IJARCCE ISSN (O) 2278-1021, ISSN (P) 2319-5940

International Journal of Advanced Research in Computer and Communication Engineering

Impact Factor 8.471 :< Peer-reviewed & Refereed journal :: Vol. 15, Issue 1, January 2026
DOI: 10.17148/IJARCCE.2026.15112

RUCK SOLE X:
A Wearable Smart Insole System for
Real-Time Athlete Performance Insights

Bhavya Reddy!, Naveen Kuamr K?, Rashmik V K3

Department of Computer Science and Engineering, The Oxford College of Engineering,
Affiliated to Visvesvaraya Technological University, Belagavi, Karnataka, India'?>

Abstract: Athletic performance relies heavily on how the foot makes contact with the ground during movement. Most
traditional methods of measuring this involve lab equipment, which can feel unnatural and restrict testing to controlled
environments. This project introduces RUCK SOLE X, a smart insole designed to track foot biomechanics during actual
training and competition.

The insole is flexible, comfortable, and made for long-term use. It combines pressure, motion, temperature, and moisture
sensors to gather detailed foot data without interrupting the athlete. An embedded controller processes this information
in real time, instantly identifying gait events and load patterns, even without constant internet access. For deeper insights,
long-term data is analyzed in the cloud to identify unusual movement patterns and potential injury risks.

All results are shown through a mobile app with clear, easy-to-read visuals, helping athletes and coaches quickly grasp
what’s happening with their feet. Testing indicates the system delivers reliable performance and fast feedback, working
well in real-world training settings. Its adaptable design fits many types of athletic shoes, making it suitable for various
sports.

Regular firmware updates enhance accuracy over time. The collected data helps coaches and sports scientists refine
training plans, lower injury risks, and personalize performance improvements. Overall, RUCK SOLE X represents a
significant advance in wearable sports technology.

Keywords: Athlete Monitoring, Biomechanics, Edge Computing, Gait Analysis, Sensor Fusion, Smart Insole, Sports
Technology, Wearable IoT

L INTRODUCTION

Foot biomechanics play a critical role in athletic performance, efficiency, and injury prevention. However, most
traditional assessment techniques rely on laboratory-based tools such as motion capture systems and force platforms.
Although these tools provide accurate measurements, they restrict athletes to artificial environments that do not represent
real training or competition scenarios.

During actual athletic activity, movement patterns are influenced by surface conditions, fatigue, footwear, and individual
technique. These factors are difficult to capture using controlled laboratory setups, resulting in incomplete biomechanical
insight. As a result, performance data collected under such conditions may not accurately reflect real-world behavior.
Wearable technologies have emerged as a practical alternative by enabling continuous monitoring during natural
movement. Among these, footwear-based systems offer a direct way to observe foot—ground interaction without
interfering with motion. Sensors embedded within shoes can capture pressure distribution, timing, and movement
dynamics while athletes train normally.

Despite this potential, many existing smart insole systems provide limited feedback due to narrow sensing coverage,
delayed analysis, or reliance on post-session data processing. The RUCK SOLE X system was developed to address
these challenges by combining multi-sensor data acquisition with real-time embedded processing inside an athletic
insole. This approach enables early identification of inefficient movement patterns and excessive loading, supporting
informed decisionmaking during training rather than after injury occurs.

A. Research Motivation and Goals

Although smart insoles have gained attention in recent years, their practical application in athletic training remains
limited. Many designs rely on a small number of pressure sensors, which restricts accurate measurement of force
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distribution across the foot. This limitation reduces the ability to detect localized stress points that often contribute to
overuse injuries.

In addition, several existing systems depend heavily on external devices or cloud platforms for processing, introducing
delays that reduce the usefulness of real-time feedback. Connectivity constraints further limit their effectiveness in
outdoor or high-mobility training environments.

These challenges indicate the need for a wearable solution that can independently sense, analyze, and interpret
biomechanical data during activity. RUCK SOLE X addresses this requirement through an integrated insole architecture
that combines sensing, local computation, wireless communication, and visualization within a single wearable system.

B. Key Contributions

This research makes several key contributions to the field of wearable sports technology. First, it introduces a multi-
modal smart insole that integrates pressure, motion, temperature, and moisture sensing within a single wearable platform,
enabling comprehensive assessment of foot biomechanics.

The system incorporates real-time embedded processing that allows critical gait events and loading patterns to be
identified directly on the device. This local analysis reduces response time and minimizes reliance on continuous network
connectivity.

The platform supports long-term performance evaluation through cloud-based analytics, enabling detection of abnormal
movement trends and estimation of injury risk over extended training periods.

RUCK SOLE X is developed as a complete end-to-end system, combining sensor acquisition, embedded computation,
wireless communication, mobile visualization, and intelligent analytics. Experimental evaluation demonstrates
improved detection accuracy, responsiveness, and reliability when compared to conventional footwear-based monitoring
approaches.

The system emphasizes energy-aware operation through the inclusion of mechanical energy conversion techniques that
supplement battery power. By harvesting energy generated during foot-ground interaction, the system extends
operational duration and reduces the need for frequent recharging, a feature not commonly implemented in existing
insole-based solutions.

In addition, the platform is developed as a complete end-toend architecture, encompassing sensor acquisition, embedded
computation, wireless communication, user interaction, and advanced analytics. This holistic design supports scalability
across multiple application domains, including competitive sports training, physical rehabilitation, and clinical
movement assessment. The work presents formal system models that document component interconnections,
information flow, data fusion strategies, and movement analysis logic. These models provide a reusable foundation for
future research and development in wearable biomechanics systems. Experimental evaluation of the proposed system
demonstrates measurable improvements in movement event detection accuracy, force measurement consistency, system
responsiveness, and abnormality detection reliability when compared with conventional footwear monitoring
approaches.
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Figure 1: System Architecture Overview
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II. LITERATURE SURVEY

Ch Santos et al. [1] conducted a systematic review of smart insole sensor technologies. They provided an overview of
pressure, inertial, and hybrid sensing methods used for gait and load monitoring. Their study pointed out common limits
in existing systems, such as limited sensing coverage and the lack of real-time analysis. This review sets a broad baseline
for assessing smart insole designs and highlights the need for integrated, real-time solutions like RUCK SOLE X.

Kasai et al. [2] researched smart insole-based gait biomechanics, focusing on foot comfort and mobility assessment.
Their work showed accurate plantar pressure distribution analysis but mainly relied on offline data processing. This
limitation restricts immediate feedback during activity, a gap that RUCK SOLE X fills with embedded, on-device gait
event detection.

Chen et al. [3] assessed the effectiveness of wearable plantar pressure devices in detecting muscle fatigue. Their findings
indicated that pressure variation patterns strongly relate to fatigue levels during prolonged activity. However, the study
concentrated on isolated fatigue indicators instead of a full biomechanical analysis. RUCK SOLE X extends this idea
by combining pressure sensing with motion, temperature, and moisture data for complete performance monitoring.

D’Arco et al. [4] looked into the use of smart insoles for gait assessment in rehabilitation settings. Their system worked
well in controlled clinical environments but needed frequent calibration and was suited for low-intensity movement. In
contrast, RUCK SOLE X is designed for high-intensity athletic training and reduces the need for calibration.

Park et al. [5] used sequential neural networks for identifying abnormal gait from smart insole data. While their method
achieved promising classification accuracy, it depended heavily on cloud-based processing, which introduced delays.
RUCK SOLE X resolves this issue by combining local, embedded analysis with cloud-based long-term trend evaluation.
Li et al. [6] assessed a combined wearable system featuring capacitive insole sensors and inertial measurement units.
Their research showed better motion and pressure correlation but did not focus on real-time feedback or long-duration
use in the field. RUCK SOLE X builds on this integration by adding edge processing and energy-efficient operation.

Olsen [7] surveyed the role of wearable sensors in athletic training and performance biomechanics, stressing the
importance of comfort and unobtrusive design. However, foot-level sensing was treated as secondary. RUCK SOLE X
addresses this gap by focusing on foot-ground interaction as a key performance indicator.

Alzahrani and Ullah [8] explored advanced biomechanical analytics for precise sports health monitoring, underlining
the potential of Al-driven insights. Their work relied mostly on centralized data analysis. RUCK SOLE X complements
this by allowing immediate, localized intelligence along with long-term analytics.

Santos et al. [9] introduced smart insole prototypes that incorporated artificial intelligence and wireless communication.
While their designs showed potential, they lacked a unified end-to-end framework. RUCK SOLE X builds on this
research with a fully integrated pipeline for sensing, processing, visualization, and analysis.

Xue et al. [10] studied wearable sensor applications for limb biomechanics in high-intensity sports, confirming the
importance of durability and responsiveness under dynamic conditions. Their findings support the design principles of
RUCK SOLE X, which is optimized for real-world athletic environments.

III. METHODOLOGY

The proposed RUCK SOLE X system follows a structured methodology that integrates hardware design, signal
acquisition, intelligent analysis, and software deployment into a unified wearable monitoring framework. The
methodology is guided by practical constraints inherent to wearable devices, including power efficiency, compact form
factor, user comfort, durability under repetitive mechanical stress, and real-time responsiveness. The overall architecture
emphasizes seamless interaction between sensing, embedded computation, communication, and analytics to support
continuous biomechanical monitoring during natural athletic activity [1], [7].

The system architecture is organized into interconnected functional stages that transform raw physical interactions at the
foot level into meaningful performance insights. These stages include hardware development, signal conditioning, gait
analysis, intelligent data modeling, and software validation, ensuring robustness and scalability across diverse athletic
use cases [8], [10].
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Figure 2: Methodology Flow

3.1 Hardware Development Process

The hardware development methodology adopts a system-level design approach that integrates sensing, computation,
and power management within the physical constraints of an athletic insole. Component selection prioritized minimal
thickness, flexibility, and low power consumption while ensuring consistent performance under repeated mechanical
stress generated during walking and running activities [6], [9].

Thin-film pressure sensors were selected to capture plantar force distribution due to their flexibility and predictable
response characteristics. A compact inertial measurement unit capable of recording linear acceleration and angular
velocity was integrated to monitor dynamic foot motion without introducing computational overhead. All components
were evaluated for cost efficiency to support scalability in large deployments.

A custom electronic layout was designed to position sensitive components in regions of comparatively lower plantar
pressure, reducing long-term mechanical fatigue and improving durability. Power regulation circuitry ensures stable
voltage delivery under dynamic load conditions. The complete hardware architecture was validated through repeated
flexing and load simulations to confirm operational reliability during extended use [2], [10].

3.2 Signal Acquisition and Conditioning

Accurate biomechanical analysis requires clean and reliable sensor data; however, wearable signals are inherently
affected by vibration, impact forces, environmental interference, and sensor drift. To address these challenges, the system
employs a structured signal conditioning pipeline prior to analytical processing [1], [11].

Raw sensor outputs are initially stabilized using smoothing techniques to reduce transient motion artifacts. Frequency-
selective filtering is then applied to suppress high-frequency noise while preserving meaningful movement
characteristics. These steps significantly improve the signal-to-noise ratio and ensure that downstream analytical
processes operate on stable and interpretable data [3], [6].

3.3 Gait Event Ildentification and Parameter Estimation

Conditioned sensor data is analyzed to identify fundamental gait events that define the movement cycle. The
methodology combines force-based indicators from pressure sensors with motion-based indicators from inertial data to
detect initial ground contact and foot lift-off with high reliability. Correlating pressure transitions with motion patterns
reduces ambiguity and improves robustness across varying activity intensities [2], [5].

Temporal relationships between detected events are used to compute essential gait parameters, including step frequency,
stance duration, and swing duration. Distance-related estimates are derived through controlled integration of motion data
with drift correction mechanisms. These parameters collectively characterize movement efficiency, thythm consistency,
and load distribution behavior during athletic activity [4], [7].
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3.4 Intelligent Data Analysis and Model Training

To move beyond descriptive metrics, intelligent analytical models are incorporated to interpret biomechanical patterns
and detect deviations from expected behavior. Data collection involved synchronized multi-sensor recordings from
multiple participants performing standardized physical activities representative of real training conditions [8], [9].
Feature extraction focused on deriving meaningful descriptors such as temporal consistency, loading symmetry, motion
intensity, and force variability. Both statistical and spectral characteristics were included to capture short-term
fluctuations and rhythmic patterns. Supervised learning models were trained to classify movement behavior and detect
irregular gait patterns, while regression-based models were used to estimate injury risk indicators. Subject-independent
validation was performed to ensure generalization across users [5], [10].

3.5 Software Deployment and System Validation

The final stage of the methodology focuses on software integration, deployment, and validation. A cross-platform mobile
application was developed to provide real-time visualization and intuitive user interaction. Performance-critical
components were optimized to ensure smooth rendering of biomechanical data without excessive battery consumption.
Wireless communication protocols were tuned to maintain reliability under continuous movement conditions [7], [9].
All software components are managed through structured version control and automated testing pipelines to ensure
consistency across updates. Remote firmware update mechanisms enable system enhancements without physical access
to the device. Validation testing involved extended real-world usage sessions to evaluate system stability, responsiveness,
and user comfort, confirming the practicality of the proposed methodology in real athletic environments [1], [10].

Iv. IMPLEMENTATION ENVIRONMENT

The implementation environment of the RUCK SOLE X system is designed to support reliable real-time biomechanical
monitoring while working within the limits of wearable devices. This environment includes embedded hardware, mobile
software, wireless communication, and cloud-based analytics. It ensures smooth interaction across all system layers. We
focus on low power consumption, responsiveness, strength, and scalability for real-world athletic use.

At the hardware level, the system runs on a low-power embedded controller directly integrated into the insole. The
controller connects with thin-film pressure sensors, an inertial measurement unit (IMU), temperature sensors, and
moisture sensors. We develop firmware using a lightweight embedded development framework tailored for real-time
signal acquisition and processing. The embedded software carries out sensor sampling, signal conditioning, gait event
detection, and feature extraction locally. This approach reduces reliance on constant network connectivity and decreases
latency during activity.

Wireless communication between the insole and external devices uses a short-range, low-power protocol designed for
wearable applications. This setup enables continuous data streaming to the mobile application during training sessions
while conserving battery life. We use packet structuring, integrity checks, and adaptive transmission strategies to ensure
reliability during dynamic movements.

The mobile application acts as the main user interface and is built using a cross-platform mobile development
framework. This app provides real-time views of plantar pressure distribution, gait timing parameters, and balance
indicators. We optimize performance-critical rendering components to ensure smooth visualization without draining the
user’s device battery too much. User-specific settings, session summaries, and historical performance records are kept
locally and synchronized with cloud services when connectivity is available.

The cloud infrastructure supports long-term data storage, in-depth analytics, and monitoring for multiple users. After
processing, session data is securely sent to cloud servers. There, analytical models assess long-term movement trends,
spot irregular patterns, and estimate injury risks. A web-based dashboard allows coaches and clinicians to monitor
multiple athletes at the same time and review long-term performance metrics.

We address security and reliability across all layers. Wireless communication uses encrypted data transmission, and
cloud storage enforces strict access controls along with user-level data separation. We deliver firmware and application
updates through remote mechanisms, allowing system improvements without needing physical access to the devices.
Validation testing across embedded firmware, mobile software, and cloud services confirms stable performance,
responsiveness, and usability during real-world athletic conditions.

This integrated implementation environment ensures that RUCK SOLE X functions as a cohesive system capable of
delivering real-time biomechanical insights in field-based training situations.
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V. RESULTS

A. Performance Benchmarks

System performance was evaluated through extended real-world athletic trials involving multiple users across varied
training conditions. Evaluation focused on sensor accuracy, real-time responsiveness, processing latency,
communication reliability, and power efficiency. All operational stages met real-time constraints required for field-based
athletic monitoring.

Performance Metric Value
Heel-Strike Detection Accuracy 96.8%
Toe-Off Detection Accuracy 95.3%

Average Timing Error 12.4 ms
False Positive Rate 1.8%

Result Analysis - System Evaluation (Gray Scale)

Marks (Out of 100)
5 & & & 8 @

w

racy
gensof s

A4
canon - Eﬂ'\oeﬂqﬁed g POWE
B2

cuon .
x DEE i
Gal Cof Pmce‘;,\

Evaluation Parameters
Figure 3: Performance breakdown across sensing, processing, communication, and visualization stages.

B. Feature Comparison Across Systems

A comparative analysis was conducted to evaluate the capabilities of RUCK SOLE X against conventional smart
insole systems. Table I summarizes the key feature differences, highlighting improvements in sensing coverage,
processing architecture, feedback latency, and injury analysis support.

Feature Conventional Systems RUCK SOLE X
Sensor Modalities 1-2 5
Edge Processing Not Supported Supported
Feedback Latency > 50 ms <20 ms
Energy Harvesting No Yes
Injury Risk Analysis Limited Comprehensive
VL CONCLUSION

This paper presented RUCK SOLE X, a wearable smart insole system designed to support continuous biomechanical
monitoring during natural athletic activity. By embedding multiple sensors and local processing within the insole, the
system enables direct observation of foot—ground interaction without restricting movement. Real-time analysis allows
immediate feedback on gait behavior, while cloud-based evaluation supports long-term performance assessment.
Experimental results indicate that the system operates reliably under real training conditions and provides meaningful
biomechanical insight. From a practical standpoint, RUCK SOLE X supports technique improvement, fatigue
monitoring, detection of asymmetry, and early identification of injury-related movement patterns. The system bridges
the gap between laboratory-based analysis and real-world training, demonstrating the potential of smart insole
technology in performance optimization and injury prevention.
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