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A B S T R A C T

The field of wearable technology is undergoing a transformative shift with the integration of IoT-enabled, AI-assisted sensors into sportswear, bringing sophisticated 
performance analysis within reach for a broader audience. Despite advancements in stitch strain sensors, there is a significant research gap in developing high- 
performance, stable, and IoT-connected complete stitch strain wearable sensor systems. These advanced sensors are essential for enhancing wearable technology 
and meeting the growing demands for improved user experience and functionality. In this study by utilizing conductive sewing threads and innovative stitching 
techniques, we fabricated textile strain sensors that offer high sensitivity, flexibility, and durability. Extensive calibration tests revealed strong linear relationships 
between resistance and tensile strain, with highest sensor sensitivity (2.08 Ω/mm during loading and 2.72 Ω/mm during unloading). These sensors demonstrate 
reliable performance with minimal hysteresis, particularly in shorter lengths. The wearable sportswear device, tested in gym environments, demonstrated the 
sensor’s capability to provide real-time feedback on knee flexing/bending and body movement during exercise. This functionality supports injury prevention and 
enhances workout efficiency. The sensor system is IoT-enabled, powered by an ESP8266 microcontroller, facilitating data transmission to the Thing Speak platform 
for advanced analysis and remote monitoring. This comprehensive approach not only advances wearable technology but also opens new avenues for remote health 
monitoring and smart e-textiles, contributing significantly to the fields of sports science and fitness technology.

1. Introduction

Wearable technology is undergoing a significant evolution, driven by 
the integration of IoT-enabled, AI-assisted sensors into sportswear. 
These advanced sensors provide an efficient way to monitor athletic 
performance, making detailed performance analysis accessible to a 
broader audience. Real-world athletic applications necessitate diverse 
biometric signal monitoring and body motion tracking under various 
external stimuli, such as stretching, compressing, flexing/bending, and 
twisting [1–3]. Therefore, it is crucial to develop cost-effective sensors 
with high sensitivity and robustness to meet the rigorous demands of IoT 
and AI-enabled wearable applications [4,5]. Moreover, wearable de
vices incorporating these sensors are often exposed to humid environ
ments, including sweat and rain, as they are worn on the human body. 
Consequently, these sensors must maintain high operational stability in 
any conditions [6]. However, many existing sensors are made from 
solid-state devices or semi-flexible materials, which do not fully inte
grate with sportswear and often function as cumbersome add-on com
ponents [7]. There is an increasing need for low-cost, simple sensors that 
seamlessly integrate into sportswear garments and consume minimal 
energy.

To address these challenges, researchers are now focusing on 
developing sensors, energy devices, electrodes, and electronic compo
nents primarily composed of textile materials such as yarns and fabrics 
[9–14]. Despite advances in electronic textiles, most devices struggle 
with compatibility, washability, durability and cost issues. Among these, 
stitch strain sensors are especially noteworthy for their ability to change 
the material’s mechanical properties under stress or strain while main
taining flexibility and wearability for effective real-time monitoring 
[8–11].These sensors can detect stretch, displacement, and force from 
both large joint movements and smaller body movements like breathing. 
Their integration allows for natural conformation to fabric movements 
and deformations, providing accurate strain measurements without 
compromising comfort or aesthetics. Stitch-based sensors are simple to 
fabricate and integrate into textiles [9]. Most stitch-based sensors use 
methods such as piezoresistive, resistive, capacitive, triboelectric, and 
piezoelectric [12–14]. Among these, piezoresistive films show signifi
cant resistance changes due to geometric alterations and microcracking 
but need improvements in durability and stretchability [15,16]. While 
triboelectric and piezoelectric textile capacitive sensors are known for 
their sensitivity and low energy consumption but face challenges from 
environmental noise [17]. Resistive sensors are favoured for their simple 
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and low cost fabrication methods but are often hindered from high 
hysteresis and poor recovery time [18].

George Stylios and his team emphasize the ease and affordability of 
producing textile stitch sensors by leveraging innovative resistive and 
stitching techniques [9]. Zhang et al. and Li et al. have demonstrated 
that the electrical resistance between overlapping knitted loops plays a 
significant role in the sensor’s overall resistance [19,20]. However, 
current research faces practical challenges, particularly during the 
calibration process. This highlights a pressing need for a comprehensive 
strain sensor system that includes an embedded system, which is both 
cost-effective and seamlessly integrated into sportswear. Developing 
such a system would address the existing gaps and enhance the func
tionality and usability of wearable technology in athletic applications.

We present the design and development of a stitch-based resistive 
strain sensor specifically tailored for seamless integration with IoT sys
tems in sportswear applications. This sensor combines optimal sewing 
thread, fabric, stitch-type properties and wearable garment design at
tributes, to achieve effective strain sensing and durability under exces
sive stretching. Extensive calibration tests revealed strong linear 
relationships between resistance and tensile strain, with the sensor 
exhibiting the highest sensitivity at 2.08 Ω/mm during loading and 2.72 
Ω/mm during unloading. The sensors demonstrated reliable perfor
mance with minimal hysteresis, particularly in shorter lengths. The 
developed system includes a Wi-Fi-embedded platform for acquiring and 
monitoring strain sensor data through IoT platforms. When integrated 
into garments, it offers athletes a sophisticated tool to enhance their 
performance and well-being. This wearable sportswear device, tested in 
gym environments, demonstrated the sensor’s ability to provide real- 
time feedback on bending and movement during exercises, aiding in 
injury prevention and enhancing workout efficiency. The IoT-enabled 
system, powered by an ESP8266 microcontroller, enabled seamless 
data transmission to the ThingSpeak platform for advanced analysis and 
remote monitoring. This comprehensive approach not only advances 
wearable technology but also paves the way for remote health moni
toring and smart e-textiles, making a significant contribution to sports 
science and fitness technology.

2. Materials and methods

The primary aspects of the stitch strain sensor involve selecting 
suitable threads and stitching patterns. Our main objective is to identify 
the most appropriate conductive yarn that provides optimal electrical 
performance for strain-sensing applications. Building on our previous 
research into stitch strain sensor patterns and various fabric types, we 
aim to achieve maximum stretchability and durability [9]. We precisely 

evaluated different conductive yarns to determine which offers the best 
electrical conductivity and resilience under stress. By utilizing stitch 
patterns specifically designed for stretchability, we ensured that the 
sensor assembly maintained its integrity and functionality even under 
significant deformation.

2.1. Materials

Preliminary studies were conducted to identify the ideal base threads 
by evaluating six different types for their high conductivity: 80 μm 
Monofilament Yarn, 100 μm Monofilament Yarn, 125 μm Monofilament 
Yarn, 150 μm Monofilament Yarn, 117/17 2-ply, and 234/34 4-ply. 
Fig. 1a demonstrates a linear increase in resistance with yarn length for 
various conductive yarns, with the 80 μm Monofilament Yarn showing 
the highest resistance and the 234/34 4-ply Yarn exhibiting the lowest 
resistance.

This linear relationship highlights the influence of yarn thickness and 
ply on electrical resistance, as thicker and multi-ply yarns provide more 
conductive pathways. Based on these preliminary trials and their 
conductive properties, two threads were selected: Silver plated nylon 
117/17 2-ply and 234/34 4-ply. These threads demonstrated excellent 
conductivity and stability, meeting our end-use requirements. The 
electrical specifications are as follows: Silver-plated nylon 117/17 2-ply 
has a load resistance of 500 Ω/m and a thread size of 33 Tex, while 
silver-plated nylon 234/34 4-ply has a load resistance of 50 Ω/m and a 
thread size of 92 Tex. Their tenacity (N/Tex) is 0.4 and 0.36, respec
tively. Fig. 1b compares the mechanical properties of two silver-plated 
nylon yarns: 117/17 2-ply and 234/34 4-ply. The 234/34 4-ply yarn 
demonstrates significantly higher maximum load capacity (46.27 N) 
compared to the 117/17 2-ply yarn (10.78 N), indicating superior tensile 
strength essential for applications involving significant mechanical 
stress. Both yarns exhibit similar energy at break values; however, the 
234/34 4-ply yarn absorbs more energy, suggesting enhanced durability 
and better performance under prolonged use or cyclic loading condi
tions. Furthermore, the 234/34 4-ply yarn shows much higher extension 
at break (113.17 mm) and elongation percentage (45.27 %) compared to 
the 117/17 2-ply yarn (30.56 mm and 12.34 %, respectively), high
lighting its superior flexibility and extensibility. These attributes make 
the 234/34 4-ply yarn a better option for high-performance applications 
requiring greater strength, durability, and flexibility.

2.2. Fabrication of stitch strain sensor

Our previous studies determined that the sensor operates effectively 
within a strain range of 0–20 %. Beyond this range, the sensor becomes 

Fig. 1. (a) Demonstrates a linear increase in resistance with yarn length for various conductive yarns and (b) Mechanical properties of silver-plated nylon yarns: 117/ 
17 2-ply and 234/34 4-ply.
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unsuitable due to issues with nonlinearity and nonmonotonicity. At 
higher strain levels, accurately determining resistance changes becomes 
challenging; for instance, a resistance change of 0.25 % could corre
spond to either an 8–12 % strain range or a 35–45 % strain range. 
However, within the specified range, the sensor demonstrated good 
linearity, minimal hysteresis, repeatability, and a consistent gauge fac
tor, making it reliable for precise measurements [9]. The sensors were 
clamped between the jaws of an Instron device, with each end connected 
to a digital Multimeter (DMM Agilent U1273A/U1273AX, Agilent 
Technologies Inc., Santa Clara, CA, USA). The Agilent GUI Data Logger 
software was used on a PC to capture the electrical resistance response 
during extension and recovery cycles at a sampling rate of approxi
mately 1 Hz. Data from both the tensile tester and the Multimeter were 
synchronized using digital timestamps for accurate correlation. Each 
cyclic test was conducted at a rate of 200 mm/min, with the sensor 
undergoing 50 % extension over 10 cycles. Additional tests involving 
100 cycles were performed to further assess sample repeatability. Ex
periments were conducted under standard atmospheric conditions, with 
a temperature of 20 ± 2 ◦C and a relative humidity of 65 % ± 2 %. All 
samples were conditioned in the laboratory for 24 h before testing to 
ensure consistent and reliable results.

Fig. 2 is a schematic representation, of the prototype, and working 
principle of 234/34 4-ply conductive threads sewn onto a single jersey 
Nylon 4.44 tex/2-ply fabric, using a zigzag stitch made with a PFAFF 
machine. Fig. 2(a) and (b) showcase the PFAFF sewing machine and a 
close-up of the zigzag stitching process, respectively. Fig. 2 (c) presents 
the developed strain sensor prototype, integrated seamlessly into the 
fabric. Fig. 2 (d) explains the stretching and de-stretching principle, 
where the zigzag pattern of the conductive thread changes with 
stretching. As the fabric stretches, the contacts between adjacent lengths 
of conductive thread open, increasing the conductive path by shifting 
resistive lengths from parallel to series, thereby raising the resistance. 
Initially, the sensor’s sensitivity to strain is low, but it increases rapidly 
after a certain threshold is reached, likely due to the limited number of 
contacts opening until sufficient stretching occurs. Additionally, 

changes in the dimensions of the conductive thread further influence the 
sensor’s resistance. When the thread is stretched, the conduction path 
lengthens (L > l) and its cross-sectional area decreases, typically leading 
to an increase in resistance (Fig. 2d). In stitches where more conductive 
thread lies across the fabric width than along the stretch direction, the 
overall thread length compresses rather than stretches, reducing the 
sensor resistance. This intricate balance between changes in the 
conductive path and thread dimensions allows the sensor to effectively 
monitor strain through variations in electrical resistance, making it well- 
suited for wearable technology and real-time athletic performance 
monitoring applications [9].

3. Results and discussion

Fig. 3 presents SEM images that provide a detailed analysis of the 
234/34 4-ply conductive yarn and its integration into a stitched strain 
sensor on a single jersey of Nylon 4.44 tex/2-ply fabric.

Fig. 3a shows a close-up view of the conductive yarn, emphasizing 
the uniform coating of silver, which is essential for ensuring consistent 
electrical properties across the yarn. This uniform coating is necessary 
for the sensor’s effective conductivity. Fig. 3b provides a magnified view 
of the twisted structure of the yarn, highlighting the mechanical 
robustness and flexibility that the twist imparts. This structural integrity 
is crucial for the yarn’s performance when integrated into wearable 
fabrics, as it must withstand repeated stretching and bending. Fig. 3c 
presents a broader view of the twisted conductive yarn, showing how the 
multiple plies are twisted together to optimize both conductivity and 
mechanical strength. Fig. 3d and e focus on the single jersey of Nylon 
4.44 tex/2-ply fabric substrate, highlighting the uniform fiber arrange
ments without the sensor. These images show the uniform distribution 
and tight weave of the fibers, which provide a stable base for the 
conductive yarn. Fig. 3f illustrates the integration of the conductive 
thread into the fabric, showcasing the zigzag stitch pattern used. This 
pattern is vital for maintaining consistent contact and conductivity 
under strain, allowing the sensor to stretch and contract with the fabric. 

Fig. 2. a-b) Schematic representation of the 234/34 4-ply conductive threads sewn onto a single jersey Nylon 4.44 tex/2-ply fabric using a zigzag stitch made with a 
PFAFF machine, c) The developed strain sensor prototype and d) the stretching and de-stretching working principle of the strain sensor.
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Fig. 3. SEM images of the 234/34 4-ply conductive yarn and its integration into a stitched strain sensor on a single Nylon 4.44 tex/2-ply fabric jersey. (a–b) Uniform 
coating of silver over the 234/34 4-ply conductive yarn; (c) twisting configuration of the conductive yarn; (d–e) single jersey Nylon 4.44 tex/2-ply fabric substrate 
highlighting uniform fiber arrangements without the sensor; (f) the conductive thread embedded into the fabric, ensuring proper integration and highlighting the 
zigzag stitch pattern.

Fig. 4. Calibration and performance of stitch strain sensors, resistance response with hysteresis effects for stitch lengths of a) 4 cm, b) 8 cm, and c) 16 cm.
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The zigzag stitch pattern ensures reliable performance, making the 
sensor suitable for wearable applications where flexibility, durability, 
and consistent conductivity are required.

The calibration of the stitch strain sensor involves precise measure
ment of resistance changes under controlled strain conditions, with the 
sensor’s response significantly influenced by the properties of the 
conductive threads and the stitch arrangement within the fabric. In this 
study, the sensor utilizes 234/34 4-ply conductive sewing thread 
stitched onto a single jersey Nylon 4.44 tex/2-ply combined with 
Spandex 7.78 tex. The sensor’s impedimetric response increases with 
displacement, indicating a reduction in the overall conductance of the 
system. The variation in the sensor’s impedimetric response can be 
attributed to changes in the density of states (DOS) of the 234/34 4-ply 
yarn with displacement. This change in DOS likely leads to an increased 
band gap (Eg) and a shift in the Fermi level (Ef), further supporting the 
critical role of conductance in sensor performance. Supplementary 
Video S1 demonstrates the calibration process, highlighting the high 
sensing capability of the stitch strain sensor.

To further explore the performance of strain sensors, we designed 
three additional sensors with stitch lengths of 4 cm, 8 cm, and 16 cm. 
These designs were utilized to calibrate and calculate the sensor’s 
sensitivity. Fig. 4a, b and 4c show the resistance response to tensile 
strain for stitch lengths of 4 cm, 8 cm, and 16 cm, respectively. All cases 
exhibit a hysteresis loop, indicating that resistance increases with strain 
and decreases upon relaxation but does not return to the original value 
immediately. This behavior suggests energy dissipation and potential 
internal friction within the material. The resistance values for the 8 cm 
and 16 cm stitch lengths are higher than those for the 4 cm stitch length, 
reflecting the longer conductive path and increased resistance. Addi
tionally, the hysteresis effect is more pronounced at longer stitch 
lengths, suggesting greater energy dissipation and more significant 
structural changes in the yarn at higher strains (see Fig. 5).

Calibration data reveal that all sensor lengths exhibit strong linear 
relationships between resistance and tensile strain, with high Pearson 
correlation coefficients (0.90928–0.99699) and R2 values 
(0.82779–0.99398), indicating reliable strain measurement. The 16 cm 
sensor consistently shows the highest sensitivity, with steep slope values 
(2.08818 during loading and 2.72727 during unloading), indicating a 
significant change in resistance per unit of strain. However, the notable 
difference in slopes between the loading and unloading phases for the 
16 cm sensor indicates significant hysteresis, potentially affecting pre
cision under cyclic loading. Shorter stitch sensors (4 cm and 8 cm) 
exhibit lower sensitivity but also show strong linear relationships and 
high adjusted R2 values, indicating reliable performance with less 
variability due to hysteresis effects. The lower intercept values for these 
sensors reflect lower baseline resistance, beneficial for applications 
requiring minimal interference from the sensor itself.

Sensitivity calculations show that the 16 cm sensor has the highest 
sensitivity during the loading phase (2.08818 Ω/mm) and an even 
higher sensitivity during the unloading phase (2.72727 Ω/mm), sug
gesting elastic recovery or structural changes influencing resistance. The 
8 cm sensor has sensitivities of 1.91882 Ω/mm during loading and 
2.02727 Ω/mm during unloading, indicating relatively consistent 
behavior with less pronounced hysteresis compared to the 16 cm sensor. 
The 4 cm sensor exhibits the lowest sensitivity (0.59882 Ω/mm during 
loading and 0.66065 Ω/mm during unloading), but the smaller differ
ence between loading and unloading sensitivities implies minimal hys
teresis and stable performance under cyclic conditions. These results 
reveal valuable insights into the electrical behaviour of different 
conductive yarns under tensile strain, emphasizing the importance of 
yarn type and stitch length in sensor performance. The linear increase in 
resistance with yarn length, combined with the observed hysteresis 
behaviour, highlights the intricate interplay between material proper
ties and sensor design. To verify the sensor’s response time, we con
ducted a series of controlled experiments to measure its reaction to 
varying levels of strain. Using a high-speed data acquisition system with 
a sampling rate of 1 kHz, the sensor was subjected to rapid, incremental 
changes in strain, with resistance recorded in real-time. Tests were 
performed under three distinct strain conditions: low (5 % elongation), 
moderate (10 % elongation), and high (20 % elongation), with data 
captured at 100 ms intervals for up to 2 s. Under low strain (5 % elon
gation), the sensor demonstrated an impressive response time of 10 ms, 
with resistance readings stabilizing within 20 ms after strain applica
tion. For moderate strain (10 % elongation), the response time increased 
slightly to 15 ms, stabilizing within 25 ms. At high strain levels (20 % 
elongation), the response time was 18 ms, with stabilization occurring 
within 30 ms. Across all tests, the sensor exhibited an average response 
time of 14 ms, with resistance stabilizing within an average of 25 ms 
after the initial strain application. These results confirm that the sensor 
has a rapid response time across various strain conditions, with only a 
slight increase in response time at higher strain levels due to the longer 
relaxation period required for the conductive threads under greater 
elongation. This fast response capability makes the sensor highly suit
able for real-time monitoring. Detailed response time data is included in 
the supplementary materials as Table S4. Understanding these re
lationships is crucial for developing effective and reliable textile-based 
strain sensors [21].

4. Integration of stitch sensors into sportswear garments

The complete integration of the developed strain sensor into 
sportswear, as illustrated in Fig. 6, involves a meticulous process that 
ensures both functionality and wearer comfort. The sensor is fabricated 
using conductive yarn stitched onto a stretchable fabric substrate, such 

Fig. 5. Relative strain sensor response during the a) loading phase and b) the unloading phase.
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as spandex or nylon, commonly used in athletic wear. The conductive 
yarn is sewn in a predetermined path along the fabric using an industrial 
lockstitch sewing machine, ensuring evenly spaced and secure stitches 
to maintain consistent electrical properties and durability. The sensor is 
designed as an integral part of a pair of gym run tights. Nickel-free brass 
snap poppers are attached at both ends of the conductive path, serving as 
detachable electrode connection points. The sensor is then integrated 
into the sportswear by sewing it along the front center length of the gym 
run tights, with the snap poppers positioned for interchangeability and 
modularity [22] This setup allows the underlying fabric to retain its 
natural stretch and movement characteristics. Initial testing and cali
bration involved connecting the sensor to a calibration system that we 
developed using an ESP8266 microcontroller via the snap poppers and 
monitoring resistance changes as the fabric is stretched, as shown in 
Supplementary Video S2. This step is crucial to ensure accurate strain 
measurement and may require algorithm adjustments for precise intel
ligent sensing detection. The final integration ensures that the sensor is 
both securely attached to the run tights and capable of providing 
real-time data on strain, making it a valuable tool for monitoring athletic 
performance.

We have further developed a comprehensive real-time strain moni
toring system and integrated it into sportswear to detect body flexing 
counts during gym sessions. Fig. 7 presents a schematic illustration of 
the complete IoT-enabled stitch strain sensor system, which comprises 
several critical components: a signal acquisition unit, a wireless trans
mission module, data processing software, and an output interface. The 
signal acquisition unit features a voltage divider circuit that transmits 
voltage signals to the ESP8266 Wi-Fi microcontroller, enabling real-time 
strain signal monitoring. This strain sensor system is powered by a 32-bit 
microcontroller integrated with an ESP module. The software module 
developed using the Arduino integrated development environment 

(IDE) and embedded C programming, includes an algorithm that con
nects the strain sensor system to the ESP8266 Wi-Fi module, facilitating 
a connection with the ThingSpeak server.

During operation, the algorithm reads analog values from the strain 
sensor, converts these values to resistance using the voltage divider 
formula, and maps them to displacement values, which are essential for 
interpreting physical bending.

A debounce algorithm filters out noise to prevent false body flexing 
detections, ensuring that only displacements exceeding a predefined 
threshold are recorded after sufficient time has passed since the last 
detection. For step counting, the algorithm employs a consecutive flex 
detection method, counting the number of leg bends that surpass the 
threshold within a specified timeframe. If the count exceeds the mini
mum threshold, it registers a step and calculates the distance covered 
based on a predefined step length. Once steps are detected, the program 
compiles the data, including the number of bends, steps, and total dis
tance covered, and transmits it to the ThingSpeak server via an HTTP 
POST request. This setup allows for real-time visualization and analysis 
of physical activity data. The integration of sophisticated algorithms for 
bend detection and step counting, combined with the strain sensor and 
Wi-Fi-enabled microcontroller, results in a highly accurate and reliable 
system for monitoring physical activities. This system is particularly 
suited for fitness tracking and health monitoring, enabling continuous 
monitoring and providing valuable data-driven insights into physical 
performance and movement patterns. By enabling real-time data 
acquisition, transmission, and analysis, the system significantly en
hances remote diagnostics and control capabilities via the ThingSpeak 
platform. Its advanced monitoring capabilities offer detailed strain 
analysis, ensuring continuous and precise monitoring of physical 
activities.

The high Pearson’s and R2 values from calibration data suggest that 

Fig. 6. a-d) Demonstrates the full integration of the developed strain sensor into sportswear, highlighting its seamless incorporation, e) Illustrates the design feature 
that allows the sensor to be easily removed and reattached at any time.
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the system is highly reliable and precise in measuring strain. Moreover, 
the observed hysteresis in resistance measurements indicates the mate
rial’s energy dissipation characteristics, which are essential for under
standing the mechanical behavior of the fabric under strain [23,24] 
Fig. 7a shows the complete IoT-enabled strain sensor system imple
mented in a gym setting during a cycling exercise, Fig. 7b displays 
real-time strain data in the serial monitor, and Fig. 7c–e illustrates the 
front-end visualization system representing both recorded and real-time 
strain measurements, including strain detection, counts of strain events, 
and the location of the measurements.

5. Real-time impact of the strain sensor in a fitness center

The integration of our SMART strain sensor into sportswear, as 
illustrated in Fig. 8, significantly enhances gym-based activities by 
precisely detecting flexing, bending, and movement across various 
equipment-based exercises, including resistance machines, treadmills, 
leg presses, rowing machines, and cycling apparatuses (Fig. 8a–f). These 
sensors offer real-time monitoring capabilities that accurately track 
workout intensity and form, delivering immediate feedback to users. 
This feedback is crucial for monitoring repetitive movements, ensuring 
proper technique, and minimizing injury risks due to improper form or 

Fig. 7. a) Schematic illustration of the complete IoT-enabled strain sensor system implemented in a gym setting during a cycling exercise, b) Real-time touch data 
displayed in the serial monitor, and c-d) Front-end visualization system representing both recorded and real-time strain measurements, including bending/flexing 
detection, and geographical information.
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overexertion. Supplementary videos 3 to 6 showcase the real-time 
impact of the developed strain sensors during various gym activities 
conducted at the Tri Fitness Center in Galashiels, Scottish Borders.

The data collected by these sensors can be used to tailor workout 
plans to individual needs, track progress over time, and evaluate the 
effectiveness of specific exercises. Continuous monitoring of strain and 
movement across different gym apparatuses underscores the system’s 
versatility and importance in promoting safer and more effective 
workouts. IoT-enabled strain sensors allow athletes and fitness enthu
siasts to achieve optimal performance, reduce injury risks, and help with 
data-driven insights and real-time feedback.

During controlled cycling tests, the sensor maintained consistent 
performance across 100 cycles of 20 % strain, with resistance variation 
remaining within ±2 % of the initial value and no significant drift 
observed, indicating strong durability and minimal fatigue over 
repeated use. Real-world user trials in gym conditions further validated 
the sensor’s reliability and flexibility. The sensor consistently recorded 
accurate strain data during treadmill walking and running (10%–15 % 
strain), leg flexing on rowing machines, and knee flexing during 
weightlifting, without any noticeable degradation in performance. 
Throughout these exercises, the sensor exhibited excellent wearability, 
conforming comfortably to the body and enduring the mechanical 
stresses associated with various activities, with secure attachment to the 
fabric and no detachment observed. These findings confirm that the 
sensor is capable of withstanding long-term and repeated use without 
compromising its performance, making it an invaluable tool for 
enhancing fitness tracking, athletic performance monitoring, and over
all exercise efficiency.

6. Conclusion

This study presents a significant advancement in the field of wear
able technology, particularly within the sports and fitness sector, 
through the development and integration of IoT-enabled textile-based 
strain sensors into sportswear. These sensors, constructed from 
conductive sewing threads and optimized stitch patterns over elasticated 
base fabric, demonstrate high sensitivity, excellent linearity, and mini
mal hysteresis, making them ideal for real-time monitoring of athletic 
performance. Their seamless integration in garment design, simplicity in 
making and use, as well as their cost effectiveness, durability and 
comfort, should be highlighted. Our comprehensive experimental vali
dation, including calibration and real-world gym testing, confirms that 
these sensors can accurately detect and measure strain during various 
physical activities, providing immediate feedback on workout intensity 
and form. Their integration into sportswear, supported by an IoT 
framework utilizing the ESP8266 microcontroller and ThingSpeak 
platform, facilitates seamless data transmission and advanced analysis. 
This system not only tracks flexing/bending and movement with high 
precision but also supports the customization of workout plans and 
performance optimization based on detailed strain data. The robust 
performance of our sensors across different gym apparatuses highlights 
their versatility and practical applicability, ensuring they can enhance 
workout safety and efficiency by reducing the risk of injuries caused by 
improper techniques or overexertion. This work based on textile sensors, 
lays a strong foundation for future innovations in wearable technology, 
remote health monitoring, and smart textiles, driving forward the ca
pabilities and applications of IoT-enabled sportswear.

Fig. 8. Practical application and demonstration of the performance of the SMART strain sensor in sportswear. a) Demonstrated during a treadmill workout, showing 
its ability to monitor strain during walking and running, b) sensor is in use during leg press exercises, c) real-time monitoring of the sensor during a cycling machine 
session, providing feedback on the user’s form and consistency, d) application of the sensor during weightlifting exercises, specifically knee flexing, to measure joint 
stress and evaluate strength training routines, e) sensor’s performance during rowing exercises and f) sensor tested for knee flexing during various other 
gym activities.
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