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Abstract: With the development of 5G technology, contemporary technologies such as Internet of
Things (IoT) and Big Data analyses have been widely applied to the sport industry. This paper focuses
on the design of a portable, self-powered, flexible sensor, which does not require an external power
supply. The sensor is capable of monitoring speed skating techniques, thereby helping professional
athletes to enhance their performance. This sensor mainly consists of Polyvinylidene Fluoride (PVDF)
with polarization after a silvering electrode and a flexible polyester substrate. Flexible sensors are
attached to the push-off joint part of speed skaters and the ice skate blade. During motion, it produces
different piezoelectricity signals depending on the states of motion. The monitoring and analyzing of
the real-time sensor signals will adjust the athlete’s skating angle, frequency, and push-off techniques,
thus improving user training and enhancing performance. Moreover, the production of piezoelectric
signals can charge the capacitor, provide power for small electronic equipment (e.g., wireless device),
and extend the applications of wearable flexible sensors to the Big Data and IoT technologies in the
sport industry.

Keywords: wearable sensor; self-powered; sport monitoring; speed skating

1. Introduction

Speed skating is one of the most popular sports in the Winter Olympic Games. When
skating, athletes wear Clap Skates, which need professional athletes’ high strength, en-
durance, and speed. In addition to personal physical fitness improvement, performance
enhancement is also considered vital in the game. To enhance it, more scientific skating
techniques need to be considered, such as push-off timeliness, absolute speed, skating
strategies and physiological monitoring, among others. With 5G evolution, infinite biosen-
sors are applied to the kinematics field [1–8]. With IoT technology where sensors are
integrated, coaches can better understand athletes’ physical conditions, and adjust timely
training programs and skating techniques to help athletes achieve better performance.
At present, speed skating auxiliary sensors with training have challenges, such as huge
volume, not being portable, and non-real-time data. These challenges affect the skating
state of professional athletes [9–11]. Therefore, it is important to develop a flexible portable
sensor that will overcome these challenges [12–18].

In recent times, the proposal of a nanogenerator has gained much attention [19–26].
This component can transform micro-chemical energy into electric energy in the environ-
ment. The environment affects the amount of produced electric energy, such as pressure,
temperature, and humidity [27–30]. The manufactured sensor based on the nanogenerator
does not require an external power supply or battery to provide electric energy. This
is beneficial since there is no need for a battery and it is expected to be the upcoming
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candidate in sensor generation [31–35]. Therefore, by improving the materials, a flexible
sensor for sport detection can be designed. It will not be influenced by temperature and
humidity, and during the speed skating sport, it can be applied to monitor, in real-time,
athletes’ skating techniques.

The portable, self-powered, flexible sensor that is discussed in this paper can mon-
itor speed skating techniques without an external power supply. The sensor consists of
Polyvinylidene Fluoride (PVDF) with polarization after a silvering electrode and a flexible
polyester substrate. Moreover, the sensor can be easily attached to speed skating athletes’
push-off joints and ice skate blades. Based on the piezoelectric effect, the sensor produces
a piezoelectric signal during its movement. The signal has sensing information that is
used to analyze the skating techniques [36–38]. The sensor can maintain a certain output
piezoelectric voltage after it is damaged. Concurrently, the produced electric energy can
charge the capacitor to move the electronic devices. In practical applications, it shows that
this component can transmit and receive the skating states of athletes by use of a wireless
method. In this paper, our work explores more application scenarios for a wearable, flexible
sensor that applies Big Data and IoT technologies in the sport industry.

2. Experimental
2.1. Sensor Fabrication

First, the PVDF power (1.5 g) was dissolved in dimethylformamide solution (8.5 g) at
50–70 ◦C. After vigorous stirring for 2 h, the mixture was sealed airtight and left to stand
for 16 h. The PVDF film was obtained through a spin-coating process. The PVDF slurry
was dropwised on a pre-cleaned Si substrate; the speed was fixed at 900 r/min and the
time was fixed at 60 s. Then, the PVDF film was dried at 120 ◦C for 12 h. The thickness of
the PVDF film can be controlled by the spin-coating speed and coating times. Secondly,
both sides of the PVDF film were evaporated with Ag electrodes (300 nm). Finally, the
film was polarized in an oil bath at 90 ◦C under a 20 kV/mm electric field. The sensor was
packaged with polyester (PET) film to protect the PVDF film.

2.2. Characterization and Measurement

The morphology and structure of the sensor was performed by optical microscopy
(SDPTOP-CX40M, Ningbo Sunny Instruments Co., Ltd, Ningbo, China.). The performance
of the sensor was collected by an automatic measurement platform (containing a pro-
grammable mechanical arm and oscilloscope). A professional Olympic athlete assisted
with the practical applications. Two sizes of the sensor were used to measure the sensing
performance. The small-sized sensor (7 cm × 1 cm × 0.05 cm) was attached to the hip joint,
and the big-sized sensor (17 cm × 2 cm × 0.05 cm) was fixed on the ice skate blade. All the
tests were measured in an indoor skating rink and the temperature was kept at 14–26 ◦C.

3. Results and Discussion

The self-powered portable flexible sensor is designed to monitor the state of physiolog-
ical joint changes and the track of the sliding motion in real-time. According to the signal
output, a personalized sport technique improvement prescription can be made by coaches
so as to adjust the athlete’s technical motions and help improve sport performance. There-
fore, PVDF was chosen as the sensing material because of its fast response and high output.
In the process of speed skating, the hip joint is the most representative technique, which
can better reflect the athlete’s special technical level. Therefore, the sensors are designed as
flexible and wearable intelligent sensors to fit on the hip joint. The package of the flexible
materials greatly improves the comfort, and normal sliding is not affected. In addition, the
improvement of skate blades is also one of the strategies to improve the performance of
the athlete. Therefore, we attach the sensor to the skate blade to measure the correlation
between the skate motion and sliding technique. Considering that the extreme motion
conditions may cause damage to the sensor and some key data may become corrupted,
lost or unavailable, the sensors are packed with polyester (PET). Even if the sensors have
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a large-area breakage, the key motion data will still output. They can better record the
athlete’s sport technique in each stage of sliding, and then assist the athlete with carrying
out high-level sport training. Figure 1a shows the tester wearing ice skates. The sensors are
attached to the hip joint of tester and the skates, respectively. The information of the joint
bending angles, motion frequencies and skate blade vibrations can be collected by sensors
during skating. The whole process does not need an external power supply, and the skate
blade works to charge the capacitors. It provides ideas for driving a variety of portable
devices in the future, and more possibilities for motion monitoring technology. Flexible
sensors can be cut and bent according to actual needs (Figure 1b). The basic structure of
the sensor and its morphology under the optical microscope (inset) are shown in Figure 1c.
The PVDF piezoelectric film may be easily damaged due to its flexible and thin features.
We use a 0.125 mm thick polyester (PET) substrate to reinforce the PVDF piezoelectric layer.
Our reinforced sensor is more durable. Figure 1d shows the sensor fixed on the root of the
ice skate. During the skating process, the sensor transmits sport information in real-time
(joint bending angles, motion frequencies and skate blade vibrations) and the output can
be collected to charge capacitors for driving smart, wearable devices.
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Figure 1. (a) The design of the self-powered portable flexible sensor; (b) optical image of the sensor;
(c) structure and micrograph of sensor (inset); (d) the sensor attached to the ice skate blade (the insets
show the rectifying circuit and the wireless visual panel).

The progress of sensor production is shown in Figure 2a. The fabrication contains
a coating PVDF layer, evaporating Ag electrodes and polarization; more details can be
seen in the experimental section. The data of the sensor are collected by a sto1102c, micsig
oscilloscope (origin: Shenzhen, China, Figure 2b). Figure 2c shows the output power of the
sensor. With the increase in resistance, the output voltage significantly increases, and the
instantaneous output power of the sensor reaches the maximum of 16 MΩ. At this time,
the output piezoelectric voltage of the sensor is 6.09 V and the power is 2.32 µW. Figure 2d
shows the working mechanism. When the deformation is not applied on the sensor, the
dipoles in PVDF will be arranged in an ordered way, and a large number of charges will be
bound on the surfaces due to the built-in electric field. When the deformation occurs, the
dipole direction will be changed, and the built-in electric field will be reduced, releasing
the surface bound charges [39,40]. The output signal can be detected in the external circuit.
Finally, when the deformation disappears, the dipoles will return to the original state and
the released charges will be rebound to the surface again. The opposite signal can be
detected in the external circuit [41–47].

The performance of the sensor in different application scenarios is tested and analyzed
in Figure 3. This sensor can be attached to the hip joint to capture the skating frequency
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and for mimicking the motion of joint; the deformation is applied by the stepper motor
(Figure 3a). As shown in Figure S2, the response time is less than 43 ms. Figure 3b shows
the output piezoelectric voltage against different joint bending angles at the same frequency
(1.5 Hz). The results are treated with normalization and the baseline is the output at 15◦.
As the angles are 21, 25 and 30◦, the piezoelectric voltage enhances 23.5, 42.1 and 65.3%,
respectively. The red line is a linear fit and the linear fitting of Equation (1) is as follows:

y = 0.1951 + 0.01698x
(r) = 0.999

(1)

where y represents the output voltage (V) and x represents the bending angles (degree). The
linearity is up to 0.999. Figure 3c shows the output piezoelectric voltage against different
frequencies at the same bending angles (15◦). The baseline is the output piezoelectric
voltage at 1 Hz. As the angles are 1.25, 1.5 and 1.75 Hz, the change of piezoelectric voltage
output is less than 2%. These results show that the sensor can accurately monitor the
angle change during skating. Another sensor is attached on the ice skate blade. During
the skating process, the output of the sensor may be affected by the skating strides and
frequencies. Figure 3d shows the measuring equipment for mimicking the vibration on the
skate blade. Figure 3e shows the normalized voltage against different skating strides at
the same skating frequency (1.25 Hz). As the skating stride angle increases, the hip joint
increases from 3 to 6, 9 and 12◦, and the normalized voltage is 0, 17.5, 43.5 and 133.9 Hz,
respectively. The red line is a linear fit, and the linear fitting of Equation (2) is as follows:

y = 0.41795 + 0.1426x
(r) = 0.92757

(2)

where y represents the output voltage (V) and x represents the vibration (degree). The
linearity is up to 0.92757. Figure 3f shows the normalized voltage against different skating
frequencies at the same skating stride (3◦). As the skating frequency increases from 0.5 to
2 Hz, the normalized voltage is 0, 2.3, 3.6 and 15.4 Hz, respectively. Figure 3g shows the
signals from two sensors (one attached to the knee-joint and another attached to the ice
skate blade) for four motion states (small skating stride with low skating frequency, small
skating stride with high skating frequency, big skating stride with low skating frequency,
and big skating stride with high skating frequency). When the skating state is small skating
stride with low skating frequency, the output piezoelectric voltages of the sensors are 1.12 V
(hip joint) and 2.4 V (skating state), respectively. When the skating state is small skating
stride with high skating frequency, the output piezoelectric voltages of the sensors are
1.15 V (hip joint) and 2.38 V (skating state), respectively. When the skating state is big
skating stride with low skating frequency, the output piezoelectric voltages of the sensors
are 4.17 V (hip joint) and 9.21 V (skating state), respectively. When the skating state is
big skating stride with high skating frequency, the output piezoelectric voltages of the
sensors are 4.67 V (hip joint) and 9.17 V (skating state), respectively. Figure 3h shows the
relationship between the motion state and the response of the sensors. The response of the
sensor can be calculated from the following equation:

R% =

∣∣∣∣V0 − Vi

Vi

∣∣∣∣× 100% (3)

where V0 represents the output piezoelectric voltage at 1.12 V. Sensors can be attached
on the joints and equipment to monitor the joint angle, motion frequency and other
information of the tester in the skating process. Via this information, we can correct the
speed skating techniques, improving the athlete’s sport performance.

As shown in Figure 4a, the sensor is connected to a 4.7 µf capacitor through a rectifying
bridge. The capacitor can be charged to 2.20 V in 50 s, and the charged capacitor can drive
other portable devices, such as Bluetooth and WiFi. Faster motion frequencies and larger
bending angles can shorten the charging time. Figure 4b shows the output piezoelectric
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voltage of the sensor in a normal speed skating temperature environment (Figure S1a).
The temperatures of Olympic venues for speed skating are between 16 to 20 ◦C and the
test temperature is kept at 14–20 ◦C. With the temperature ranging from 14 to 20 ◦C, the
normalized voltage changes less than 2%. The sensors are not affected by temperatures
and can work well for skaters. In addition, the durability of the sensor has been tested.
Under the same working frequency, the output piezoelectric voltage is stable for 3.5 h
(Figure 4c). A high-intensity and fierce skating process may damage the flexible sensor.
Therefore, we cut the sensor to test the performance (Figure S1b). Figure 4d shows the
output piezoelectric voltage after cutting the sensor. The results show that the sensor can
maintain over 90% of the output piezoelectric voltage after cutting 6 mm, and the sensor
can still maintain about 30% output piezoelectric voltage after cutting 12 mm. Compared
with other works, the self-powered portable flexible sensor has higher output (Table S1).
The sensor can continually work under extreme conditions. The sensor still maintains 74%
of the initial output voltage in 2000 s, even if the damage is up to 65% (Figure S1c). Details
of the output are shown in Figure S1d. Moreover, the output electrical energy can charge
capacitors for driving other smart, wearable devices.
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the sensor; (d) working mechanism.

The speed skating performance depends on three major techniques: start action,
straight line speed and curve skill. As shown in Figure 5a, the sensors are attached to the
hip joint and ice skate blade, respectively. Under four sport states, the output is shown in
the inset. Figure 5b shows the responses of the sensor for four sport states. These results
show that the signal can be real-time recorded and accurately reflect the sport information
(joint bending angles, motion frequencies and skate blade vibrations), assisting athletes
in correcting speed skating techniques immediately. During the skating process, the self-
powered sensor can charge the capacitor (Figure S3). A 4.7 µf capacitor can be charged
to 1.32 V in 50 s. Figure 5c shows that when the capacitor is charged to 5 V, the GPS can
be driven to transmit signals, and the position information can be recorded (Video S1).
A real-time monitoring system for athletes is shown in Figure 5d. The system consists of the
self-powered portable sensor, a wireless transmitter and a visual panel. The piezoelectric
signal of the sensor can be transmitted by wireless transmitter. The times and the numbers
of LEDs on the visual panel, which are lit up, can reflect the sport states (Video S2). This
system can help coaches and athletes quickly find technical weaknesses and improve their
skating skills.



Biosensors 2021, 11, 108 6 of 10

Biosensors 2021, 11, x 5 of 9 
 

1.12 V(hip joint) and 2.4 V(skating state), respectively. When the skating state is small 
skating stride with high skating frequency, the output piezoelectric voltages of the sensors 
are 1.15 V(hip joint) and 2.38 V(skating state), respectively. When the skating state is big 
skating stride with low skating frequency, the output piezoelectric voltages of the sensors 
are 4.17 V(hip joint) and 9.21 V(skating state), respectively. When the skating state is big 
skating stride with high skating frequency, the output piezoelectric voltages of the sensors 
are 4.67 V(hip joint) and 9.17 V(skating state), respectively. Figure 3h shows the relation-
ship between the motion state and the response of the sensors. The response of the sensor 
can be calculated from the following equation: R% =  V − VV × 100% (3)

where V0 represents the output piezoelectric voltage at 1.12 V. Sensors can be attached on 
the joints and equipment to monitor the joint angle, motion frequency and other infor-
mation of the tester in the skating process. Via this information, we can correct the speed 
skating techniques, improving the athlete’s sport performance. 

 
Figure 3. The sensing performance testing of the sensor; (a) the measurement system for mimicking the motion of the 
knee-joint; (b) the relationship between the output voltage and bending angles (the red line showing the fitting line); (c) 
the normalized output piezoelectric voltage against different frequencies at the same bending angles (15°); (d) the meas-
urement system for mimicking the vibration on the skate blade; (e) the relationship between the output voltage and bend-
ing vibration (the red line showing the fitting line); (f) the normalized voltage against different skating frequencies at the 
same skating stride (3°); (g) the signals from two sensors (one attached to the knee-joint and another attached to the ice 
skate blade) for four motion states (small skating stride with low skating frequency, small skating stride with high skating 

Figure 3. The sensing performance testing of the sensor; (a) the measurement system for mimicking the motion of the
knee-joint; (b) the relationship between the output voltage and bending angles (the red line showing the fitting line); (c) the
normalized output piezoelectric voltage against different frequencies at the same bending angles (15◦); (d) the measurement
system for mimicking the vibration on the skate blade; (e) the relationship between the output voltage and bending vibration
(the red line showing the fitting line); (f) the normalized voltage against different skating frequencies at the same skating
stride (3◦); (g) the signals from two sensors (one attached to the knee-joint and another attached to the ice skate blade) for
four motion states (small skating stride with low skating frequency, small skating stride with high skating frequency, big
skating stride with low skating frequency and big skating stride with high skating frequency); (h) the relationship between
motion state and the response of the sensors.
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cations, the experiment of a wireless transmitting piezoelectric signal exhibited the potential 
for this self-powered flexible sensor. This study has extended the applications of wearable 
flexible sensors that use Big Data and IoT technologies in the sport industry. 
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Figure 5. (a) Output piezoelectric voltage of speed skating during four sport states; (b) response
of the sensor; (c) position information recorded by GPS system; (d) a simple wireless system for
monitoring motion state.

4. Conclusions

In conclusion, this study proposed a type of self-powered flexible sensor that is used
to monitor skating states in real-time. The sensor can be easily attached to the tester’s
body surface joint or commonly-used equipment to help monitor sport performance. With
the piezoelectric effect, this sensor can collect the human body’s kinetic energy during its
motion. Moreover, it can produce a piezoelectric signal that contains sensing information
while the sensor is in the moving state. During the piezoelectric signals analysis, the
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professional athletes are able to adjust their training programs in real-time. The production
of Piezoelectric signals can also charge the capacitor to drive small electronic devices.
In practical applications, the experiment of a wireless transmitting piezoelectric signal
exhibited the potential for this self-powered flexible sensor. This study has extended the
applications of wearable flexible sensors that use Big Data and IoT technologies in the
sport industry.
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portable flexible sensor.

Author Contributions: Y.M. put forward to the concept of the study. The data was collected, sorted
out and analyzed by T.Z. and Y.Z. (Yongsheng Zhu) T.Z. and C.J. (Changjun Jia) were the supervisors.
Z.L. made the verification, Y.Z. (Yongsheng Zhu), C.J. (Chaofeng Jia), Y.Z. (Yiqiao Zhang) and M.B.
made the visualization. Y.M., Z.L. and T.Z. wrote the manuscript. Z.L. and Y.M. finished the writing
(comments and editors). All authors have read and agreed to the published version of the manuscript.

Funding: Research and demonstration on key technologies of National Scientific Training Base
Construction. 2018YFF0300806; Winter Sports Training monitoring technical services. 2020021300002.

Institutional Review Board Statement: Ethical review and approval were waived for this study,
due to the experiments are almost completely safe, and do not cause harm to the subject, and do not
involve privacy and moral issues.

Informed Consent Statement: Written informed consent has been obtained from the patient(s)
to publish this paper.

Data Availability Statement: The data presented in this study are available in supplementary material.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Pulliam, C.L.; Heldman, D.A.; Brokaw, E.B.; Mera, T.O.; Mari, Z.K.; Burack, M.A. Continuous Assessment of Levodopa Response

in Parkinson’s Disease Using Wearable Motion Sensors. IEEE Trans. Biomed. Eng. 2018, 65, 159–164. [CrossRef]
2. Niu, S.; Matsuhisa, N.; Beker, L.; Li, J.; Wang, S.; Wang, J.; Jiang, Y.; Yan, X.; Yun, Y.; Burnett, W.; et al. A wireless body area sensor

network based on stretchable passive tags. Nat. Electron. 2019, 2, 361–368. [CrossRef]
3. Boutry, C.M.; Kaizawa, Y.; Schroeder, B.C.; Chortos, A.; Legrand, A.; Wang, Z.; Chang, J.; Fox, P.; Bao, Z. A stretchable and

biodegradable strain and pressure sensor for orthopaedic application. Nat. Electron. 2018, 1, 314–321. [CrossRef]
4. Boutry, C.M.; Beker, L.; Kaizawa, Y.; Vassos, C.; Tran, H.; Hinckley, A.C.; Pfattner, R.; Niu, S.; Li, J.; Claverie, J.; et al. Biodegradable

and flexible arterial-pulse sensor for the wireless monitoring of blood flow. Nat. Biomed. Eng. 2019, 3, 47–57. [CrossRef] [PubMed]
5. Luo, J.; Wang, Z.; Xu, L.; Wang, A.C.; Han, K.; Jiang, T.; Lai, Q.; Bai, Y.; Tang, W.; Fan, F.R.; et al. Flexible and durable wood-based

triboelectric nanogenerators for self-powered sensing in athletic big data analytics. Nat. Commun. 2019, 10, 1–9. [CrossRef]
[PubMed]

6. Sun, J.; Yang, A.; Zhao, C.; Liu, F.; Li, Z. Recent progress of nanogenerators acting as biomedical sensors in vivo. Sci. Bull. 2019,
64, 1336–1347. [CrossRef]

7. Liu, Z.; Li, H.; Shi, B.; Fan, Y.; Wang, Z.L.; Li, Z. Wearable and Implantable Triboelectric Nanogenerators. Adv. Funct. Mater. 2019,
29, 1808820. [CrossRef]

8. Jiang, W.; Li, H.; Liu, Z.; Li, Z.; Tian, J.; Shi, B.; Zou, Y.; Ouyang, H.; Zhao, C.; Zhao, L.; et al. Fully Bioabsorbable Natural-
Materials-Based Triboelectric Nanogenerators. Adv. Mater. 2018, 30, e1801895. [CrossRef]

9. Richard, P.; Billaut, F. Combining Chronic Ischemic Preconditioning and Inspiratory Muscle Warm-Up to Enhance On-Ice
Time-Trial Performance in Elite Speed Skaters. Front. Physiol. 2018, 9, 1036. [CrossRef]

10. Buckeridge, E.; LeVangie, M.C.; Stetter, B.; Nigg, S.R.; Nigg, B.M. An On-Ice Measurement Approach to Analyse the Biomechanics
of Ice Hockey Skating. PLoS ONE 2015, 10, e0127324. [CrossRef]

11. Kory Westlund, J.; D’Mello, S.K.; Olney, A.M. Motion Tracker: Camera-Based Monitoring of Bodily Movements Using Motion
Silhouettes. PLoS ONE 2015, 10, e0130293. [CrossRef]

https://www.mdpi.com/article/10.3390/bios11040108/s1
https://www.mdpi.com/article/10.3390/bios11040108/s1
http://doi.org/10.1109/TBME.2017.2697764
http://doi.org/10.1038/s41928-019-0286-2
http://doi.org/10.1038/s41928-018-0071-7
http://doi.org/10.1038/s41551-018-0336-5
http://www.ncbi.nlm.nih.gov/pubmed/30932072
http://doi.org/10.1038/s41467-019-13166-6
http://www.ncbi.nlm.nih.gov/pubmed/31772189
http://doi.org/10.1016/j.scib.2019.07.001
http://doi.org/10.1002/adfm.201808820
http://doi.org/10.1002/adma.201801895
http://doi.org/10.3389/fphys.2018.01036
http://doi.org/10.1371/journal.pone.0127324
http://doi.org/10.1371/journal.pone.0130293


Biosensors 2021, 11, 108 9 of 10

12. Samper-Escudero, J.L.; Contreras-González, A.F.; Ferre, M.; Sánchez-Urán, M.A.; Pont-Esteban, D. Efficient Multiaxial Shoul-der-
Motion Tracking Based on Flexible Resistive Sensors Applied to Exosuits. Soft Robot. 2020, 7, 370–385. [CrossRef]

13. Wang, Z.; Yang, S.; Miao, S.; Shi, Q.; He, T.; Lee, C. A Motion-Balanced Sensor Based on the Triboelectricity of Nano-iron
Suspension and Flexible Polymer. Nanomaterials 2019, 9, 690. [CrossRef] [PubMed]

14. Ge, Q.; Wei, Z.; Cheng, T.; Chen, S.; Wang, X. Flexible Fusion Structure-Based Performance Optimization Learning for Mul-tisensor
Target Tracking. Sensors 2017, 17, 1045. [CrossRef] [PubMed]

15. Zhao, S.; Liu, R.; Fei, C.; Zia, A.W.; Jing, L. Flexible sensor matrix film-based wearable plantar pressure force measurement and
analysis system. PLoS ONE 2020, 15, e0237090. [CrossRef] [PubMed]

16. Zhang, M.; Wang, X.; Huang, Z.; Rao, W. Liquid Metal Based Flexible and Implantable Biosensors. Biosensors 2020, 10, 170.
[CrossRef] [PubMed]

17. May, J.M.; Phillips, J.P.; Fitchat, T.; Ramaswamy, S.; Snidvongs, S.; Kyriacou, P.A. A Novel Photoplethysmography Sensor for Vital
Signs Monitoring from the Human Trachea. Biosensors 2019, 9, 119. [CrossRef]

18. Mahadevan, N.; Demanuele, C.; Zhang, H.; Volfson, D.; Ho, B.; Erb, M.K.; Patel, S. Development of digital biomarkers for resting
tremor and bradykinesia using a wrist-worn wearable device. NPJ Digit. Med. 2020, 3, 1–12. [CrossRef]

19. Wang, Z.L.; Song, J. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. Science 2006, 312, 242–246. [CrossRef]
20. Tarar, A.A.; Mohammad, U.; Srivastava, S.K. Wearable Skin Sensors and Their Challenges: A Review of Transdermal, Optical,

and Mechanical Sensors. Biosensors 2020, 10, 56. [CrossRef]
21. Shao, J.; Jiang, T.; Wang, Z. Theoretical foundations of triboelectric nanogenerators (TENGs). Sci. China Ser. E Technol. Sci. 2020,

63, 1087–1109. [CrossRef]
22. Yang, W.; Chen, J.; Zhu, G.; Wen, X.; Wang, Z. Harvesting vibration energy by a triple-cantilever based triboelectric nano-generator.

Nano Res. 2013, 6, 880–886. [CrossRef]
23. Mao, Y.; Yue, W.; Zhao, T.; Shen, M.; Liu, B.; Chen, S. A Self-Powered Biosensor for Monitoring Maximal Lactate Steady State in

Sport Training. Biosensors 2020, 10, 75. [CrossRef]
24. Mao, Y.; Shen, M.; Liu, B.; Xing, L.; Chen, S.; Xue, X. Self-Powered Piezoelectric-Biosensing Textiles for the Physiological

Monitoring and Time-Motion Analysis of Individual Sports. Sensors 2019, 19, 3310. [CrossRef] [PubMed]
25. Zhao, T.; Guan, H.; Zhong, T.; Liu, B.; Liu, F.; Xing, L.; Xue, X. A self-powered flexible-vision electronic skin based on pie-

zophototronic GaN nanowires for rapid image recognition. J. Phys. D Appl. Phys. 2020, 53, 155501. [CrossRef]
26. Liu, Z.; Zhao, T.; Guan, H.; Zhong, T.; He, H.; Xing, L.; Xue, X. A self-powered temperature-sensitive electronic-skin based on

tribotronic effect of PDMS/PANI nanostructures. J. Mater. Sci. Technol. 2019, 35, 2187–2193. [CrossRef]
27. Zhang, X.; Chen, J.; He, J.; Bai, Y.; Zeng, H. Mussel-inspired adhesive and conductive hydrogel with tunable mechanical properties

for wearable strain sensors—ScienceDirect. J. Colloid Interface Sci. 2020, 585, 420–432. [CrossRef] [PubMed]
28. Xu, S.; Fan, Z.; Yang, S.; Zhao, Y.; Pan, L. Flexible, self-powered and multi-functional strain sensors comprising a hybrid of carbon

nanocoils and conducting polymers. Chem. Eng. J. 2021, 404, 126064. [CrossRef]
29. Ding, J.; Wei, Y.; Liu, W.; Li, Y.; Wu, Q.; Zhou, J. Highly efficient and thermally stable narrow-band cyan-emitting aluminum

oxynitride phosphor for WLEDs and FEDs. Chem. Eng. J. 2021, 403, 126382. [CrossRef]
30. Li, M.; Wang, Y.; Yu, Z.; Fu, Y.; Zheng, J.; Liu, Y.; Cui, J.; Zhou, H.; Li, D. Self-Powered Infrared-Responsive Electronic Skin

Employing Piezoelectric Nanofiber Nanocomposites Driven by Microphase Transition. ACS Appl. Mater. Interfaces 2020, 12,
13165–13173. [CrossRef] [PubMed]

31. Lu, X.; Zheng, L.; Zhang, H.; Wang, W.; Wang, Z.L.; Sun, C. Stretchable, transparent triboelectric nanogenerator as a highly
sensitive self-powered sensor for driver fatigue and distraction monitoring. Nano Energy 2020, 78, 105359. [CrossRef]

32. Wang, J.; Shi, J.; Deng, X.; Xie, L.; Jiang, J.; Tang, J.; Liu, J.; Wen, Z.; Sun, X.; Liu, K.; et al. Transition metal pincer complex based
self-healable, stretchable and transparent triboelecctric nanogenerator—ScienceDirect. Nano Energy 2020, 78, 105348. [CrossRef]

33. Rahman, M.T.; Rana, S.S.; Salauddin, M.; Maharjan, P.; Bhatta, T.; Kim, H.; Cho, H.; Park, J.Y. A highly miniaturized freestand-
ing kinetic-impact-based non-resonant hybridized electromagnetic-triboelectric nanogenerator for human induced vibrations
harvesting. Appl. Energy 2020, 279, 115799. [CrossRef]

34. Shen, X.; Han, W.; Jiang, Y.; Ding, Q.; Li, X.; Zhao, X.; Li, Z. Punching pores on cellulose fiber paper as the spacer of triboelectric
nanogenerator for monitoring human motion. Energy Rep. 2020, 6, 2851–2860. [CrossRef]

35. Maharjan, P.; Bhatta, T.; Cho, H.; Hui, X.; Park, C.; Yoon, S.; Salauddin, M.; Rahman, M.T.; Rana, S.S.; Park, J.Y. A Fully Functional
Universal Self-Chargeable Power Module for Portable/Wearable Electronics and Self-Powered IoT Applications %J Advanced
Energy Materials. Adv. Energy Mater. 2020, 10, 2002782. [CrossRef]

36. Liu, B.; Shen, M.; Mao, L.; Mao, Y.; Ma, H. Self-powered Biosensor Big Data Intelligent Information Processing System for
Real-time Motion Monitoring. Z. Anorg. Allg. Chem. 2020, 646, 500–506. [CrossRef]

37. Mao, Y.; Ba, N.; Gao, X.; Wang, Z.; Shen, M.; Liu, B.; Li, B.; Ma, X.; Chen, S. Self-Powered Wearable Sweat-Lactate Analyzer for
Scheduling Training of Boat Race. J. Nanoelectron. Optoelectron. 2020, 15, 212–218. [CrossRef]

38. Mao, Y.; Zhang, W.; Wang, Y.; Guan, R.; Liu, B.; Wang, X.; Sun, Z.; Xing, L.; Chen, S.; Xue, X. Self-Powered Wearable Athletics
Monitoring Nanodevice Based on ZnO Nanowire Piezoelectric-Biosensing Unit Arrays. Sci. Adv. Mater. 2019, 11, 351–359.
[CrossRef]

http://doi.org/10.1089/soro.2019.0040
http://doi.org/10.3390/nano9050690
http://www.ncbi.nlm.nih.gov/pubmed/31052600
http://doi.org/10.3390/s17051045
http://www.ncbi.nlm.nih.gov/pubmed/28481243
http://doi.org/10.1371/journal.pone.0237090
http://www.ncbi.nlm.nih.gov/pubmed/32764796
http://doi.org/10.3390/bios10110170
http://www.ncbi.nlm.nih.gov/pubmed/33182535
http://doi.org/10.3390/bios9040119
http://doi.org/10.1038/s41746-019-0217-7
http://doi.org/10.1126/science.1124005
http://doi.org/10.3390/bios10060056
http://doi.org/10.1007/s11431-020-1604-9
http://doi.org/10.1007/s12274-013-0364-0
http://doi.org/10.3390/bios10070075
http://doi.org/10.3390/s19153310
http://www.ncbi.nlm.nih.gov/pubmed/31357659
http://doi.org/10.1088/1361-6463/ab6b99
http://doi.org/10.1016/j.jmst.2019.05.038
http://doi.org/10.1016/j.jcis.2020.10.023
http://www.ncbi.nlm.nih.gov/pubmed/33268058
http://doi.org/10.1016/j.cej.2020.126064
http://doi.org/10.1016/j.cej.2020.126382
http://doi.org/10.1021/acsami.9b21766
http://www.ncbi.nlm.nih.gov/pubmed/32106679
http://doi.org/10.1016/j.nanoen.2020.105359
http://doi.org/10.1016/j.nanoen.2020.105348
http://doi.org/10.1016/j.apenergy.2020.115799
http://doi.org/10.1016/j.egyr.2020.10.011
http://doi.org/10.1002/aenm.202002782
http://doi.org/10.1002/zaac.202000071
http://doi.org/10.1166/jno.2020.2695
http://doi.org/10.1166/sam.2019.3447


Biosensors 2021, 11, 108 10 of 10

39. Zhang, X.; Li, J.; Yang, W.; Leng, B.; Niu, P.; Jiang, X.; Liu, B. High-Performance Flexible Ultraviolet Photodetectors Based on
AZO/ZnO/PVK/PEDOT: PSS Heterostructures Integrated on Human Hair. ACS Appl. Mater. Interfaces 2019, 11, 24459–24467.
[CrossRef]

40. Zhang, X.; Zhang, J.; Leng, B.; Li, J.; Liu, B. Photodetectors: Enhanced Performances of PVK/ZnO Nanorods/Graphene Het-
erostructure UV Photodetector via Piezo-Phototronic Interface Engineering (Adv. Mater. Interfaces 23/2019). Adv. Mater. Interfaces
2019, 6, 1970145. [CrossRef]

41. Wang, J.; Qu, F.; Wu, X. Photocatalytic Degradation of Organic Dyes with Hierarchical Ag2O/ZnO Heterostructures.
Sci. Adv. Mater. 2013, 5, 1364–1371. [CrossRef]

42. Yu, L.; Qu, F.; Wu, X. Facile hydrothermal synthesis of novel ZnO nanocubes. J. Alloy. Compd. 2010, 504, L1–L4. [CrossRef]
43. Lei, Y.; Qu, F.; Wu, X. Assembling ZnO Nanorods into Microflowers through a Facile Solution Strategy: Morphology Control and

Cathodoluminescence Properties. Nano Micro Lett. 2012, 4, 45–51. [CrossRef]
44. Yu, L.; Qu, F.; Wu, X. Solution synthesis and optimization of ZnO nanowindmills. Appl. Surf. Sci. 2011, 257, 7432–7435. [CrossRef]
45. Gong, L.; Wu, X.; Ye, C.; Qu, F.; An, M. Aqueous phase approach to ZnO microspindles at low temperature. J. Alloy. Compd. 2010,

501, 375–379. [CrossRef]
46. Wang, J.; Qu, F.; Wu, X. Controlled synthesis and photocatalytic properties of three dimensional hierarchical ZnO micro-flowers.

Mater. Express 2013, 3, 256–264. [CrossRef]
47. He, T.; Wang, H.; Wang, J.; Tian, X.; Lee, C. Self-Sustainable Wearable Textile Nano-Energy Nano-System (NENS) for Next-

Generation Healthcare Applications. Adv. Sci. 2019, 6, 1901437. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.9b07423
http://doi.org/10.1002/admi.201970145
http://doi.org/10.1166/sam.2013.1597
http://doi.org/10.1016/j.jallcom.2010.05.055
http://doi.org/10.1007/BF03353691
http://doi.org/10.1016/j.apsusc.2011.02.130
http://doi.org/10.1016/j.jallcom.2010.04.110
http://doi.org/10.1166/mex.2013.1118
http://doi.org/10.1002/advs.201901437
http://www.ncbi.nlm.nih.gov/pubmed/31871857

	Introduction 
	Experimental 
	Sensor Fabrication 
	Characterization and Measurement 

	Results and Discussion 
	Conclusions 
	References

