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Abstract: The advent of self-powered arrays of tribological nanogenerators (TENGs) that harvest me-
chanical energy for data collection has ushered in a promising avenue for human motion monitoring.
This emerging trend is poised to shape the future landscape of biomechanical study. However, when
we try to monitor various regions of the foot across disparate environments simultaneously, it poses
a number of problems, such as the lack of satisfactory waterproofing, suboptimal heat resistance,
inaccurate monitoring capacity, and the inability to transmit data wirelessly. To overcome these issues,
we have developed an array of sensors affixed to the insole’s surface to adeptly monitor movement
gait patterns and alert users to falls using self-powered triboelectric nanogenerators (TENGs). Each
sensor cell on this sensor works as an individual air gap TENG (FWF-TENG), namely flexible, water-
proof, and fast response, composed of an Ecoflex single-electrode array. Each FWF-TENG boasts a
fast response time of 28 ms, which is sufficient to quickly monitor pressure changes during various
badminton activities. Importantly, these sensors can persistently generate electrical signals at 70%RH
humidity. Data obtained from these sensors can be transmitted to an upper computer intelligent
terminal wirelessly through multi-grouped FHW-ENG sensing terminals in real time to achieve
human–computer interaction applications, including motion technical determinations, feedback, and
fall alerts. As a result, the interconnected TENG arrays have broad potential applications, including
gait rehabilitation monitoring, motion technique identification, and fall alarm applications.

Keywords: triboelectric nanogenerator; human mechanical energy collection; movement monitoring;
rehabilitation monitoring

1. Introduction

With the advent of the 5G era, we have seen rapid economic growth along with a
steady improvement in quality of life. These developments have brought the concept of
comprehensive health to the forefront of discussion [1–4]. Currently, exercise is regarded
as one of the most effective ways to enhance one’s health status [5–8]. However, clinical
analysis of racket-sport injuries shows a high incidence in the lower extremities, making up
over 58% of cases, with a particular emphasis on the knees and ankles [9–13]. Nowadays,
badminton is gaining popularity, and significantly emphasizes footwork as a critical part
of its technique [14–18]. Monitoring the exact pace of a game not only allows for fast
and efficient returns but also lowers the risk of injuries [19,20]. As such, badminton
gait analysis can be used as a valuable tool for diagnosing motor skills and enhancing
training program optimization [21–23]. Additionally, gait analysis has been employed
in fields like medical rehabilitation and other fields [17,24–27]. It is particularly useful
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for studying pathological gait, the gait of the elderly, and other related areas [28,29].
In order to integrate multiple applications into a single device, gait analysis employs a
variety of strategies and mechanisms related to optical imaging systems [30]. However, the
application of conventional instruments, despite providing impressive accuracy, is marred
by drawbacks such as high costs, operational complexity, and the necessity of an external
power supply. Consequently, the development of wearable [31–34], flexible [35–38], cost-
effective [39–42], and recognition-precise [43–46] gait analysis tools continues to pose
significant challenges [47–50].

Recently, triboelectric nanogenerators (TENGs) have found applications in mechanical
energy harvesting and self-powered sensors to track an array of motion [31]. They utilize
contact charging and electrostatic induction for coupling effects, converting mechanical
energy into electrical energy [51–53]. Owing to their multiple advantages such as being
maintenance-free, biocompatible, and offering a broad range of material options, TENGs
have become a popular choice. In terms of blue energy, a frictional electric nanogenerator
based on 3D-printing technology combined with PTFE has been reported as an option
for human motion energy harvesting and associated gait monitoring [7]. However, this
sensor lacks gait differentiation capabilities and only monitors associated motion based
on frequency. Additionally, a friction nanogenerator, based on a combination of EAC
and rubber, has been investigated for application in medical rehabilitation to monitor gait
abnormalities and serve as an fall alarm system [54]. However, because this sensor does not
boast a high output, nor does it integrate machine learning capabilities, there still remains
a dearth of studies on the accuracy and visual learning of TENGs in gait analysis.

To address the aforementioned issues, this study embarked on the development of a
flexible, recognition-accurate, and self-powered smart insole based on tribological nanogen-
erators with flexibility, waterproofing, and swift response characteristics (FWF-TENG) and
which is designed for real-time, multifunctional gait analysis [55]. The smart insole consists
an array of four friction sensors. Each individual friction sensor is constructed of a silicon
Ecoflex and a copper layer. The copper layer, embedded within the external rubber layer, re-
duces invalid signals caused by environmental factors, and the rubber layer is waterproofed
to prevent sweat-induced contamination of the device’s transmission signal. Each friction
electrode sensor generates an air gap through the vaporization of deionized water, thus
eliminating the need for a liner [56,57]. The sensor demonstrates a swift response of 28 ms
and can still generate an electrical signal at 70% RH humidity. This paper employs an array
to connect the four independent sensors. The smart insole, composed of this sensor array,
facilitates more accurate gait measurements, and, in addition, by monitoring the change
in the single-support phase during gait analysis, it can accurately track the progression
of disease treatment or the status of the user’s health. Through the contact between each
section of the foot and the array insole, the use of gait information combined with the
upper computer can realize multi-point deployment; this enables the identification and
analysis of various gait patterns and accurately determines the application of force to the
specific part of the foot. Of paramount importance is the smart insole’s ability to monitor
and instantly alert users to accidental fall events. With its characteristics of wearability,
being self-powering, flexibility, cost-effectiveness, and accurate recognition, the smart array
insole provides a more convenient solution for human gait analysis and evaluation. It has
wide-ranging potential for applications in motion recognition and healthcare systems.

2. Materials and Methods
2.1. Materials

The smooth Ecoflex 00-30 was purchased from Beijing Lancheng Fanfei Technology
Co., Ltd. (Beijing, China). Conductive copper foil was purchased from Dongguan Chengyu
Adhesive Products Co., Ltd. (Dongguan, China). Microporous copper foil (single-sided
gross) purchased from Shanghai Gaxian Metal Materials Co., Ltd. (Shanghai, China).
FEP perfluoroethylene propylene copolymer purchased from Jiangsu Fountain Material
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Technology Co., Ltd. (Zhenjiang, China). Enameled wire purchased from Shenzhen Hao Li
You Times Electronic Tools Co., Ltd. (Shenzhen, China).

2.2. Preparation of Ecoflex Mixed Glues Solution

(1) Mix Ecoflex A gum solution with Ecoflex B gum solution in a 1:1 ratio for a total
of 20 g. (2) Stir for 15 min to ensure that the Ecoflex gum solution is completely mixed.
(3) Ultrasonically shake the mixed gum was for 5 min and leave to stand for 10 min to
obtain a bubble-free mixture.

2.3. Fabrication of the FWF-TENG

(1) Casting preparation: Use a knife to cut the perfluoroethylene propylene copolymer
(FEP) to a size of 5 cm × 4 cm × 0.01 cm. (2) Pour the Ecoflex glue-mixture solution into
the base plate, and then move the base plate to an oven at 80 ◦C. When the glue solution
is fully cured, a 3 cm × 3.5 cm Ecoflex mixture substrate is formed. (3) Pour the Ecoflex
mixture solution into the substrate, and then move the substrate to an oven at 80 ◦C until it
becomes semi-solidified. (4) Cut the two copper foils to a size of 3 cm × 3 cm and place
on the mixture substrate with the non-glossy side facing up. Then, flatten the copper foil
surface with 2 µL of deionized water. Note that the copper foil is hydrophilic because it is
roughened. The water droplets on the copper foil are evenly distributed and the overall
thickness of the FWF-TENG is reduced. Connect the enameled wire between the two
copper foils as a connecting wire. (5) Pour the Ecoflex mix onto the base plate again so that
the glue completely seals the deionized water and the copper foil. Transfer the device to
an oven and heat at 80 ◦C for 10 min. (6) Finally, pour the Ecoflex glue mix again into the
base plate for the final full sealing of the device, transfer to an oven and heat at 105 ◦C for
12 h to completely turn the deionized water in the device into water vapor. For the specific
production process of FWF-TENG, please refer to Figure 1b.
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Figure 1. Design of gait analysis in badminton. (a) Schematic diagram of FWF-TENG applied
as a smart insole for human gait analysis monitoring. (I) shows the structure of FWF-TENG.
(II) Demonstrates the functions of the FWF-TENG. (b) Production process of FWF-TENG. (c) Optical
image of FWF-TENG (I) stretchability, (II) foldability, (III) adhesiveness, and (IV) light weight.



Electronics 2023, 12, 3226 4 of 12

2.4. Characterization and Measurements

Fix the FWF-TENG to the acrylic fixing frame opposite the stepping motor with
adhesive tape. Figure S1a shows the working diagram of FWF-TENG simulated by a
stepper motor. Simulate the motion using the frequency and amplitude set by the stepper
motor control system. Collect the signals generated by the sensors with an oscilloscope
(sto1102c, Shenzhen, China). Oscilloscope display diagram in Figure S1b. The oscilloscope
was connected to the stepping motor.

3. Results

Figure 1a shows a schematic of the FWF-TENG being used for gait monitoring.
(I) shows the structure of the FWF-TENG. The FWF-TENG consisted of Ecoflex, rough
surface copper, varnished copper, and tacky copper. The inside was evaporated by water
vapor as an air supporting layer. The composition of four independent sensors in the form
of an array allowed for more accurate monitoring of gait information. (II) Demonstrates
the functions of the FWF-TENG. The FWF-TENG can be used as a portable sensor in the
form of an array of insoles to collect the energy generated by human gait and convert it
into mechanical energy. In addition, the FWF-TENG can monitor human movement infor-
mation, badminton gait determination, and real-time fall alarm through big data analysis.
Figure S2 provides an optical picture of the FWF-TENG array located in the insole. The
production technology of the FWF-TENG is shown in Figure 1b. First, we made the Ecoflex
glue solution, and then sealed the copper electrode on PET with the mixed solution. The
deionized water evaporated to form a gas support layer. The production process is detailed
in Section 2. Figure 1c is an optical photograph of the FWF-TENG in its stretchability
(I), foldability (II), adhesiveness (III), and light-weight (IV) states, demonstrating that the
device fits well to the human foot surface. The supporting gas layer can be clearly observed
in Movie S1.

Figure 2a shows the working mechanism of the smart insole. A single electrode
mode operating mechanism was used. Cu obtained a positive surface charge and rubber
obtained a negative surface charge based on their position on the triboelectric series of
materials. When the rubber layer approached the copper layer, the potential of the copper
electrode decreased and electrons flowed from the copper layer to the ground. When
the rubber was in complete contact with the copper, an equal and opposite charge was
generated. Conversely, when the rubber layer left the copper layer, the potential of the
copper electrode rose and electrons flowed from the ground back to the copper electrode.
In order to understand the working mechanism of the sensor in detail, Figure 2b shows a
simulation of the potential distribution from the COMSOL software.
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The analysis of gait can help the body to accomplish movement and rehabilitation.
Different foot landings and power generation determine the form of movement as well as
the position of recovery. In badminton, due to irregular gait technical motion and blind
pursuit of effects, it can cause excessive pressure on the knees and ankles, which can
easily bring the risk of injury. Additionally, beginners’ technical motions are too rough,
and blind force can easily cause joint injuries. To overcome these issues, we developed a
flexible, recognition-accurate, as well as self-powered smart insole (FWF-TENG) based on
a nano-friction generator for real-time multifunctional gait analysis. Therefore, to ensure
that the FHW-TENG can meet real-world motion requirements, we utilized stepper motors
to simulate joint motion processes. The performance of a single closed TENG relies on
various structural factors that have been investigated to optimize its output performance.
The platform that was used to test the properties of the TENG is illustrated in Figure 3a.
Figure 3b shows the simulated human motion frequency and, thus, the calculation of the
instantaneous force of the TENG. The drop time t1 is calculated according to Equation (1),
counting the force in contact with the device (2) with a default contact time “t2” of 0.1 s:

t1 =

√
2h
g

(1)

F =
mgt1

t2
(2)

where m denotes the substance; g is the default acceleration of gravity, 10; and h is the height
of the fall, and is achieved by a stepper motor-controlled motion frequency, a simple pulley
set, and multiple counterweight blocks at a frequency of 1 Hz. It has been shown that higher
forces lead to better contact between the elastic rubber layer and the copper layer, and,
therefore, to higher electrical output. For example, when using the lowest applied force
(2 N), the voltage output was 4.9 V; however, when using the highest applied force (8 N),
the voltage output rose to 19.9 V. These results also mean that it can detect very low external
forces (2 N). In addition to the force aspect, it is also crucial to determine the dimensions,
as shown in Figure 3c. Comparing a 3 cm × 3.5 cm TENG with a 1 cm × 1.5 cm TENG at
the same humidity and frequency, it clearly shows that the voltage of the 3 cm × 3.5 cm
is higher than that of the 1 cm × 1.5 cm. The 3 cm × 3.5 cm TENG is not only more
comfortable and accommodates for human feet of different sizes, but also has a larger
contact area and voltage generated. As can be seen in Figure 3c, the output voltage of the
FWF-TENG is shown for the same force, same humidity, and different frequency conditions.
As can be seen in Figure 3d, the average output voltage was 3.1 V, 2.9 V, 2.7 V, and 3.1 V
when the frequencies were 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz, respectively, indicating that
the FWF-TENG has good stability during the monitoring of low-frequency motion. The
monitoring of motion frequency is of great importance for motion-sensing monitoring.
Kinematic ability affects the frequency of body motions and their completion quality. The
response of the FWF-TENG at different frequencies is shown in Figure 3e. The response
can be calculated using the following, Equation (3):

R% =

∣∣∣∣ (V0 − Vi)

Vi

∣∣∣∣× 100% (3)

where Vi is the output voltage at 0.5 Hz and V0 is the output voltage at other frequencies.
When the FWF-TENG operated at 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz under the same strength,
same temperature, and different frequency conditions, the responses of the corresponding
outputs were 0%, 1%, 1.5%, and 0%, respectively. The output voltage of the FWF-TENG
hardly varied with the motion frequency, indicating that in actual badminton, it can
accurately monitor the change in motion frequency. Figure 3f shows the fast response of
the FWF-TENG at about 28 ms. Table S1 demonstrates that the FWF-TENG response was
faster compared to other TENG responses. Other sensors can transmit data to the host
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computer in real time for coaches to analyze and grasp the athletes’ sports status in time
for effective motion-technique diagnosis. Meanwhile, the signal control system provides a
guarantee for realizing human–computer interaction gait accuracy judgment. Figure 3g
shows the output voltage of the FWF-TENG under different humidity levels. The average
output voltages were 1.76 V, 1.76 V, 2.36 V, and 1.43 V when the humidity was 40% RH, 50%
RH, 60% RH, and 70% RH, respectively, indicating that the FWF-TENG has good water
resistance. It shows that the sweat produced by the direct contact between the FWF-TENG
and skin does not affect the voltage output of the FWF-TENG. To show that the Ecoflex
material has good water resistance, Figure 3h compares the TENG containing Ecoflex with
the TENG without Ecoflex at 70% RH humidity, and the voltage with Ecoflex is more than
400 times higher than without Ecoflex. Figure 3i shows the stability test of the sensor under
continuous operation for 2400 s, and its output voltage can be stabilized at 3.5 V for daily
training applications. These results above show that the FWF-TENG has good electrical
performance and has great potential in self-powered sensing and self-powered systems.
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Figure 3. Performance testing and selection of the FWF-TENG. (a) Test bench of the FWF-TENG.
(b) Voltage at different forces of the FWF-TENG. (c) 3 cm × 3.5 cm TENG (purple) and 1 cm × 1.5 cm
TENG (pink) Comparison of output voltages for different sizes. (d) Output voltage of the FWF-TENG
at different frequencies. (e) Voltage response of the FWF-TENG at different frequencies. (f) Real-time
fast response time of the FWF-TENG. (g) Output voltage of the FWF-TENG at different humidity
conditions. (h) Output voltage of the FWF-TENG with different materials at the same humidity.
(i) Durability test of the FWF-TENG for 2400 s conditions.

The good low-frequency mechanical energy harvesting capability of the FWF-TENG
is guaranteed for WPIS (Wireless Precision Intelligence System) applications (Figure 4).
Figure S3 demonstrates the full form of the WPIS. The WPIS is mainly converted from
mechanical energy to electrical energy by sensors (FWF-TENG). The electrical signal is
transmitted to the AD module, which is mainly composed of Bluetooth, Amplifier, Low-
Pass Filters. The signal from the transmitting end of the AD module is then transmitted
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to the Bluetooth on the receiving end and uploaded to the upper computer. We used the
fast Fourier Transform-located port for the judgment of gait-related information. Accurate
amplitude transformation was performed on the input signal to complete the recognition
of motion information. The system can clearly recognize the accuracy of the front pad
step force and the upper computer in the form of animated real-time feedback success and
failure. The upper computer contains a motion-information judgment system to control the
threshold size for intelligent judgment. Figure 4a shows the equivalent circuit diagram of
the FWF-TENG. The switch controls the switching of the charging and discharging modes.
The capacitor acts as an energy storage. When the current is introduced into the rectifier,
the AC current can be converted into DC current. Figure 4b illustrates the variation of the
output voltage and the calculated current signal of the FWF-TENG measured at 1 to 35 MΩ
load resistors. We can calculate I by using the following, Formula (4):

I =
V
R

(4)

where I stands for current, V stands for voltage, and R stands for resistance. It is clearly
demonstrated that as the load resistor increases, the voltage increases, while the current
decreases. Figure 4c shows the output power of the FWF-TENG at different load resistances.
We can calculate the power by using the following, Formula (5):

P =
V2

R
(5)

where P stands for power in the formula, while V stands for voltage and R stands for
resistance. The FWF-TENG provides the maximum power output at a resistance of 20 MΩ.
The charging voltage increases as the frequency of motion increases. Figure 4f illustrates
the voltage-time curves of the FWF-TENG charging different capacitors. Briefly, 1 µF,
2.2 µF, and 4.7 µF capacitors can be charged to 7.9 V, 2.5 V, and 1.4 V, respectively, after
11 s. The FWF-TENG can provide stable and sustainable energy for wearable or portable
electronic devices without an external energy supply. As shown in Figure 4e and Movie S2,
showing the FWF-TENG charge/discharge curve for powering an electronic watch, the
FWF-TENG can charge a 4.7 µF capacitor to power an electronic watch using a stepper
motor at a constant and stable frequency. Additionally, the capacitor can be charged to 2.2 V
in about 4.6 s to repeatedly power the watch. In addition, Figure 4f shows the real-time
application capability of the FWF-TENG. The “Z” series of green LEDs can be lit by tapping
the FWF-TENG with your hand. Inspired by the good low-frequency mechanical energy
harvesting capability of the FWF-TENG, it has good promise as a biomechanical energy
harvester to power electronics.
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resistances. (c) Power dependence at different load resistances. (d) Charging performance of capaci-
tors at different loads. (e) Charging and discharging the electronic watch with capacitors. (f) Lighting
the “Z” commercial LED with a light tap.

Figure 5a shows that a wireless transmission system for self-powered sensors has
been created to make it easier to apply the FWF-TENG in practice. An optical picture
of the FHW-TENG’s wireless transmission system is shown in Figure S4. Badminton
movement monitoring was the movement action net lift of the front pad step generated
by the electrical signal and transmitted to the WPIS for intelligent judgment. Among
other things, the Bluetooth device requires an external power supply to power it. The
problem of gait rehabilitation is still valued by society, where different foot force points
lead to different responses from the body. Figure 5b and Movie S3 show the real-time
monitoring of different foot force points and the generated signal response. The toe-first
landing state and the electrical signals generated by the four arrays of TENG units can be
seen in Figure 5b(I). Toe-first landing tends to cause cross-domain gait. The main cause of
toe dragging with foot drop and increased hip flexion and knee flexion during the swing
phase is weakness of the ankle dorsiflexors. Additionally, Figure 5b(II,III) can also clearly
demonstrate its related signals through the chart. The force from both sides tends to cause
the weight to shift to the ipsilateral side, so that the unilateral lower limb supports the
body weight, and patients with hemiplegia, joint pain, and low balance tend to have too
short a time. Figure 5b(IV), in which the foot follows the ground, can also demonstrate
the relevant signal from the chart. Heel landing tends to lead to increased tension in the
extensor muscles of the lower extremity, making it difficult for patients with foot drop and
pronation to complete the movement. First, the FWF-TENG was connected to a commercial
LED array and used four LEDs to display the corresponding position of the gait in order to
visualize the monitoring signal. Stress mapping data were collected for each gait condition
by human motion. It can be seen that the distribution of the data signal was consistent with
the specified gait condition. In addition, the FWF-TENG output electrical signals can be
clearly distinguished and monitored in real time at different gait phases. It can be observed
that the optical mapping profile of the LED array was consistent with both the stress and
electrical mapping results, and the LED array can directly reflect local variations in gait
phase changes, demonstrating the feasibility of using the FWF-TENG as a self-powered and
wearable gait-phase visualization platform. Since badminton requires non-stop sport on a
relatively narrow field, a large percentage of athletes currently suffer losses to lower-limb
joints due to the footwork of badminton not being properly mastered. The WPIS prepares a
motion-information judgment function to monitor the standard of the front pad movement
in order to make the player’s picking action more adequate. The FWF-TENG sensing end
transmits gait-related information wirelessly to the upper computer intelligent judgment
end, and the port is used to determine the gait-related information by using fast Fourier
transform. The signal input is precisely transformed in terms of amplitude to complete
the recognition of motion information. The system is able to clearly identify the accuracy
of the force applied during the front cushion step, and is given real-time feedback in the
form of real-time animations of success and failure by the upper computer (Video S4).
Figure 5c shows an image of the incorrect force and the corresponding data, in which it is
clear that the voltage generated by the forefoot landing is higher than the voltage generated
by the other three gait positions. Figure 5d shows an image of the correct front pad step
and the corresponding data, in which it is clear that the voltage produced by the heel is
higher than the voltage produced by the remaining three gait positions. Therefore, the
smart insole can also use the mechanical energy generated by the gait and the related
data obtained to transmit to the upper computer intelligent port, which uses the data at
the time of signal input to identify the amplitude value generated and the occurrence of
threshold abnormalities to achieve real-time alarms. It can be used to monitor fall events.
First, Figure 5e monitors the typical walking gait signal measured. As shown in Figure 5f
and Video Movie S5, the fall situation is monitored and a real-time alarm is achieved.
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This study demonstrates the great potential of our smart insoles for motion monitoring
as well as medical applications, especially for real-time monitoring of motion gait and
emergency medical alert systems for patients. With the continuous advancement of gait-
related monitoring, future monitoring systems can visualize the data generated by the
human body through movement into 3D images, providing a great aid to the improvement
of sports technology.
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4. Conclusions

In conclusion, we designed a WPIS, a self-powered system capable of transforming
mechanical energy into electrical energy for motion monitoring. This system, paired with
intelligent analysis capabilities at the end of the upper computer, serves as a determinant
for the technique of front pad motion in badminton, as well as providing a fall alarm system.
Through flexible FHW-TENG array sensing, our system accomplishes the following: (1) It
features a unique, waterproof structure, ensuring that impurity pollution does not impact
the performance of the FWF-TENG. (2) The FWF-TENG sensing end is self-powered,
eliminating the need for an external power supply; this allows for the flexible and portable
collection of mechanical energy generated by human movement. (3) It offers real-time
collection of movement information, swiftly providing feedback to the computer side. This
is ideal for simple human–computer interaction applications, as well as for determining
badminton sport techniques and fall alarms. This multidisciplinary research represents a
significant advance in sports science and gait monitoring. Nevertheless, other challenges
persist. Future monitoring systems could transform data generated by human movement
into visual 3D images, providing a substantial aid to the improvement of sports technology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/electronics12153226/s1, Table S1: Comparison between FWF-TENG
response and fast response of other TENGs; Figure S1: Measurement equipment; Figure S2: Optical
picture of the FWF-TENG array form located in the insole; Figure S3: Demonstrates the full form of
the WPIS; Figure S4: Optical picture of the FWF-TENG’s wireless transmission system; Video S1:
Demonstration of the gas support structure of the FWF-TENG; Video S2: FWF-TENG lights LEDs;
Video S3: LEDs on each part of the foot are accurately lit by the sensor; Video S4: Badminton gait
wireless judgment; Video S5: Real-time fall alarm.
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