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A B S T R A C T

The wearable electronic devices integrated with 3D printing have attracted much attention, but 
the continuous power supply demand and limited application scenarios have limited their 
development. Here, we propose a 3D printed serrated contact structure triboelectric nano-
generator (S-TENG) designed for mechanical energy harvesting and swimming training safety 
monitoring. Leveraging the advancements in 3D printing technology, we created a flexible, 
lightweight sensor integrated with polytetrafluoroethylene (PTFE) and polyethylene tere-
phthalate (PET) films on a serrated substrate. This configuration enhances the contact surface 
area, leading to a significant improvement in energy harvesting efficiency compared to flat 
structures. Specifically, the serrated structure resulted in a 64 %, 63 %, and 47 % increase in 
open-circuit voltage (Voc), short-circuit current (Isc), and transferred charge (Qsc), respectively, 
owing to the contact area and unique surface functional structure. The S-TENG device exhibits 
excellent performance under various bending angles, with Voc, Isc, and Qsc reaching up to 98.04 V, 
4.35 μA, and 38.51 nC at 90◦ bending. Additionally, the S-TENG maintains stable output in 
different humidity environments due to its fully encapsulated design, ensuring reliable operation 
in aquatic settings. The S-TENG can accurately measure elbow swing amplitude and frequency, 
providing valuable real-time data for athletes and coaches. The S-TENG’s ability to detect 
irregular movements and potential drowning incidents underscores its promise in enhancing 
swimmer safety. This research demonstrates the S-TENG’s utility in both energy harvesting and 
motion monitoring, paving the way for advanced wearable sports sensors in various athletic 
disciplines.

1. Introduction

Recently, with the rapid development of wearable technology and the Internet of Things (IoTs), intelligent motion monitoring has 
become an important catalyst for the advancement of the sports industry [1,2]. The integration of IoTs technology significantly en-
hances the capabilities of intelligent motion monitoring by facilitating seamless communication between multiple devices and sensors, 
thereby enabling more comprehensive data collection and analysis [3]. Intelligent motion monitoring requires numerous advanced 
wearable sensors to achieve effective recognition of various technological movements [4,5]. IoTs’s connectivity allows these sensors to 
work in unison, creating a distributed sensor network that can effectively collect and transmit diverse motion information, including 

* Corresponding author.
E-mail address: 2461@bsu.edu.cn (W. Wen). 

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e38107
Received 19 June 2024; Received in revised form 12 September 2024; Accepted 18 September 2024  

Heliyon 10 (2024) e38107 

Available online 18 September 2024 
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:2461@bsu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e38107
https://doi.org/10.1016/j.heliyon.2024.e38107
http://creativecommons.org/licenses/by-nc-nd/4.0/


strength, speed, and posture. This network not only quantifies the movement behavior and kinematic patterns of athletes but also aids 
in improving their skills, developing scientific training plans, and formulating competition strategies [6]. Accurate motion recognition 
and real-time feedback are particularly crucial in swimming training and safety monitoring, where IoTs-enabled sensors can provide 
continuous updates and alerts [7]. However, traditional sensors depend on external power sources and face challenges such as 
inflexibility, complex wiring, and high battery replacement costs, making them unsuitable for large-scale applications. Triboelectric 
nanogenerators (TENGs) emerge as a sustainable self-powered alternative due to their simple structure [8–14], flexible material se-
lection [15,16], and low-cost [17–19]. Since TENG was first proposed in 2012, sensors based on triboelectric technology have been 
widely used in human pose recognition [20,21], pressure sensing [22–24], and vibration detection [25,26], showing great potential in 
the field of intelligent motion. In swimming monitoring, TENG can not only provide exercise data but also contribute to safety 
monitoring by detecting abnormal exercise patterns to prevent drowning accidents [27]. Moreover, TENG has demonstrated 
outstanding performance in developing wearable sports sensors, when combined with IoTs, can be widely applied to various sports 
[28,29]. The triboelectric sensors provide continuous and real-time sports data, assisting in scientific training and enhancing sports 
safety. The synergy between TENG technology and IoTs not only advances the functionality of wearable sports sensors but also 
promotes a more connected and responsive sports monitoring ecosystem. Hence, developing TENG with wearable functions is 
promising, especially in the intelligent sports field.

The development of folded [30,31], arched [32–34], textile-based [35,36], and hydrogel-based [37–39] structures has significantly 
advanced the field of wearable TENGs. Folded and arched structures improve mechanical deformation capabilities and energy har-
vesting efficiency. Textile-based TENGs offer seamless integration with clothing, providing comfort and continuous energy harvesting 
from natural movements. Hydrogel-based TENGs bring high flexibility and suitability for wet environments, expanding the potential 
applications of wearable TENGs. However, these structural designs also present common challenges related to durability, environ-
mental sensitivity, manufacturing complexity, mechanical and electrical stability, and integration with electronics. Addressing these 
drawbacks is crucial for advancing the practical application and widespread adoption of wearable TENGs in various fields, including 
sports monitoring [40], healthcare [41], and personal electronics [42–44]. Future research should focus on developing materials and 
designs that enhance the robustness and reliability of TENGs while maintaining their advanced functionalities. Considering the special 
requirement of minimizing interference to human movement in motion monitoring, wearable sensors must be flexible and lightweight. 
Therefore, currently, TENG based flexible sensors are mainly integrated with multi-layer thin films. 3D printing technology offers 
significant advantages in flexible wearable sports monitoring TENG [45]. It can precisely print sensors that conform to the human body 
or sports facilities, improving measurement accuracy and comfort [46]. The technology enables quick customization of TENG sensors 
to fit various sports, enhancing production efficiency and reducing costs [47]. Unlike traditional film-based sensors, 3D printing can 
create sensors with complex shapes that adhere well to 3D surfaces, improving adhesion and stability [48,49]. In swimming, 3D 
printed TENG sensors can be tailored to fit swimsuits or caps, maintaining performance underwater. This technology effectively meets 
the need for flexible, customized sensors in various motion environments. Besides, TENG based on sawtooth shaped structure can be 
used to obtain more human motion information. For example, Wang et al. proposed a serrated sandwich structure with promising 
applications in monitoring human race walk [50]. Furthermore, Wang reported a flexible serrated structure for joint monitoring in 
basketball sports [51]. Therefore, by combining 3D printing technology, TENG-based serrated structure will be able to better adapt to 
various complex motion monitoring needs, promote the development of intelligent motion monitoring, and provide more effective 
technical support for scientific training and motion safety.

Herein, we proposed a serrated contact structure triboelectric nanogenerator (S-TENG) by utilizing 3D printing technology for 
obtaining mechanical energy and swimming training safety monitoring. The polytetrafluoroethylene (PTFE) film and polyethylene 
terephthalate (PET) film are mounted on the flexible substrate with the serrated structure as triboelectric pair. The flexible 3D printing 
substrate endows the triboelectric layer with more flexible and sufficient triboelectric contact. Accordingly, the contact structure 
endows S-TENG with efficient energy harvesting efficiency. Compared to the flat structure, the serrated structure resulted in a 64 %, 
63 %, and 47 % improvement in performance indicators such as open-circuit voltage (Voc), short-circuit current (Isc), and transfer 
charge (Qsc) for S-TENG. Also, the serrated contact structure provides S-TENG with the ability to work under bending deformation. 
According to results, the Voc, Isc, and Qsc of S-TENG increases with the bending angle, reaching up to 98.04 V, 4.35 μA, and 38.51 nC at 
90◦. By packaging the devices, S-TENG can achieve stable output in different humidity environments, which provides a foundation for 
its application in swimming monitoring. This feature highlights the S-TENG’s ability to improve swimmer safety by offering early 
distress warnings. Using S-TENG for swimming monitoring introduces a new method for tracking and boosting swimmer performance. 
The S-TENG device precisely measures elbow swing amplitude and frequency, delivering valuable information for athletes and 
coaches. Moreover, the S-TENG’s capacity to identify irregular movements and potential drowning incidents underscores its promise in 
safety applications.

2. Experiments

2.1. Materials

The base materials used for constructing the device were flexible substrates, aluminum, polyethylene terephthalate (PET), and 
polytetrafluoroethylene (PTFE). The substrates were produced using a 3D printing technique, ensuring precise and customizable 
geometries essential for the device’s performance. The initial substrate was fabricated using a 3D printer, which provided a flexible and 
robust foundation. The aluminum layer was adhered to the substrate to serve as the conductive electrode. PET and PTFE were chosen 
for their triboelectric properties, which are critical for the device’s functionality.
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2.2. Characterization and measurements

The Voc of S-TENG was measured using a Tektronix TDS 2024C digital oscilloscope. The S-TENG device was connected to the 
oscilloscope using shielded cables to minimize electrical noise. The sampling rate of the oscilloscope was set to 10 kHz to capture 
transient voltage spikes accurately. Measurements were taken under controlled environmental conditions (temperature: 25 ◦C, hu-
midity: 50 %) to ensure consistency. The Qsc and Isc of S-TENG were measured using a Keithley 6514 electrometer. The electrometer 
was configured to the most sensitive range to detect low-level currents and charges generated by the S-TENG device. A custom-built 
mechanical system was employed to apply consistent force to the S-TENG device. The system was capable of controlling both the 
frequency and amplitude of the applied force. All tests were conducted in an enclosure to prevent external vibrations or airflow from 
affecting the results. Raw data collected from the oscilloscope and electrometer were processed using MATLAB. A low-pass filter was 
applied to the voltage and current data to remove high-frequency noise components. To thoroughly analyze the surface characteristics 
of the S-TENG, a scanning electron microscope (SEM), specifically a Hitachi SU7000, was utilized. This flexibility is primarily due to 
the use of a 3D printed substrate, which was fabricated using a high-precision 3D printer (e.g., Tuozhu P1SC) equipped with a flexible 
resin. For the performance evaluation of the S-TENG, a custom-built mechanical system was employed to provide controlled, repetitive 
mechanical stimuli to the device, simulating real-world operational conditions. This system is capable of supplying continuous power 
to the S-TENG, ensuring consistent testing parameters. The Voc generated by the S-TENG was recorded using a high-resolution digital 
oscilloscope (e.g., DSOX1204G), which captures the voltage output with precision. Additionally, the Qsc and Isc were measured using a 
sensitive electrometer (Keithley 6514). The electrometer was calibrated before each set of measurements to ensure accuracy, and all 
data were recorded in a controlled environment to minimize the effects of external variables. The ambient temperature and humidity 
during testing, were meticulously controlled by digital temperature and humidity controller (WSK-Z (TH).

3. Results and discussion

3.1. The fabrication process of S-TENG device

The fabrication process of the S-TENG device, as illustrated in Fig. 1(a–d), involves multiple steps utilizing 3D printed flexible 
substrates. The process begins with the preparation of two separate components, each based on a flexible substrate produced through 
3D printing. For the first component, as outlined in Fig. 1(a), the construction starts with the substrate (Fig. 1(a1)). A layer of 
aluminum is carefully aligned and adhered to this flexible substrate, ensuring that there is no air gap between the aluminum and the 
substrate to maintain uniform contact (Fig. 1(a2)). The adhesion process might involve applying a slight pressure or using a roller to 

Fig. 1. The construction process of the (a1-a3) first component and (b1-b3) second component for S-TENG device fabrication. (c) The assembly 
process of two components for S-TENG device fabrication. (d) The structural diagram of S-TENG device, where the triboelectric layers are sand-
wiched between the flexible substrates. (e) The completed S-TENG device picture, shown with electrical connections for electrical output. (f1, f2) 
Demonstration of the device’s flexibility, highlighting its ability to bend in multiple orientations without compromising structural integrity. (g) The 
SEM image showing the detailed surface morphology of the PTFE layer.
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smooth out any wrinkles or bubbles that could form during the sticking process. Following this, a PET (polyethylene terephthalate) 
film is carefully placed on top of the aluminum layer (Fig. 1(a3)). This PET layer acts as a triboelectric material, and special attention is 
given to ensure that the film is uniformly attached, possibly involving a heating or pressing step to secure it firmly. The second 
component, illustrated in Fig. 1(b), follows a similar construction method. Starting with the 3D printed flexible substrate (Fig. 1(b1)), a 
layer of aluminum is attached in the same meticulous manner as described for the first component (Fig. 1(b2)). After ensuring that the 
aluminum layer is properly adhered, a PTFE (polytetrafluoroethylene) film is then applied to the aluminum surface (Fig. 1(b3)). The 
PTFE film, known for its excellent triboelectric properties, is placed with precision to ensure full contact with the aluminum layer 
beneath. Any imperfections during this step could affect the performance of the final device, so this step may also involve additional 
processes like pressing or controlled heating. Fig. 1(c) depicts the assembly process of the device. Here, the two components are 
brought together with their respective triboelectric layers (PET and PTFE films) facing each other. This step requires careful alignment 
to ensure that the patterned surfaces of both components match up perfectly. The components are then pressed together, possibly 
under controlled pressure conditions, to ensure a strong and consistent interface between the triboelectric layers (Fig. 1(d)). This 
pressing might involve the use of a jig or fixture to maintain uniform pressure across the entire surface, preventing any areas of weak 
contact that could diminish the device’s performance. The final result is the S-TENG device, where the interaction between the PET and 
PTFE layers during mechanical deformation generates electricity through the triboelectric effect.

The resultant S-TENG device, as shown in Fig. 1(e), exhibits a compact and flexible form factor, designed to be both mechanically 
robust and elastically adaptable. The flexibility of the S-TENG device is further demonstrated in Fig. 1(f), where it is shown being bent 
in various orientations without compromising its structural integrity or functionality. The SEM image in Fig. 1(g) offers a detailed view 
of the PTFE layer’s surface morphology, revealing a finely textured structure with micrometer-scale features. These features are crucial 
for enhancing the triboelectric effect, thereby improving the overall efficiency of the device.

3.2. The working mechanism of S-TENG device

The operational mechanism of the S-TENG is illustrated in Fig. 2. The S-TENG device operates based on the relative motion between 
two triboelectric layers: PTFE film and PET film, each backed by a piece of conductive aluminum electrode. The process involves 
periodic contact and separation, driven by external mechanical stimuli, leading to a continuous generation of electrical power. Fig. 2
(a) depicts the initial state where the PTFE and PET layers are in close contact. During this phase, a static charge is generated due to the 
triboelectric effect, where electrons transfer from PET (which is more positive in the triboelectric series) to PTFE (more negative). This 
charge transfer results in an equal and opposite charge distribution on the aluminum electrodes beneath each triboelectric layer. As the 
external force is removed, the PTFE film and PET film begin to separate (Fig. 2(b)). During this separation, the electrical potential 
difference between the PET and PTFE layers drives electrons to flow through the external circuit, connected via a load resistor (R). The 
degree of separation directly affects the magnitude of the induced voltage and the amount of transferred charge. Fig. 2(c) represents 
the maximum separation state of the S-TENG. In this state, the distance between the PET and PTFE layers is at its peak, maximizing the 
potential difference and the amount of generated electrical charge. The S-TENG device remains in this state until the external force re- 
applies, initiating the next contact phase. Upon the reapplication of the external force, the two layers begin to approach each other 
again (Fig. 2(d)). This re-approach reduces the potential difference, causing the accumulated charges to neutralize as electrons flow 
back through the external circuit in the opposite direction. This bidirectional flow of electrons results in an alternating current (AC) 
output. The cyclic process of approaching, pressing, releasing, and separating continuously drives electron flow, enabling the S-TENG 

Fig. 2. Operational mechanism of the S-TENG device, including (a) initial state, (b) separation phase, (c) maximum separation state, and (d) re- 
approaching phase.
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to convert mechanical energy into electrical energy efficiently. This principle of operation underpins the potential of S-TENG devices 
for applications in energy harvesting from ambient mechanical movements, offering a sustainable and flexible power source for 
various low-power electronic devices.

3.3. The electrical output of S-TENG device

Fig. 3 presents three TENG configurations with varying surface contact structures, alongside their respective output performance 
metrics in terms of Voc, Isc, and Qsc. According to Fig. 3(b1), Configuration (1) with a flat surface generates a baseline Voc of 
approximately 59.94 V. Configuration (2), with a single-sided sawtooth structure, shows an increased Voc output of about 80.84 V, 
attributed to the enhanced surface area and improved contact intimacy. Configuration (3), which utilizes a double-sided sawtooth 
structure, achieves the highest Voc output of around 98.26 V, indicating the superior performance due to maximum contact area and 
triboelectric interaction. According to Fig. 3(c), Configuration (1) delivers a baseline Isc of approximately 3.97 μA. Configuration (2) 
improves the Isc output to around 5.03 μA, demonstrating better charge transfer efficiency. Configuration (3) further enhances the Isc 
output to about 6.46 μA, correlating with its higher Isc output and improved surface interaction due to the double-sided sawtooth 
structure. The Qsc in Fig. 3(d) over time for each configuration shows that Configuration (1) generates about 25.94 nC. Configuration 
(2) increases the charge output to approximately 31.66 nC, while Configuration (3) reaches up to 38.26 nC. These results confirm the 
significant impact of surface structuring on the charge transfer efficiency of the S-TENG devices. Hence, compared to the flat structure, 
the serrated structure resulted in a 64 %, 63 %, and 47 % improvement in performance indicators such as Voc, Isc, and Qsc for S-TENG.

To provide a more scientific explanation of the S-TENG’s working mechanism, we examined the output characteristics of the TENG 
from a theoretical perspective. Specifically, in the theoretical framework for the S-TENG, the thicknesses of the two triboelectric layers 
are denoted by d1 and d2. Additionally, the permittivities of the two triboelectric layers and air are represented by ε1, ε2, and ε0, 
respectively. The area of the frictional surfaces is denoted by S, while the separation distance and transferred charge are indicated as x 
(t) and Q, respectively. Consequently, the theoretical V-Q-x relationship for the TENG can be expressed as follows: 

V= −
Q

Sε0

(
d1

ε1
+

d2

ε2
+ x(t)

)

+
σx(t)

ε0
(1) 

Obviously, as the contact area between the frictional layers increases, the output performance of TENG will also improve. This also 
demonstrates the scientific nature of S-TENG design from a theoretical perspective. The findings highlight that optimizing the contact 
surface morphology, especially with sawtooth structures, notably enhances the triboelectric performance of S-TENGs. This 
enhancement not only boosts energy harvesting efficiency but also underscores the value of S-TENGs in applications related to human 
posture monitoring, making them a powerful tool for sustainable and flexible energy generation to support low-power electronic 
devices.

The performance of the S-TENG is critically influenced by the maximum separation distance between the triboelectric materials 
(PTFE film and PET film) and the bending angle of the device. As described in Fig. 4(a), the Voc of S-TENG is measured for varying 
separation distances: 1 mm, 2 mm, 3 mm, 5 mm, and 6 mm. The voltage output increases with the separation distance, reaching up to 
90.35 V at 6 mm. This trend is attributed to the enhanced potential difference generated as the distance between the triboelectric layers 
increases, thereby improving the charge transfer efficiency. According to results in Fig. 4(b), the Isc follows a similar trend, increasing 

Fig. 3. (a1-a3) The structural diagram of three TENG configurations with different contact structures. The (b) Voc, (c) Isc, and (d) Qsc of three TENG 
configurations with different contact structures.
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from approximately 2.15 μA at 1 mm to around 4.51 μA at 6 mm. The increase in Isc output with greater separation distances is due to 
the higher electric field strength, which drives more electrons through the external circuit. The Qsc in Fig. 4(c) also rises with the 
separation distance, from about 23.51 nC at 1 mm to nearly 36.37 nC at 6 mm. The larger separation distance allows for a greater 
accumulation of triboelectric charges, resulting in higher Qsc. As shown in Fig. 4(d), the Voc of S-TENG is measured at different bending 
angles: 10◦, 30◦, 50◦, 70◦, and 90◦. The voltage increases with the bending angle, reaching up to 98.04 V at 90◦. Bending the S-TENG 
device increases the effective contact area and pressure between the triboelectric layers, thereby enhancing the triboelectric effect. The 
Isc of S-TENG in Fig. 4(e) also increases with the bending angle, from approximately 1.67 μA at 10◦ to around 4.35 μA at 90◦. The 
enhanced contact area and pressure improve the charge transfer efficiency, leading to higher current output. Similarly, the Qsc of S- 
TENG increases with the bending angle, from about 21.54 nC at 10◦ to nearly 38.51 nC at 90◦, as illustrated in Fig. 4(f). The improved 
contact conditions due to bending result in a greater accumulation and transfer of charges. The results clearly demonstrate that both 
the separation distance and bending angle significantly impact the S-TENG’s output performance. Increasing the separation distance 
enhances the electric field strength and potential difference, while larger bending angles improve the contact area and pressure be-
tween the triboelectric layers. These factors collectively contribute to higher voltage, current, and charge outputs. Optimizing these 
parameters is essential for maximizing the energy harvesting efficiency of S-TENG devices, making them more effective for practical 
applications in sustainable and flexible energy generation. Fig. 4(g–i) illustrate the output performance of the S-TENG with varying 
effective areas. As the area increases from 2 × 3 cm2 to 2 × 6 cm2, a significant enhancement in the output voltage, current, and charge 
is observed. Specifically, Fig. 4(g) demonstrates that the output voltage increases proportionally with the effective area, indicating a 
direct relationship between the area and voltage generation. Similarly, Fig. 4(h) shows an increasing trend in the output current with 
larger areas, reflecting the capacity of a larger surface area to generate higher current. Furthermore, Fig. 4(i) reveals that the charge 
output also rises with increasing area, suggesting that a larger area facilitates greater charge accumulation. These results collectively 
underscore the critical role of the effective area in optimizing the output performance of the S-TENG.

Fig. 4. Effect of separation distance and bending angle on S-TENG output. The (a) Voc, (b) Isc, and (c) Qsc of S-TENG for different separation 
distances (1 mm, 2 mm, 3 mm, 5 mm, and 6 mm). The (d) Voc, (e) Isc, and (f) Qsc of S-TENG for different bending angles (10◦, 30◦, 50◦, 70◦, and 90◦). 
The (g) Voc, (h) Isc, and (i) Qsc of S-TENG with different sizes.
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3.4. The sensing application of S-TENG device on swimming training safety monitoring

The contact and separation frequency between the triboelectric layers (PTFE and PET) significantly influence the output of the S- 
TENG. Fig. 5(a–c) present the Voc, Isc, and Qsc of the S-TENG at varying frequencies (2 Hz, 3 Hz, 4 Hz, and 5 Hz). The Voc of S-TENG 
maintains stability with frequency, demonstrating higher outputs at increased frequencies, reaching up to 104.94 V at 5 Hz, which 
indicates that faster contact-separation cycles enhance the charge generation rate, according to results in Fig. 5(a). Similarly, the Isc of 
S-TENG in Fig. 5(b) shows a positive correlation with frequency, with the current increasing from approximately 5.56 μA at 2 Hz to 
around 11.78 μA at 5 Hz. The higher frequency enhances the triboelectric effect, resulting in increased Isc. As described in Fig. 5(c), the 
Qsc of S-TENG exhibits a steady state with frequency, from about 35.68 nC at 2 Hz to nearly 33.64 nC at 5 Hz. As illustrated in Fig. 5(d), 
the S-TENG demonstrates stability across various humidity levels (20 %, 30 %, 40 %, 50 %, and 60 %), as evidenced by the consistent 
current outputs. This stability is attributed to the full encapsulation of the device, which protects the triboelectric layers from moisture 
and ensures reliable performance under different environmental conditions.The S-TENG is evaluated for its potential application in 
swimming monitoring. Fig. 5(e1, e2) depict swimmers performing backstroke and breaststroke, respectively. The S-TENG is capable of 
monitoring the swimmer’s elbow movements during different strokes, providing real-time data on performance. Fig. 5(f) compares the 
Voc of S-TENG for small and large elbow swing amplitudes. Larger amplitudes generate higher voltages, indicating that the S-TENG can 
effectively differentiate between varying movement intensities. Fig. 5(g) shows the Voc for low and high-speed elbow swings. Higher 
frequencies result in greater voltage outputs, suggesting that the S-TENG can monitor the speed and frequency of swimming strokes 
accurately. Fig. 5(h) illustrates the potential of the S-TENG for drowning detection. Anomalous voltage patterns indicate irregular 
movements, which can trigger a drowning warning (as highlighted by the blue box). This feature underscores the S-TENG’s capability 

Fig. 5. The (a) Voc, (b) Isc, (c) Qsc of S-TENG at different frequencies (2 Hz, 3 Hz, 4 Hz, 5 Hz) showing increased voltage with higher frequencies. (d) 
The Isc of S-TENG at various humidity levels (20 %, 30 %, 40 %, 50 %, 60 %), showing stable performance across different environmental conditions. 
The application of S-TENG in swimming monitoring, such as (e1) backstroke and (e2) breaststroke. (f) The Voc of S-TENG for small and large elbow 
swing amplitudes, indicating the S-TENG device’s capability to detect movement intensity. (g) The Voc of S-TENG for low and high-speed elbow 
swings, highlighting the S-TENG device’s sensitivity to movement frequency. (h) Anomalous voltage patterns triggering a drowning warning, 
showcasing potential for safety applications in swimming.
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to enhance swimmer safety by providing early warnings of distress. The application of S-TENG in swimming monitoring presents a 
novel approach to tracking and enhancing swimmer performance. The device can accurately measure elbow swing amplitude and 
frequency, providing valuable data for athletes and coaches. Additionally, the S-TENG’s ability to detect irregular movements and 
potential drowning incidents showcases its potential in safety applications. This excellent design has higher output performance and 
sensing capability compared to similar TENG structure designs before [50,51]. This study emphasizes the promising potential of 
combining 3D printing technology with TENG to create customizable, high-performance wearable sensors. Such integration could 
pave the way for developing highly tailored sensors that meet specific application needs, enhancing both functionality and adaptability 
in various environments. However, there is still considerable potential for enhancing the selection and design of triboelectric materials. 
By refining these materials, S-TENG could achieve even higher sensing capabilities. Continued advancements in this area could lead to 
more precise and efficient performance in various applications.

4. Conclusion

In conclusion, the 3D printed serrated contact structure in S-TENG marks significant advancements in energy harvesting and 
intelligent motion monitoring. The flexible 3D printing substrate enhances the triboelectric layer’s flexibility and ensures more 
effective contact, leading to improved energy harvesting efficiency. Compared to flat structures, the serrated design resulted in a 64 %, 
63 %, and 47 % increase in key performance metrics, including Voc, Isc, and Qsc. Additionally, the serrated contact structure enables S- 
TENG to function effectively under bending deformation, with Voc, Isc, and Qsc increasing as the bending angle rises, reaching up to 
98.04 V, 4.35 μA, and 38.51 nC at a 90◦ angle. When applied to swimming monitoring, S-TENG not only provides precise data on elbow 
swing amplitude and frequency but also enhances safety by enabling early detection of distress signals. This study highlights the 
potential of integrating 3D printing technology with TENG to develop customizable, high-performance wearable sensor. However, 
there is still significant room for improvement in the selection and design of frictional electrical materials, enabling S-TENG to achieve 
higher sensing capabilities.
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