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SUMMARY

The application of wearable intelligent systems toward human-computer interaction has received wide-
spread attention. It is still desirable to conveniently promote health and monitor sports skills for disabled
people. Here, a wireless intelligent sensing system (WISS) has been developed, which includes two ports
of wearable flexible triboelectric nanogenerator (WF-TENG) sensing and an upper computer digital signal
receiving intelligent processing. The WF-TENG sensing port is connected by the WF-TENG sensor and
flexible printed circuit (FPC). Due to its flexibility, the WF-TENG sensing port can be freely adhered on
the surface of human skin. The WISS can be applied to entertainment reaction training based on hu-
man-computer interaction, and to the technical judgment and analysis on wheelchair curling sport. This
work provides new application opportunities for wearable devices in the fields of sports skills monitoring,
sports assistive devices and health promotion for disabled people.

INTRODUCTION

The World Health Organization (WHO) reminds that there are more than 65 million disabled people who use wheelchairs in the world. The

number is continuously increasing due to unfortunate accidents.1 However, wheelchair users face multiple psychological and physical disad-

vantages as a result of their physical disability, leading to a higher risk of obesity and cardiovascular disease.2–8 This group deserves more

attention than a normal group in terms of emotional, physiology, social identity, and physical health.9–11 Taking part in physical exercise is

an effective way to reduce the incidence of obesity to prevent cardiovascular and other diseases.12–15 Wheelchair curling sport is really inter-

esting to wheelchair users, with the characteristics of ‘‘easy entry’’ and ‘‘difficult elite’’. Importantly, wheelchair curling sport can be performed

by people of different ages and levels of fitness without any strong confrontation, and improve the sitting posture, visual control, vestibular

and cerebellar organ functions in wheelchair users, especially for the rehabilitation of spinal cord injury (SCI) patients.3–5,16–18 Meanwhile, the

number of its participants is large and the competition is highly ornamental. In addition, wheelchair curling sport is an official event of the

Winter Olympic Games, and more wheelchair users will benefit from the promotion of the Olympic Games. Although wheelchair curling is

important for wheelchair users in terms of physical activity and health protection, technical monitoring of wheelchair curling has not been

reported nearly asmuch as in other curling events. Therefore, the use of advanced science and technology tomonitor wheelchair curling sport

skills is conducive to promoting the development of the sport event, and assisting in monitoring and analyzing the skills.

With the advent of the 5G Internet of Things (IoT) era, the potential for human intelligent wearable devices is increasing in the direction of

human-computer interaction,19–21 such as digital intelligent venue, sports skills monitoring, health monitoring, disease prevention and con-

trol, intelligent exoskeleton, intelligent prosthesis and other human-machine interconnections.22–24 Besides, the flexible and wireless oper-

ation functions can avoid the issues caused by traditional rigid devices, such as binding and uncomfortable skin contact. And the integrated

sensing and sensitive response capability can realize the monitoring application of collecting human micro-mechanical energy indepen-

dently. More importantly, the self-powered ability ensures the stable signal transmission during operation to avoid, for example, the incon-

venience of traditional power supply (too large to carry, too small to meet the needs of the application) or easy to produce electronic waste

pollution and other problems.25–31 The triboelectric nanogenerators (TENG) have various applications to date, such as self-power supply sys-

tem,32 blue energy,33 and high-voltage power supply,34 which can harvest low-frequency mechanical energy from human biomechanics and

the surrounding environment.35–37 The TENGhas advantages such as diversematerial selection, low cost, portable, self-powered, and simple

structure.38 It can be light and soft to obtain good skin adaptability according to the research needs. Compared to existing myoelectric sen-

sors, motion capture systems, and smart fitness mirror, TENG can monitor the motion in real time, and non-invasively outside the
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laboratory.39,40 It has been applied in the field of healthcare, human-computer interaction, intelligentmotion prediction, and intelligent wear-

able devices.41,42

Here, a wireless intelligent sensing system (WISS) has been developed, which includes a WF-TENG sensing port integrated with the wear-

able flexible triboelectric nanogenerator (WF-TENG), flexible printed circuit (FPC), a Bluetooth wireless transmitter, along with the upper

computer digital signal receiving intelligent processing port. The system can monitor wheelchair curlers’ curling skills and human-computer

interactive simulation training in real time. Such technology canmeet various purposes of daily training and entertainment. In order to ensure

that WF-TENG sensing port attached on the skin surface with good adaptability and durability, TENG was encapsulated with PDMS solution

to prevent the internal triboelectric layer frombeing affected by impurities such as sweat or dander on the skin surface. In addition, it is flexible

and biocompatible for prolonged skin contact. Ecoflex film and PU film were used as triboelectric layers, which had good physical properties

of tensile strength (Ecoflex) and wear resistance (PU) compared with other triboelectric materials.43–46 Not only does it have stable electric

properties and fast response (53 ms), but it also has a long operation life. The WF-TENG can be easily attached on the skin surface of the

test site, and can real-time transmit relevant sports skills information accurately through the wireless transmission system based on the

WF-TENG, without interfering with sport performance and causing limb discomfort. Moreover, the upper computer digital signal receiving

intelligent processing port realizes human-computer interactive application, judges and feeds back the accuracy of the pitcher by identifying

the throwing information. This work enriches the application of self-powered sensors in the field of the Internet of Things and human-com-

puter interaction. It will undoubtedly provoke the development of wearable electronic systems in the field of digital stadiums and sports

assistive devices, and provide wheelchair users with new ideas for fitness exercises. More importantly, reporting on the work of wheelchair

curling can draw attention to the people with disabilities within the scientific field, making the results of scientific research more universal

and sustainable.

RESULTS AND DISCUSSION

Wireless intelligent sensing system

Figure 1 shows the design of theWISS for wheelchair curling skills, composing ofWF-TENG, a FPC, aWF-TENG sensing port integratedwith a

wireless Bluetooth transmitter, and an upper computer digital signal receiving intelligent processing port. The WF-TENG sensor can be

attached on the skin surface of body in a portable and non-destructive way (without damaging the skin surface) to collect low-frequency

of human motion mechanical energy. During the process of collecting mechanical energy, the WF-TENG completes self-power supply,

and simultaneously transmits the biological sensing signal to the upper computer in real time for digital signal reception and intelligent pro-

cessing to achieve human-computer interaction and intelligent technical judgment. The purpose of this functional design is tomeet the needs

of daily training, sports skill monitoring and entertainment.

Figure 1A shows the working diagram of WISS. The sports technical parameters are real-time transmitted during curling and can be used

for technical analysis (I). Figure 1AII is a 3D diagram of the structural design of the WF-TENG sensor end. The flexible design is designed to

avoid trauma caused by rigid sensors or circuit boards rubbing against the skin duringmotion. TheWF-TENG collects the mechanical energy

of humanmotion to supply power to the flexible circuit terminal, and uploads themotion information to the digital signal receiving intelligent

processing terminal of the upper computer for presentation. Figure 1B shows the multi-angle optical image and cross-sectional optical mi-

croscope image of the WF-TENG sensing port. Figure 1BI is the front of optical image. MCU and Bluetooth as important components of the

flexible circuit port. Figure 1BII is the optical image of theWF-TENG sensingport after folding. TheWF-TENGand flexible circuits both exhibit

excellent folding characteristics. Figure 1BIII is the application status of optical image. It shows the WF-TENG sensing port has good fit and

thinness. Figure 1BIV is the optical microscope image of WF-TENG section. It is found by scanning electron microscope that PU and Ecoflex

layers are tightly wrapped together, which can minimize the influence of sweat and heavy exercise on the triboelectric layer and improve the

durability. Figure 1C shows the circuit diagram ofWISS flexible circuit port. After the sensor signal is generated, the waveform is processed by

a filter. The MCU converts the sensing analog signal into a digital signal and wirelessly transmits it into the upper computer digital signal

receiving intelligent processing port through Bluetooth with an effective communication distance of 70 m Figure 1D shows the functional di-

agram of WISS. Collection and transmission of real-time sports information byWF-TENG. At the same time, the intelligent processing port of

the upper computer realizes the application of human-computer interaction and judges and feeds back the sports sensing information.

Working principle of WF-TENG

Figure 2A shows the fabrication process ofWF-TENG. The PU filmwith electrodes as a positive triboelectric layer on the PDMS substrate. And

the Ecoflex film is fabricated as a negative triboelectric layer with a FEP substrate. Finally, it is encapsulated by drip-filling with PDMS solution.

Figure 2B shows the workingmechanism. Here, the workingmechanism ofWF-TENGwas based on the contact-separationmode (Figure 2B).

In stage I, the pitcher technical action is in the recovery storage posture, the triboelectric layers are in contact with each other, and the induc-

tion charge of equal size and opposite direction is generated on the triboelectric layer surface. In stage II, the pitcher technical action starts in

push-out delivery posture, and the triboelectric layers start to separate the triboelectric layers to produce a smaller distance between them,

generate an induced potential difference between the two electrodes, and electron flow from PU to Ecoflex and generate a downward

current. In stage III, the curler is pushed out of the delivery pose completely, the two triboelectric layers are completely separated and the

electrostatic field reaches equilibrium. In stage IV, the recycling curler continues to present a recycling pose, and the two triboelectric layers

approaching the electrons will undergo a backflow to generate an upward current. When the upper and lower triboelectric layers are in com-

plete contact, a cycle is completed.
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In order to further reveal the working mechanism of WF-TENG, its potential distribution was simulated in COMSOL software. Figure 2C

reveals the potential distribution between the upper and lower electrodes with different gaps. The potential difference between the upper

and lower electrodes varies with the triboelectric layer distance, showing an increasing trend. Figure 2D illustrates the voltage signal from the

WF-TENG switch polarity test. The two states of forward and reverse connection press and release produce different voltage waveforms, it

shows that the voltage signal is sent byWF-TENG instead of themeasuring system. Its unique periodic operatingmechanism and the periodic

characteristic of motion matching can effectively monitor various types of sports.

Performance testing of WF-TENG

The motion of skeletal muscles helps body to accomplish displacement and move other objects. ‘‘Push and pull’’ are the most basic form of

motion of the skeletalmuscles of the upper limbs. Themotion skills of wheelchair curling sport consists of a synergy between the accumulation

Figure 1. Design of the wireless intelligent sensing system for wheelchair curling technology

(A) Schematic diagram of wireless intelligent sensing system. (I) Optical images of wheelchair curling tester. (II) 3D drawings of the WF-TENG sensing port

structure design.

(B) Multi-angle optical images and cross-sectional optical microscope images of theWF-TENG sensing port. (I) Front ofWF-TENG. (II) Folded state ofWF-TENG.

(III) Application state of optical image. (IV) Optical microscope images of WF-TENG section.

(C) Circuit diagram of the flexible circuit port of the WF-TENG sensing port.

(D) Functional diagram of WISS.
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and recovery of the skeletal muscles of the trunk and upper limbs ‘‘pull’’ and the throwing and releasing ‘‘push’’. However, the elbow joint is

the key point for monitoring the upper extremity skeletal muscle kinetic chain to control the ‘‘pull and push’’ that determines the accuracy of

the curling throw. TheWF-TENG can be attached to the body joints in a lightweight manner. The flexibleWF-TENG avoids binding the range

of motion of the joints during human motion. Therefore, the properties of the WF-TENG are tested using a linear motor setting program

without human interference to ensure the objectivity of the data source and meet the actual motion requirements.

Figure 3 shows the performance of WF-TENG. Figure 3A shows the outputting voltage of WF-TENG under the same force, temperature,

bending angle, and different frequency conditions. When the frequencies are 1.5 Hz, 2 Hz, 2.5 Hz and 3 Hz, the average outputting voltages is

4.72 V, 4.68 V, 4.72 V and 4.72 V, respectively. It shows thatWF-TENGhas good stability for monitoring low frequencymotion. The response of

WF-TENG at different frequencies is shown in Figure 3B. The response can be calculated by the following equation:

R% =

�
�
�
�

Vi � V0

V0

�
�
�
�
3 100% (Equation 1)

The V0 and Vi are the outputting voltage at 1.5 Hz and other frequencies, respectively. WhenWF-TENG are operated at 1.5 Hz, 2 Hz, 2.5 Hz

and 3 Hz under the same force, temperature, bending angle and different frequency conditions, the corresponding outputting response is

0%, 0.8%, 0% and 0%, respectively. The outputting voltage ofWF-TENGhardly varies with themotion frequency, indicating that the change of

motion frequency can be accurately monitored during actual curling.

In order to measure the outputting voltage value of WF-TENG under different bending angles, a stepper motor was used to simulate the

change of joint angle (Figure S1). The side length of triangle is 7.8 cm. The height of the triangle is determined by the set value based on the

absolute motion of the stepper motor. The absolute motion value increases by 6 mm for every 0.1 triangle height increase. According to the

cosine function, the bending angle of WF-TENG (2cosb) can be calculated. Figure 3C shows the outputting voltage of WF-TENG at the same

frequency (1.5 Hz) and different bending angles. When the bending angles are 45�, 75�, 104� and 125�, the average outputting voltage is 7.87

V, 5.72 V, 4.87 V and 3.1 V, respective. The linear relationship between the WF-TENG bending angle and outputting voltage are shown in

Figure S2. The calculation equation can be expressed as followings:

V = 10:26 � 0:06x (Equation 2)

The V is the outputting voltage (V) and x is the bending angle (�). According to the voltage value, the change of the body elbow joint angle

can be derived, which provides some references for the body to adjust the elbow joint angle during the pot-throwing process. The linearity

Figure 2. The production and working principle of WF-TENG

(A) The production of WF-TENG.

(B) WF-TENG working principle.

(C) COMSOL simulation of WF-TENG electric potential.

(D) WF-TENG switch polarity test.

ll
OPEN ACCESS

4 iScience 26, 108126, November 17, 2023

iScience
Article



value Pearson correlation coefficient r =�0.98297 indicates a significant correlation betweenWF-TENGbending angle and voltage. Figure 3D

shows the voltage and response of WF-TENG at different angles. The V0 is the outputting voltage at a bending angle of 45� and Vi is the

outputting voltage at other bending angles. When the WF-TENG bending angle are 45�, 75�, 104� and 125�, the corresponding outputting

response is 0%, 38%, 62% and 154% respectively. It shows that the WF-TENG can clearly and sensitively distinguish the change of bending

angle during the motion. Figure 3E shows the WF-TENG outputting power at different load resistances. The maximum value of 0.76 mW is

reached at a load of 11 MU, which shows that the sensor has a resistance of 11 MU Figure 3F shows the WF-TENG outputting voltage

and current at different load resistances. Current is calculated by using external resistances. The maximum voltage and current values are

2.9 V and 0.54 mA.

In order to reveal the effect of temperature on WF-TENG, a thermal stability test was performed. Figure 3G shows the outputting voltage

of WF-TENG at different temperatures. The average outputting voltage are 4.28 V, 4.44 V, 4.46 V and 4.37 V when the temperatures are

10.4�C, 23.9�C, 43.7�C and 60.3�C, respectively. Figure S3 shows that WF-TENG voltage response at different temperatures. When the

Figure 3. Performance testing and selection of WF-TENG

(A) WF-TENG outputting voltage of different frequencies.

(B) WF-TENG voltage response at different frequencies.

(C) WF-TENG outputting voltage of different bending angles.

(D) Voltage response of WF-TENG under different bending angles.

(E) WF-TENG outputting power at different load resistances.

(F) Outputting voltage and current of WF-TENG under different load resistance.

(G) Outputting voltage of WF-TENG under different temperature conditions.

(H) Real-time response of WF-TENG.

(I) Voltage generated by the triboelectric of multiple material combinations.
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WF-TENG temperatures are 10.4�C, 23.9�C, 43.7�C and 60.3�C, the corresponding outputting response is 0%, 4%, 2% and 2%, respectively. It

indicates that the WF-TENG has good thermal stability. The average skin temperature of the human body is 33.8�C. WhenWF-TENG comes

into direct contact with the skin, it will not affect theWF-TENGoutputting voltage. Figure 3H shows the fast response time of theWF-TENG is

about 53ms. The data of throwing curling can be transmitted to the upper computer in real time for coaches to analyze andmaster the state of

throwing pots of athletes in time. At the same time, it provides a guarantee for the signal control system to realize theman-machine interactive

accuracy judgment of pot throwing. Figure S4 shows the stability test ofWF-TENG for 2400 s of continuous operation. The outputting voltage

of WF-TENG can be stabilized at 4.6 V during 2400 s operation, which can meet the daily training application.

Considering that different triboelectric materials have different dielectric constants, the corresponding electrical properties of TENG are

also different. The outputting voltages obtained with Polyurethane (PU) materials and Kapton, Polytetrafluoroethylene (PTFE), Fluorinated

ethylene propylene (FEP), and Polydimethylsiloxane (PDMS) were tested under the same experimental conditions. The Ecoflex material

and three other typical materials: including Nylon, Aluminum foil and Polyurethane (PU) were also tested for the out voltages obtained under

the same experimental conditions and the results are shown in Figure 3I. Since Ecoflex and PU show excellent electrical properties in the tribo-

electric layer, both of them were used as triboelectric layers in this paper, and a triboelectric voltage of 16.6 V was obtained on this basis.

These results show that WF-TENG has good electrical properties and has great potential in self-powered sensing and self-powered systems.

Triboelectric properties of WF-TENG

The low-frequencymechanical energy collection capability ofWF-TENGprovides forWISS applications (Figure 4). Figure 4A shows the equiv-

alent circuit diagram of WF-TENG. A rectifier is introduced into the circuit to convert AC to DC and the capacitor acts as an accumulator. The

switch can control the switching of WF-TENG charging and discharging modes. The WF-TENG exhibits good charging performance when

rapidly (51 s) charging for capacitor of 1 mF, 2.2 mF and 4.7 mF (Figure 4B). Figure 4C demonstrates that a gentle tap of WF-TENG can light up

54 commercial LEDs (Video S1). It indicates that WF-TENG has energy conversion capability. Figure 4D shows the WF-TENG driving mini

calculator working. Figure 4DI is a calculator charging optical image.When theWF-TENG charges the capacitor to 2.4 V, the calculator screen

lights up when the switch is pressed. After the capacitor is discharged to 0.6 V, it is not enough power to keep the calculator running. Fig-

ure 4DII shows the flow of the WF-TENG driving a small calculator for four charges and discharges, and the good charging performance

of WF-TENG shows some commercial promise.

Figure 4. Triboelectric properties of WF-TENG

(A) Charge and discharge equivalent circuit diagram.

(B) Charging performance of capacitors with different loads.

(C) Tap to light up 54 commercial LEDs.

(D) WF-TENG drives a small calculator to work. (I) Optical image of driving the mini-calculator operation. (II) Charge and discharge curves.
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Practical application of WISS

TheWF-TENGsensingporthasbeenproven tobeflexibleand lightweight in converting tracemechanical energyofhumanmotion intoelectrical

energy. The wireless transmission performance and human-machine interaction were performed to verify the reliability of WISS in practical ap-

plications. Figure 5A shows thenormalizedoutputting voltageof theWISSat different frequencies. The fitted curves of theWISSwireless output-

ting voltagecomparedwith theWF-TENGoutputting voltageatdifferent frequencies are shown inFigure 5B. The fitting valueofWF-TENG is r=

0.2582, and that ofWISS is r = 0.13708, the fittingdegreebetween them is high, which shows thatWISS canmonitor differentmotion frequencies

wirelessly. Figure 5C shows thenormalizedoutputting voltage fordifferentbending angles ofWISS. Figure 5D shows the fittedcurveof theWISS

wireless outputting voltage comparedwith theWF-TENG for different angles. The fitting value ofWF-TENG is r =�0.98508, and that ofWISS is

r = �0.99429, the fitting degree between them is high. The results show that WISS has good real-time monitoring ability for motion angle

changes. Monitoring the changes of motion frequencies and motion angles can provide more comprehensive information to help evaluate

the implementation level of sports skills. For example, adjusting the arm swing frequency andpalmentry angle in swimming canaffect the stroke

skills, and speed skating stirrups frequency and knee leg retraction angle can affect the straight skating skills. In summary, WISS can monitor

human motion frequencies and angles change in real time, providing sports technology monitoring for wheelchair curling sports.

Inorder tomeet thepractical application requirementsofWISS, awirelessdistance response testwas conducted. Figure 5E shows themotion

signal outputting during the body casual motion within a 70m radius of theWISS. The increase in output voltage is due to the different bending

angles of sensor. It is worth noting that the WISS transmission is stable within 65 m range (Video S2), which provides the possibility of wireless

technology monitoring for indoor sports programs. However, wireless remote monitoring can reduce the interference to mental state and

freedom of motion, which is conducive to the development of skills and tactics and collect more data for analysis and help to improve skills.

In addition, we realized the human-computer interaction application for motion control training through WISS (Figure 5F). The WF-TENG

acts as a sensing unit for human-computer interaction has displayed advantages of lightness, portability and low cost. The workflow of WISS

human-computer interaction systemmainly includes three parts. First, theWF-TENG sensing terminal converts the collected biological signals

into electronic signals. Second, the signal control system encodes and identifies the signals for transmission to the upper computer. Finally, the

game control and intelligent feedback are realized. The virtual game throws a hook-lock (Video S3) when thebody joints are flexed, actively con-

trolling the in-game operation through signal sensing. The simple human-computer interaction application provides an assistance to curling-

specific reaction time training and enhances the training immersion experience to improve training fun, engagement and training efficiency.

WISS wheelchair sports monitoring

The wheelchair curling throwing process is controlled by the motion chain of upper limbmuscles such as trunk, shoulder and wrist. The ‘‘Pull-

ing’’ and ‘‘pushing’’ curling throwingmotions drive the force to the curler to achieve Draw, Front, Freeze throwing accuracy class technique or

Figure 5. Applications of WISS wireless transmission and human-computer interaction

(A) WISS outputting voltage at different frequencies.

(B) Fitting curves of WISS and WF-TENG at different frequencies.

(C) WISS outputting voltage at different angles.

(D) Fitting curves of WISS and WF-TENG at different angles.

(E) Test of WISS transmission distance.

(F) Diagram of WISS human-computer interaction workflow.
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Hit and Roll, Clearing, Double Takeout, and other hitting class techniques. However, the best place to monitor the entire power chain is the

collapsible elbow joint.47 Therefore, theWF-TENG sensing port of theWISSwas attached to the tester’s elbow joint tomonitor the wheelchair

curling throwing technique.

Figure 6A shows theworkflowofWISS, where theWF-TENGsensingport converts themotion sensing signal into an electronic signal that is

wirelessly transmitted to the upper computer intelligent analysis system for visualization and sports technique determination. Figure 6B shows

the outputting voltage of the WISS monitoring of the tester’s six throwing accuracy techniques. The single-completion pitcher technique is

completed by two actions: the accumulation and retrieval ‘‘pull’’ and the throwing and releasing ‘‘push’’, thus generating two outputting volt-

ages (Video S4). Considering that the angle change of elbow joint during pot throwing has a significant effect on the accuracy of pot throwing.

Therefore, according to thebendinganglecalculationEquation2andoutputtingvoltage, thebendinganglesof the sixpitcheswerecalculated

as 105.67�, 101.67�, 117�, 90.33�, 145.67� and125.67�. The tester hit the center of the red zonewith the curler at an elbowflexion angle of 90.33�.
Figure 6C shows theoutputting voltageof theWISSmonitoringof the tester’s sixth curling hit techniques (VideoS5). The curler hit the center of

the red zone when the tester’s elbow was flexed at an angle of 90.33�. Figure 6C shows the outputting voltage of the WISS monitoring of the

tester’s six throwing technique (Video S5). The 1st and 2nd ‘‘Raise’’ technique and the 4th ‘‘Wick’’ technique. According to the bending angle

calculationEquation2 and the folding voltage, thebendingangleof the1st, 2nd is ‘‘Raise’’ technique is 107.67�, 104.33�, and thebendingangle

Figure 6. Application of WISS wheelchair sports monitoring

(A) Technique analysis scheme diagram of WISS curling.

(B) Outputting voltage of WISS curling throwing accuracy techniques.

(C) Outputting voltage of WISS curling hit techniques.

(D) Data collected by WISS on curling technique.

(E) The workflow diagram of WISS upper computer intelligent technique determination.
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of the 4th ‘‘Wick’’ technique is 126�. The 3rd, 5th and 6th throws are the ‘‘Hit and Roll’’ technique. The 3rd, 5th and 6th ‘‘Hit and Roll’’ technique

bends at 82.67�, 54.33� and 47.67�. The 3rd bend is large because the throwingpot stops at the expectedposition far from the base camp. The

above results show that WISS can achieve the monitoring of the pitcher skill in the actual test.

To further understand the factors affecting the accuracy of throwing to help optimize the training method of wheelchair curling skills, we

conducted a detailed analysis by using the information of six throwing techniques collected by WISS (Figure 6D). We normalized each data

dimension for six throwing, and the z axis shows the normalized values of each data dimension. X and Y axes represent the number of pitches

and the different pitches dimensions, respectively. As shown in the figure, during the second pot throwing, the ‘‘pull’’ outputting voltage of

power storage recovery is 4.16 V, the ‘‘push’’ voltage released by throwing is 5.36 V, the throwing distance is 4.15 m, the sliding time is 3.58 s,

and the throwing time is 1.5 s. Therefore, the throwing speed is the fastest and the throwing distance is the ‘‘clearing’’ skill. The 5th throw, with

a clearly contrasting outputting voltage of 1.52 V and 0.84 V for the ‘‘pull’’ and ‘‘push’’ respectively, is the only two data that can be analyzed to

show the low power of this throw, the distance of 2.35 m and the glide time of 2.05 s as well as the longer throw time (3.5 s). The longer

throwing time (3.5 s) also confirms this view. This is a ‘‘Front’’ technique. The 4th throw was aimed at hitting the red center (Video S4). The

outputting voltage at a 90.33� joint angle (4.84 V) during the recovery ‘‘pull’’ was significantly higher than the 2.88 V during the throw release

‘‘push’’. It indicates that the tester adjusted his technique to hit the red center. However, the details of these adjustments were collected and

transmitted by WISS in real time to facilitate field analysis by athletes and coaches to adjust the technique according to actual needs.

In addition, the release voltage has a good positive correlation with the sliding distance and sliding time of the curler. Coaches and ath-

letes can analyze and determine the distance and time of sliding after curling based on the release voltage. It is worth noting that the 2nd and

5th curling sliding speeds were 1.16m/s and 1.15m/s, so the speedwas not a limiting factor in the success of pushing action. The 2nd pitching

timewas the shortest at 1.5 s and the 5th pitching timewas the longest at 3.5 s, but it could not be used as an absolute influencing factor for the

success rate of pitching. To sum up, increasing the control of the elbow joint, increasing the stability of the elbow joint and finding the right

angle of the curling shot will play a crucial role in the success rate of the push. Considering the present work, the WF-TENG sensing unit was

used to monitor the information of the pitcher at the elbow joint. However, the maximum pinch velocity of the angle between the torso and

the groundduring the implementation of the pitcher technique, the angle of activity of the pinch, and other factors cannot be effectivelymoni-

tored, and further additional research is needed in the follow-up work.

In order to display and understand the information of the tester’s throwing more intuitively, WISS has the function of motion information

recognition as shown in Figure 6E. The WF-TENG sensing port transmits motion information wirelessly to the upper computer digital signal

receiving intelligent processing port, and this port completes the recognition of motion information by precisely transforming the amplitude

when using the Fast Fourier Transform signal inputting. The system can clearly identify the accuracy of the pitcher during the pitching process

and give real-time feedback prompts in the form of animations of successes and failures by the upper computer (Video S6). The real-time

feedback of motion information makes the motion data more intuitive. The development and application of this system provides new ideas

for the application of wearable electronic systems in the field of digital stadiums and sports aids, and wheelchair sports.

Conclusion

In summary, a WISS has been developed. The self-powered system has the function of collecting low-frequency mechanical energy of human

body for sports skills monitoring. The upper computer digital signal receiving intelligent processing port is used for wheelchair sports skills

judgment prompt. By integrating wearable WF-TENG and FPC into a transmitter and combining with the reasonable design of the upper

computer digital signal receiving intelligent processing port, the WISS can achieve the following functions. First, the unique filling structure

can avoid the effect of impurities such as skin scales and sweat on the working performance ofWF-TENG. Second, theWF-TENG sensing port

does not require an external power supply for self-actuating on account of its portable, real-time and lossless collection of human motion

mechanical energy. Finally, the WF-TENG collects the information of real-time sports for simple human-computer interaction applications

and wheelchair sports technical judgment. This interdisciplinary research promotes the development of sports science andwheelchair sports,

so that wheelchair users can have a more comfortable experience and more opportunities to participate in sports. More importantly, as a

special group in society, people with disabilities should enjoy equal opportunities and resources. Reporting on the work of wheelchair curling

can draw the attention to the disabilities within the scientific field, making the results of scientific research more universal and sustainable.

Limitations of the study

This study developed a WISS and applied it to monitor the skills of wheelchair curling sports. Nevertheless, two limitations must be noted.

First, the multi-point information display at the intelligent processing terminal for information acquisition and upper computer signal recep-

tion integrated with multi-point control needs to be further improved. In the future, ADC multi-channel continuous scanning sampling tech-

nology should be used to achieve rapid information acquisition of multi-channel signals. Second, real-time wireless multipoint control should

be used to monitor sports performance, forming a data information chain, thereby improving the quality of technical statistical analysis.
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Yupeng Mao (maoyupeng@pe.neu.edu.cn).

Materials availability

Materials used in the study are commercially available.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon reasonable request.
� No new code was generated during the course of this study.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.

METHOD DETAILS

Materials

Smooth-on Ecoflex 00–30 was purchased from Beijing Lancheng Fan Fei Technology Co., Ltd. (Beijing, China). PDMS solution and curing

agent were purchased from Tianjin Youheng Electronic Technology Co., Ltd. (Tianjin, China). Polyurethane (PU) film was purchased from

Dongguan Jinda Plastic Insulation Material Store (Dongguan, China). Fluorinated ethylene propylene copolymer (FEP) film was purchased

in Taizhou Ranked New Materials Co., Ltd. (Taizhou, China). Enameled wire was purchased from Wuhu Airite Electromechanical Equipment

Co., Ltd. (Wuhu, China). Meifeng Glue was purchased from Taobao. The rectifier bridge, LEDs and capacitors were purchased from Taobao.

Preparation of flexible circuit port of the sensor

Thehardwaremodules consistedof anoperational amplifier, a filter, anMCUmodule, a Bluetoothmodule anda flexible printed circuit (FPC). In

this study, firstly, Multisimwas used to design and simulate the signal acquisition circuit. Secondly, after the simulation of signal acquisition cir-

cuit ran successfully, JLC EDAwas used to design the schematic diagram of the signal acquisition board and PCB file. Thirdly, various compo-

nents were integrated into FPC and were soldered by SMT chips. Finally, FPC is programmed and debugged to achieve the functionality we

need. Thegenerated voltage signal was transformedby anoperational amplifier and filter into themeasurement range of theADCof theMCU.

MCUread thedata collectedby the internalADCand transmitted itwirelessly to theupper computer via theBluetoothmodule fordataanalysis.

Preparation of WF-TENG sensor

Firstly, the two parts A and B were mixed in a 1:1 ratio, stirred by an ultrasonic mixer for 10 min, and uniformly dripped onto the FEP film with

after heating at 80�C for 15 min to obtain Ecoflex films. Then, the PDMS solution was mixed with the hardener in a 10:1 ratio, stirred in an

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Smooth-on Ecoflex 00-30 Beijing Lancheng Fan Fei

Technology Co., Ltd. (Beijing, China).

N/A

PDMS Tianjin Youheng Electronic

Technology Co., Ltd. (Tianjin, China).

N/A

PU Dongguan Jinda Plastic Insulation

Material Store (Dongguan, China).

N/A

FEP Taizhou Ranked New Materials

Co., Ltd. (Taizhou, China).

N/A

Software and algorithms

Origin 2022 OriginLab N/A

Autodesk 3ds Max Autodesk N/A

COMSOL Multiphysics 6.0 COMSOL N/A
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ultrasonicmixer for 10min, poured into themold and heated at 80�C for 15min to obtain the PDMSfilm substrate. Next, the electrodeparts of

flexible printed circuit (FPC) were pasted onto the PU and Ecoflex surfaces, respectively. For fabricatingWF-TENG sensor, PU with electrodes

was glued on the PDMS substrate as a positive triboelectric layer. A suitably sized seam sealant was glued to the surface of the PU with the

purpose of constructing a support void. The PDMS solution was poured until it had been completely encapsulated and heated at 80�C for

15min before the seam sealant was removed to form the support space. And the Ecoflex filmwas tightly bonded to the support layer to form a

negative triboelectric layer with the FEP film port facing upward. Finally, the PDMS solutionwas drippedonto the FEP andplaced in an oven at

80�C for 20 min to make a complete WF-TENG with sizes of 7.9 cm 3 4.9 cm x 0.5 cm.

Characterization and measurement

A stepper motor with amplitude and frequency control system was used to simulate the motion of human joints. The oscilloscope (sto1102c,

micsig) produced in China was used to collect the signal generated by WF-TENG and measure the electrical performance of WF-TENG.

In the monitoring of human behaviors

The experimental protocol adhered to the regulations of the Animal and Human Experimentation Committee of Northeast University

(NO:2023–02566). Wheelchair curling testers were recruited from Northeast University and had been informed consent prior to testing.

The collapsible elbow area is the best monitoring position for the entire power chain of wheelchair curling. Therefore, the WF-TENG sensing

port was attached to the testers’ elbow during the testing process and wirelessly connected to the upper computer system to monitor the

wheelchair curling throwing skills. The testers then performed 12 practical tests to assess curling accuracy and ‘‘Takeout skills’’. The WF-

TENG sensing port monitored the tester’s elbow sports skills motions and the upper computer system collects real-time sports data such

as folding and release voltages from the ‘‘pull’’ and ‘‘push’’ sports skills during the wheelchair curling throwing process. The release voltage

is used to analyze the distance and time for curling to slide. The folding voltage is used for calculating the bending angle of the elbow joint.

Based on the obtained sports data, different types of wheelchair curling skills can be judged. The same method was utilized for both wheel-

chair curling testers during the curling accuracy test.
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