It is manifested as the center player’s
pivot teamwork, perfect passing, and dribbling skills, as well as the cooperation level of
the whole team, where the center player’s passing method is particularly important to
the game [23-25]. Consequently, the monitoring for the center player’s passing method is
an urgent problem requiring solution. In some existing studies, audio/video and virtual
reality equipment are used to monitor the training process of the center player [26-29].
However, these equipment pieces are usually large in size and not adjustable, while the
maintenance costs are high, operation is complex, and external power supply is required,
posing potential dangers. In the field of wearable electronic products development and
application research, the rechargeable lithium battery use is always a problem [30,31],
which the development of a biocompatible, comfortable and stable sensor, for real-time
human physiological monitoring, is called to solve.
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At present, piezoelectric materials are widely used in the sensor hardware and energy
collection field [32-35]. The traditional sensors, based on the piezoelectric effect, such
as piezoelectric ceramics, lead zirconate titanate, and niobate lead magnesium, have not
been widely used as wearable human motion monitoring sensors, due to brittleness,
deleteriousness, complex manufacturing, and tendency to corrosion [36—40]. This kind of
sensors should have mechanical flexibility and transparency, so as to adapt to the strain
of the human skin and joints and easily observe the state of human joints in motion.
Moreover, the biocompatibility of PENG sensors, in direct contact with human body;,
should be an indicator to be considered. It must be nontoxic and does not cause the body’s
immune response. In addition, considering that, during sports training, the rise of the body
temperature generates a lot of sweat, consisting of different concentrations of inorganic
salts and urea, as well as other organic matters, which may lead to electronic equipment
circuit corrosion, damaging the PENG [41-43]. Hence, the PENG used for human motion
monitoring should have soft, transparent, biocompatible and durable features.

In this study, we present a piezoelectric nanogenerator constituted by PVDE, ionic hy-
drogel and PDMS. Different from the previously reported PENG using metal as electrodes,
this kind of soft and transparent PENG (TSB-PENG) uses lithium chloride polyacrylamide
hydrogel as electrodes. This piezoelectric nanogenerator, based on PAAM-LiCl, has the
advantages of high transparency, softness, non-invasiveness, good biocompatibility, anti-
corrosion, and simple fabrication. The PENG attached on human skin surface will not affect
the comfort and can be stretched according to the changes of body joint angles. Moreover,
it can resist more severe environment erosion and, thus, monitor the sports training under
more secure and portable conditions. This transparent, soft, and biocompatible PENG can
provide a novelty to the sports training monitoring.

2. Experimental Section
2.1. Materials

Poly (vinylidene fluoride) (PVDF) powder was bought from Qinshang plastic co., ltd
(Suzhou, Jiangsu, China). N, N-Dimethylformamide (DMF); deionized water; acrylamide (AM);
lithium chloride (LiCl); N,N’-methylene diacrylamide (MBA); ammonium persulphate
(APS); and N,N,N’ N'-Tetramethylethylenediamine (TMLD) are bought from Jintong letai
chemical industry products Co., Ltd. (Beijing, China). DOW CORNING 3140 RTV and
Svlgard 184 were bought from Xinheng trading Co., Ltd. (Tianjin, China). All purified
materials were used directly and were not purified.

2.2. Manufacture of Piezoelectric Nanogenerator

The manufacture of PVDF piezoelectric film is as follows. Firstly, 15% and 85% PVDF
powder and DMF solution were stirred in a 60 °C water bath for 2 h. Semi-transparent
mixture solution was set in a vacuum drying oven for 30 min to remove bubbles. Secondly,
the mixture solution was dropped on the bottom silicon rotating surface of the spin coater
which spun in 400 r/min for 20 s. Then, PVDF/MBA mixture was dried at 80 °C for 15 min.
After the second step was repeated three times, it was dried at 120 °C for 12 h, and the
multilayer film was prepared. Finally, films were dealt with polarization which was at
90 °C and 20 kV/mm oil bath to gain PVDF piezoelectric films.

Synthesis of lithium chloride polyacrylamide hydrogel is as follows. AM was used as
a monomer, MBA as a crosslinking agent, APS as an initiator, and TMEDA as a catalyst,
and, finally, hydrogel obtained by AM polymerization. The specific steps were as follows.
Firstly, acrylamide powder and lithium chloride particles were dissolved in 50 mL of
water at a speed of 600 rpm. The concentrations of PAAM and lithium chloride were
3 mol/L and 5 mol/L, respectively. MBA and APS were added to the solution, and the
weights were 0.02 and 0.03 mol%, respectively. The particles were stirred until they were
completely dissolved, and then rested for 10 min to obtain the pre solution. Secondly, a
few drops of TMEDA (0.0025 wt%) were dropped in pre-solution and stirred to accelerate
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commissure for the hydrogel. Then, the mixture solution was dropped in culture plate to
gain PAAM-LiCl hydrogel.

The manufacturing method of transparent and soft Peng is as follows. Firstly, the
edges of PVDF film were treated with Dow Corning 3140 RTV to prevent short circuit, and
stood for 30 min. Secondly, we put the mixture of Sylgard 184 and curing agent (the weight
ratio of 20:1) on the groove model (produced by 3d printing). Then, we cured in the drying
oven at 80 °C for 20 min. Thirdly, according to the actual needs, we cut hydrogel with
the appropriate size. Finally, double pieces of the hydrogel were put on both sides of the
PVDF film to prevent short-circuit. Then, the polyvinylidene fluoride film was packaged
by PDMS and adhered to by Dow Corning 3140 RTV.

2.3. Characterization and Measurement

The transparent and soft PENG was fixed on the stepping motor to simulate joint
movement. The different amplitudes and frequencies were used to test PENG character-
istics. Piezoelectric signals were generated by sensors and collected by oscilloscopes (sto
1102 ¢, Shenzhen, China). The morphology and structure of the sensor were carried out by
an optical microscope (Sunshine Instrument Co., Ltd., SDPTOP-CX 40 m, Ningbo, China).

3. Results

As shown in Figure 1a, PENG can be applied to the training of basketball athlete.
Based on the piezoelectric effect, the piezoelectric signal of TSB-PENG is a sensing signal. It
is small and transparent and can be attached to the joint surface of the athlete for collecting
and analyzing sport information. The body motion is the kind of three-dimensional
movement, and every joint motion is along or parallel to the sagittal plane, anterior plane
and parallel plane. At the same time, the completion of human action is a complex joint
motion, such as spinning forward and backward, twisting, and pulling. Therefore, the
soft and stretchable sensor is more suitable for monitoring human motion. Figure 1b-d
show that TSB-PENG can work at states of bend, twist, and stretch, and can monitor
the joint motion with comfort. The piezoelectric signal of the above three states can
be learned in Movie S1. Figure le shows the transmittance of PVDF film, PAAM-LiCl
hydrogel, PDMS, and TSB-PENG. The average light transmittances of the PDMS, PVDEF,
and PAAM-LiCl hydrogels were above 86%. The average light transmittances of the
PDMS, PAAM-LiCl hydrogel, and PVDF film were 94.32, 92.36, and 86.96%. Figure 1f-h
show the optical microscope images of the PVDF film, PAAM-LiCl hydrogel, and PDMS
under 258 times. The conductivity of PAAM-LiCl hydrogel is 7.73 k()/cm. In addition,
mechanical flexibility, extendibility, transparency, and durability are important to a sensor
for monitoring body motion. Compared with metal electrodes, the advantages are shown
in Supplementary Material Table S1. The manufacturing process of TSB-PENG is shown in
Figure 1i. According to practical needs, we cut the suitably sized hydrogel. Dow Corning
3140 RTV is used to prevent the short-circuit for PVDF film (stage I). As the electrodes,
double PAAM-LICl hydrogels were covered on both sides of the PVDF film (stage II).
Thereafter, PDMS layers were used as protective layers (stage III). Then, 3140 glue was
used to seal. Finally, it was placed at room temperature for 24 h, and then the final
TSB-PENG was obtained.
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Figure 1. (a) The actual application scenarios of TSB-PENG. (b—d) The bend, twist and stretch state of TSB-PENG (e) The
transmittance of PVDF film, PAAM-LiCl hydrogel, PDMS, and TSB-PENG. (f-h) The optical microscopic image of PVDF
film, PAAM-LiCl hydrogel, and PDMS. (i) Schematic diagram of manufacturing process of TSB-PENG.

The working mechanism of TSB-PENG shows in Figure 2a. When the deformation has
not occurred on PVDE, dipoles ordered arrangement in PVDF and bound a large amount
of charge. When PVDF is deformed, dipoles are in disordered arrangement, the electric
charge is released, and the voltage/electric current is detected. When the external force
disappears, dipoles return to the orderly arrangement, the charge is bound again, and the
opposite voltages/currents are detected. In Figure 2b, we tested TSB-PENG properties.
The TSB-PENG, with a size of 5 cm X 2 cm, was fixed on the stepper motor to imitate body
joint motion. Figure 2c shows the outputting piezoelectric of the TSB-PENG at the same
frequency (1 Hz) and different bend angles. When the angle is 175, 166, 152, and 138°, the
outputting piezoelectric voltage is 0.54, 0.87, 1.54, and 1.99 V, respectively. Figure 2d shows
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the outputting piezoelectric voltage of the TSB-PENG at 1 Hz frequency and different twist
angles. When the angle is 20, 35, 50, and 65°, the outputting piezoelectric voltage is 0.9, 1.5,
2.4, and 4.1V, respectively. The relation of outputting piezoelectric voltage with frequency
is shown in Figure 2e. When the bend angle is at the constant angle (140°), the frequency is
0.5, 1, 1.5, and 2 Hz, and the outputting piezoelectric voltage is 1.85, 1.88, 1.86, and 1.92 V,
respectively. This shows that the outputting piezoelectric voltage is stable. Figure 2f shows
the response of TSB-PENG is at different bend angles, twist angles, and frequencies. The
response of TSB-PENG can be calculated from the following equation:

Vo —Vi

i

R% = ‘ x 100% (1)

where Vy and V; are the output and piezoelectric voltages, respectively. When the TSB-
PENG is at different bend angles, the response of TSB-PENG is 0, 38.5, 65.1, and 73.1%.
When the TSB-PENG is at different twist angles, the response of TSB-PENG is 0, 15.3, 61.9,
and 78.3%, and when the frequency is 0.5, 1, 1.5 and 2 Hz, the response of TSB-PENG is
0, 1.5, 0.6 and 3.9%. It shows that TSB-PENG can monitor the tester’s motion angle and
frequency changes. These data can be used to analyze the state of basketball athletes to
analyze their technical performance.

In order to prove that TSB-PENG can be applied to the body surface directly, the
TSB-PENG is fixed on the body surface for 6 h and no allergic or rejection happens.
Human sweat contains a large number of compounds, such as sodium chloride, potassium,
and nitrogen metabolites (urea, ammonia, and uric acid) [20]. In this study, different
concentrations of NaCl and urea are used to verify the impact on PENG (Figure 3b,c). When
the TSB-PENG is at 0.5, 1, 1.5, and 2 mol/L of NaCl, the outputting piezoelectric voltage of
TSB-PENG is 1.08, 1.08, 1.12, and 1.23 V, respectively. When the TSB-PENG is at 0.25, 0.5,
0.75, and 1 mol/L of urea, the outputting piezoelectric voltage of TSB-PENG is 1.48,1.52,
1.45, and 1.54 V, respectively. The response of piezoelectric voltage in different NaCl and
urea concentrations is stable. The stable response proves that the TSB-TENG is not affected
by sweat. We test the outputting voltage of the sensor when it is at 28—40 °C (Figure 3e).
When the temperature is 28, 30, 32, 34, 36, 38, and 40 °C, the outputting piezoelectric voltage
is 2.74,2.79,2.81,2.77,2.74,2.792, and 2.78 V, respectively. This shows that TSB-PENG has
a good temperature adaptability. Figure 3f shows the durability property of TSB-PENG.
The TSB-PENG was tested for 20 min and the piezoelectric voltage was stable. This shows
that TSB-PENG can work for a long time. As shown in Supplementary Material Figure S1,
the TSB-PENG output voltage is still stable at different angles and frequencies. This proves
that TSB-PENG has perfect adaptability at different conditions.

Figure 4a—c show that TSB-PENG, with a size of 5 cm x 2 cm, is fixed on the shoulder,
elbow, and wrist of the athlete to monitor the different motion information. Figure 4d
shows the outputting piezoelectric voltage of TSB-PENG that is fixed on the shoulder. The
shoulder joint is composed of the acromioclavicular joint, the sternoclavicular joint, the
scapular chest walls joint, and the glen humeral joint. The shoulder joint is the most flexible
in the human body. The motion of the shoulder joint is of bend and stretch. Therefore, the
bend and stretch action signals are collected by us. Figure 4e,f are the enlarged drawing of
the bend and stretch motion of the shoulder. The motion of bend and stretch are the series
of motions that are stretch recovery, bend recovery, and then stretch recovery. At the same
time, the shape of piezoelectric voltage is as follows: down-up-down-up-down-back to
the original position. This kind of motion is more complicated than extension-adduction
movement. According to the comparison of the outputting piezoelectric voltage, the voltage
of the shoulder is less than the voltage of the other joint. It is because the shoulder has a
wide range of motion, many small joints make up the shoulder joint. When the shoulder
moves, many small joints move together. The deformation that occurs on the TSB-PENG
is small. Figure 4g shows the outputting piezoelectric voltage of TSB-PENG is attached
to the elbow. The elbow joint is a composite joint that is composed of the brachioulnar
joint, the brachioradialis joint, and the proximal radioulnar joint. The brachialulnar joint
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is the main joint of the elbow joint, mainly performing bend and stretch motion. The
proximal radioulnar joint is responsible for the rotation of the forearm. Figure 4h,i show
the enlarged drawings of the elbow doing pronation and bend-stretch movements. In
Figure 4h, it is obvious that the piezoelectric voltage goes up and down with pronation
recovery motion. At the same time, the piezoelectric voltage fluctuates up and down with
the bend and stretch action (Figure 4i). Because the action amplitude of bend and stretch
is bigger than twist amplitude, the voltage of bend and stretch is bigger than the voltage
of twist. Figure 4j shows that the outputting piezoelectric voltage of TSB-PENG is fixed
on the wrist. The wrist joint consists of the radiocarpal joint (which makes the hand bend
and stretch) and the interphalangeal joint (which makes the hand rotate back and forth).
Figure 4k, 1 show the enlarged drawings of the wrist doing protrusion and bend-stretch
movements. These kinds of motion are similar to the elbow motion, therefore, the signal
trend is similar also. The outputting piezoelectric voltage of the wrist is higher than that
because wrist deformation is bigger. It proves that TSB-PENG can be used to monitor the
information of body joint motion.
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Figure 2. (a) Working mechanism of TSB-PENG; (b) Scene of TSB-PENG monitors the body joint
motion system; (c) Outputting piezoelectric voltage of TSB-PENG at the same frequency and different
bend angles; (d) Outputting piezoelectric voltage of TSB-PENG at the same frequency and different
twist angles; (e) Outputting piezoelectric voltage of TSB-PENG at the same bend angle and different
frequencies; (f) Response of output piezoelectric voltage of TSB-PENG at different bend angles,
frequencies and twist angles.
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TSB-PENG can not only be used as a sensor to monitor athlete sport status, but it can
also collect the mechanical energy of the human body. Figure 5a shows the equivalent
circuit of the self-charge system and it can convert the mechanical energy of the human
body into electric energy and store it in the capacitor. Figure 5b shows the charging
voltage of different capacitor which is charged by TSB-PENG. When the bend angle is
150 ° and the frequency is 3 Hz, the TSB-PENG can charge 1, 2.2, and 3.3 uF to 2.8, 1.7,
and 0.3 V. In Movie S2, TSB-PENG charges 4.7 uF for 30 s and drives a portable calculator.
Figure 5¢,d show the TSB-PENG can drive Bluetooth. The transmitting terminal can launch
the piezoelectric signal to receiving terminal. In the Movie S3, the number of flashing lights
and flashing frequency is controlled by TSB-PENG. This wireless information transmission
function provides broad application scenarios for TSB-PENG.
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(b,c) Outputting piezoelectric voltage of TSB-PENG in different concentrations of NaCl and urea. (d) Response of outputting
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Figure 4. (a—c) Scenes of the working mechanism of TSB-PENG is fixed on the shoulder, elbow, and chest. (d) Outputting
piezoelectric voltage of TSB-PENG on the shoulder that does the bend and stretch motion. (e,f) Enlarged drawings of bend
and stretch motion of the shoulder. (g) Enlarged drawing of outputting piezoelectric voltage of TSB-PENG is fixed on the
elbow which protrudes, bend and stretch. (h,i) Enlarged drawings of the elbow that does protrusion and bend-stretch

movements. (j) Outputting piezoelectric voltage of TSB-PENG is fixed on the wrist that protrudes, bends, and stretches.

(k1) Enlarged drawings of the wrist in a protruding and bend stretch motion.
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4. Discussion

Wearable electronic equipment was applied to sports training. It was found that tradi-
tional piezoelectric sensors cannot be used as wearable human motion monitoring sensors,
owing to their brittleness, deleteriousness, complex manufacturing, and so on [36—40].
We made a transparent, stretchable, and biocompatible PENG, which was monitored in
basketball passing technique. It can adapt to the environment of sport training and it can
collect motion information of athletes. For example, when athletes do different motions,
the peak of characteristic signals are different. According to the signal peak analysis, we
can infer athletes” motions defect and correct them in time.

In the basketball game, the quality of passing is one of the decisive factors in the
game. Accurate and reasonable passing can tear the opponent’s defense and create the best
shooting opportunities [44]. We analyze three kinds of passing techniques with examples,
as shown in Figure 6. The outputting piezoelectric voltage of hook pass, shoulder pass, and
chest pass are often used in the inner coping area, outer coping area, and middle coping
area (The collection process is shown in Movies S4-56). Figure 6a,e,i show the diagram of
hook pass, shoulder pass, and chest pass, respectively. Figure 6b—d show the outputting
piezoelectric voltages of the shoulder, elbow, and wrist in a hook pass motion which are
0.39, 0.76, and 2.77 V, respectively. Figure 6f-h show the outputting piezoelectric voltage of
shoulder, elbow, and wrist in the shoulder pass motion which are 0.18, 1.22, and 3.564 V,
respectively. Figure 6j-1 show the output piezoelectric voltages of the shoulder, elbow, and
wrist in a chest pass motion, which are voltage is 0.83, 1.61, and 5.41 V, respectively. The
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voltage of hook pass of the elbow and shoulder is smaller than the voltage of the other two
passing of wrist. This is because the hook pass is the player who leads the ball over the
head and buckle the wrist to pass the ball, the elbow participates less, and the voltage is
lower. The shoulder pass motion requires the athlete to lead the ball over the shoulder,
stretch the elbow, and buckle the wrist to pass the ball, whereby the shoulder participates
less, and the voltage is lower. Compared with the outputting piezoelectric voltage of three
passing types, the voltage of the hook pass is smaller than the other two. This is because the
hook pass is usually used in internal coordination area and player passes the ball with the
fast motion. The outputting piezoelectric voltage of the chest past in the central response
area is higher than the shoulder. This is because the chest pass is fast and accurate in the
central response area and the player needs to pass the ball as quickly as possible. However,
compared with the shoulder pass, the passing height of the chest pass is lower and the
player cannot pass the ball with the high speed between the long distance.
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Figure 6. (a) Image of hook pass. (b—d) Outputting piezoelectric voltage of the shoulder, elbow, and wrist in hook pass
motion. (e) Image of the shoulder pass. (f-h) Outputting piezoelectric voltage of the shoulder, elbow, and wrist in a shoulder
pass motion. (i) Image of the chest pass. (j-1) Outputting piezoelectric voltage of the shoulder, elbow, and wrist in a chest

pass motion.

We have made progress in motion monitoring. However, wireless transmission of
information is still challenging. We need to combine computer with information science to
realize PENG’s wireless application in sports.

5. Conclusions

In summary, we report a transparent, stretchable, and biocompatible PENG which
employed PAAM-LiCl hydrogel as the work electrode. The TSB-PEGN can sensitively
detect changes of angle, twist, and frequency. Meanwhile, TSB-PEGN can keep a stable
voltage output in a different environment. Moreover, TSB-PEGN can convert the mechani-
cal energy of the human body into electrical energy, charge capacitor, Bluetooth etc. We
demonstrate that the TSB-PEGN applies to the basketball technique. It can collect hook
pass, shoulder pass, and chest pass motion information. It provides references for the
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athlete. The nanogenerator promotes PENG application and development, and shows its
potential as a new generation of the motion monitoring system.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ electronics10212584 /s1, Table S1: The advantages of PAAM-LiCl hydrogel compared with
metal electrodes. Figure S1: Durability property of TSB-PENG. Movie S1: The output voltage signal
of PENG at bend, twist and stretch, Movie S2: The PENG can charge 4.7 uF capacitor and drive
the calculator, Movie S3: The device can transmit wireless signal to control the LED, Movie S4: The
output signal of the hook pass movement is collected, Movie S5: The output signal of the shoulder
pass movement is collected, Movie S6: The output signal of the chest pass movement is collected.
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