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Abstract: This project presents the
development and implementation of a shoe-
integrated sensor system for wireless gait analysis
and posture assessment. The system utilizes
force-sensitive resistors (FSRs) strategically
placed within the shoe's insole to measure
pressure  distribution  during  locomotion.
Integrated Arduino microcontrollers facilitate
real-time data processing and  wireless
communication between the shoe-mounted
sensors and a central monitoring unit. The system
incorporates HC-12 wireless communication
modules for long-range data transmission and
USB Serial Ports for direct computer
connectivity, enabling instant data retrieval and
analysis. Through iterative prototyping and
refinement, the project addresses challenges such
as sensor  sensitivity and  component
compatibility, resulting in a robust and reliable
sensor system. Real-world application of the
project to a patient with foot injuries demonstrates
its efficacy in clinical settings, providing valuable
insights into musculoskeletal conditions and
facilitating personalized treatment interventions.
Overall, this project contributes to the
advancement of wearable sensor technology in
healthcare, offering a promising solution for gait
analysis and posture assessment in rehabilitation
and clinical practice.
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Introduction
1. Introduction

In the field of biomechanical engineering and health monitoring, the intersection of sensor
technology and footwear has garnered attention for its potential in advancing gait analysis. This
study embarks on the creation of a sophisticated Shoe-Integrated Sensor System designed to
wirelessly capture and scrutinize the nuances of human gait. By seamlessly integrating state-of-
the-art sensors into commonplace footwear, this innovative system promises to unravel intricate
biomechanical details, holding profound implications for fields such as rehabilitation, sports
science, and wearable health technology [1].

This research endeavors to establish a paradigm shift in how we understand and monitor human
movement. The amalgamation of biomechanics, sensor technology, and footwear, as proposed in
this study, has the potential to not only enhance the precision of gait analysis but also democratize
its accessibility [2]. With implications reaching far beyond the confines of traditional research
settings, the outcomes of this project aspire to contribute significantly to the development of
practical, user-friendly solutions for improved healthcare diagnostics, personalized rehabilitation
strategies, and advancements in sports performance analytics [3].

2. The Problem Statement and the Solution

Within the realm of gait analysis, existing methodologies are confronted with inherent limitations,
primarily stemming from the constrained environments of laboratory setups and the cumbersome
instrumentation required. Conventional gait analysis often lacks real-world applicability and may
compromise the fidelity of collected data due to the artificiality of laboratory conditions [4].

The identified problem necessitates a paradigm shift in the approach to gait analysis, prompting
the need for a sophisticated solution that seamlessly integrates into individuals' daily lives. The
proposed Shoe-Integrated Sensor System addresses this challenge by offering a wireless,
unobtrusive means of capturing and scrutinizing gait dynamics in authentic settings. This
innovative solution seeks to transcend the constraints of traditional methodologies, ensuring a
more accurate, ecologically valid, and user-friendly approach to gait analysis [5].

The core issues encompassing gait analysis limitations, including restricted mobility and
impractical instrumentation, underscore the urgency of developing a viable solution. The
envisaged Shoe-Integrated Sensor System emerges as a pioneering response, poised to redefine
the landscape of gait analysis by introducing a versatile, unencumbered, and technologically
advanced platform for comprehensive biomechanical assessments [6].
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Figure 1-1: Simplified scheme of the techniques available for gait analysis [7].
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3. Objective

The project objectives are meticulously crafted to guide the systematic development and validation
of the Shoe-Integrated Sensor System, ensuring a focused and purposeful trajectory.

1. Sensor Integration:

Develop and integrate state-of-the-art sensors seamlessly into footwear to enable precise and
comprehensive data collection on various aspects of gait dynamics.

2. Data Accuracy Validation:

Establish rigorous validation protocols to ensure the accuracy and reliability of the collected gait
data, verifying the effectiveness of the Shoe-Integrated Sensor System.

3. Usability Assessments:

Conduct comprehensive usability assessments to gauge the practicality and user-friendliness of
the system in diverse settings, considering factors such as comfort, ease of use, and real-world
applicability.

4. Interdisciplinary Collaboration:
Foster collaboration between biomechanics experts, sensor technologists, and healthcare

professionals to enrich the project's perspectives and ensure the holistic integration of diverse
expertise.

5. Application in Healthcare:

Explore the potential applications of the Shoe-Integrated Sensor System in healthcare, with a
specific focus on aiding diagnostics, personalized rehabilitation, and continuous health
monitoring.

6. Sports Science Integration:

Investigate the utility of the system in sports science, aiming to contribute valuable insights into
athletic performance, injury prevention, and optimization of training regimens.

These objectives collectively form the blueprint for advancing the project, paving the way for a
comprehensive and impactful exploration of the Shoe-Integrated Sensor System's capabilities and
potential contributions to biomechanics, health monitoring, and related domains.
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Figure 1-2: Graphical illustration of the Nushu system. (A) The sensor units are inserted in the outsole of

the shoe; the upper part is glued so as to seal the shoe. (B) Gait phases during a full gait cycle. (C) Signal
examples from the sensors. (D) Gait parameters generated by Nushu system [8].
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Chapter Two
Theoretical Considerations
1. Introduction

This chapter delves into the theoretical underpinnings that form the conceptual framework for the
development and application of the Shoe-Integrated Sensor System. It navigates through key
principles in biomechanics, sensor technology, and gait analysis, establishing a solid foundation
for the subsequent design and implementation phases. By exploring relevant theoretical
considerations, this chapter aims to provide a comprehensive understanding of the scientific
principles and methodologies shaping the innovative approach proposed in this study [9,10].

2. Literatures Review
1. Introduction to Gait Analysis and Sensor Integration:

Gait analysis, a cornerstone in the realm of biomechanics, stands as a pivotal tool for understanding
and evaluating human locomotion. This introductory segment elucidates the paramount
significance of gait analysis in unraveling the intricacies of biomechanical movement. By
scrutinizing the nuances of how individuals walk, run, or perform various activities, gait analysis
serves as a gateway to deciphering underlying musculoskeletal dynamics and assessing functional
mobility [11].

The integration of sensor technology into this domain elevates gait analysis to new heights. Sensors
embedded in footwear offer a non-intrusive means to capture and quantify the subtleties of human
movement. This symbiosis of gait analysis and sensor integration not only enhances the precision
of data collection but also opens avenues for real-world applications, transcending the confines of
traditional laboratory settings [12].

The evolution of gait analysis has witnessed a transformative shift with the integration of sensor
technology into footwear. This progression marks a paradigmatic leap in biomechanical research,
as it allows for the seamless capture of intricate gait patterns in natural, uncontrolled environments.

The importance of embedding sensors into footwear lies in its capacity to provide a holistic and
unobtrusive approach to gait analysis. Unlike traditional methods confined to laboratory settings,
sensor-integrated footwear facilitates continuous, real-world monitoring of human movement.
This not only enhances the ecological validity of data but also enables researchers and healthcare
professionals to glean insights into daily activities, paving the way for a more comprehensive
understanding of biomechanics [13].
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Figure 2-1: Foot regions commonly investigated in PPD studies [14].
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2. Advancements in Biomechanics Research:

Cutting-edge studies leverage sophisticated technologies, including high-resolution motion
capture systems, force platforms, and wearable sensors, to delve into the intricate details of
biomechanical phenomena during walking. Researchers have made notable progress in refining
methodologies for data collection and analysis, enabling a more nuanced examination of joint
kinematics, muscle activation patterns, and spatiotemporal parameters.

One key area of advancement lies in the integration of computational models and simulations,
allowing for a deeper exploration of the underlying mechanics governing gait. These models
contribute to a more comprehensive comprehension of how various factors, such as footwear,
terrain, and physiological conditions, influence the biomechanics of walking [15].

Recent research also emphasizes the importance of studying diverse populations, including
individuals with specific medical conditions or unique gait patterns.

3. Integration into Wearable Devices:

These sensors seamlessly integrate into wearable devices, ensuring unobtrusive and efficient data
collection. Miniaturization and advancements in sensor technology enable their incorporation into
insoles, shoe soles, or wearable straps without impeding natural movement. The system is designed
for user comfort, allowing individuals to walk naturally while the sensors discreetly capture
biomechanical information. Wireless connectivity ensures real-time data transmission to external
devices for immediate analysis and feedback [16].

4. Challenges and Limitations in Current Approaches:

This section critically examines the challenges and limitations encountered by researchers in the
integration of sensors into footwear for gait analysis, shedding light on the complexities inherent
in this innovative endeavor [17].

Characteristics of an Ideal Insole-based Monitoring System

. System . User-experience

High Precision Non-obtrusive

User-friendly graphical interface Customizable

. Extended Battery Life . Real-time Feedback to User
. Low-power Operation Sensors . Comfortable

B> wireless Data Transmission B Lightweight

’ Real-time Data Transmission . Durable

. High Accuracy . Flexible

. Multiple Physiological Parameters Simple & Easy to Use

Table 2-1: Foot regions commonly investigated in PPD studies [18].
1. Common Challenges:

» Integration Complexity: The seamless integration of sensors into footwear poses a significant
challenge due to the constraints of space, weight, and ensuring minimal interference with
natural gait. Researchers grapple with designing systems that do not compromise comfort
while maintaining the necessary precision in data capture [19].

» Power Consumption: Miniaturized sensors often face challenges related to power
consumption. Striking a balance between the size of the sensor, its functionality, and the energy
required for prolonged data collection becomes a critical consideration [20].

» Efficient power management solutions are sought to extend the operational lifespan of
wearable sensor systems.
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3.

Data Synchronization: Coordinating data from multiple sensors to provide a coherent and
synchronized analysis poses inherent difficulties. Achieving accurate temporal alignment of
data streams from different sensor modalities is a constant concern for researchers aiming for
comprehensive gait analysis.

Environmental Variability: Gait analysis occurs in diverse real-world environments. Adapting
sensor systems to account for variations in terrain, lighting conditions, and other external
factors challenges researchers to ensure the robustness and reliability of their sensor-integrated
footwear across different scenarios.

Wear and Tear: Footwear, by its nature, undergoes wear and tear. Ensuring the durability and
longevity of sensor systems integrated into footwear is a persistent challenge. Researchers seek
materials and design solutions that can withstand the rigors of regular use without
compromising sensor functionality.

Limitations:

Limited Sensor Coverage: The spatial constraints of footwear limit the coverage of sensors,
potentially leading to a partial representation of gait dynamics. Researchers grapple with
finding an optimal balance between sensor density and coverage to capture relevant
biomechanical information comprehensively [21].

Subject-Specific Variability: Individuals exhibit unique gait patterns, and this subject-specific
variability introduces challenges in developing sensor systems that cater to a diverse range of
users. Customization becomes crucial to ensure the applicability of the technology across
different demographics.

Validation and Standardization: Establishing robust validation protocols and standards for
sensor-integrated footwear remains an ongoing challenge. Ensuring the accuracy and
reliability of the captured data requires consistent validation methodologies that can be
universally applied to validate gait analysis outcomes [22].

Applications of Gait Analysis in Healthcare and Sports Science

This exploration focuses on how gait analysis, particularly with integrated sensor systems, plays a
pivotal role in healthcare diagnostics, offering nuanced insights into various aspects of human
locomotion for clinical applications [23].

1.
>

Healthcare Diagnostics [24,25,26]:

Neurological Disorders: Gait analysis serves as a valuable diagnostic tool for identifying
neurological disorders.

Integrated sensor systems capture subtle alterations in gait patterns, aiding in the early
detection and monitoring of conditions such as Parkinson's disease, multiple sclerosis, and
neuropathies.

Orthopedic Assessments: In orthopedics, gait analysis facilitates comprehensive assessments
of musculoskeletal disorders. Sensor-integrated footwear provides quantitative data on joint
movements, gait symmetry, and load distribution, aiding orthopedic surgeons in evaluating
conditions like arthritis, joint instability, or post-surgical rehabilitation progress.

Fall Risk Assessment: Gait analysis contributes to fall risk assessments, especially in the
elderly population. By detecting irregularities in gait parameters, integrated sensor systems
help identify individuals at an increased risk of falls, allowing for timely interventions and
preventive measures.

Rehabilitation Monitoring: Sensor-equipped footwear plays a crucial role in monitoring
rehabilitation progress. By tracking gait changes over time, healthcare professionals can tailor
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rehabilitation programs for individuals recovering from injuries, surgeries, or stroke, ensuring
optimal recovery trajectories.

Pediatric Developmental Disorders: Gait analysis, enhanced by sensor systems, aids in
diagnosing and monitoring developmental disorders in children. The technology enables the
early detection of abnormalities in gait patterns, contributing to timely interventions for
conditions like cerebral palsy or developmental delays.

Clinical Insights:

Objective Quantification: Integrated sensor systems offer objective quantification of gait
parameters, reducing reliance on subjective assessments. This objectivity enhances diagnostic
precision, allowing healthcare professionals to make data-driven decisions in the diagnosis and
treatment planning processes.

Longitudinal Monitoring: Gait analysis with integrated sensors enables longitudinal
monitoring of patients, providing a dynamic understanding of how gait patterns evolve over
time. This longitudinal data is invaluable for assessing treatment effectiveness and adapting
interventions as needed.

Patient-Centric Approaches: The personalized nature of gait analysis, facilitated by integrated
sensor systems, supports patient-centric approaches in diagnostics and treatment planning.
Tailoring interventions based on individual gait characteristics enhances the efficacy of
healthcare strategies.

Also, this examination delves into the applications of gait analysis in sports science, emphasizing
how integrated sensor systems contribute to performance optimization and injury prevention for
athletes [27].

3.
>

Performance Optimization:

Biomechanical Efficiency: Gait analysis with integrated sensor systems offers insights into
biomechanical efficiency during athletic activities. By assessing parameters like stride length,
cadence, and foot-ground interaction, sports scientists gain a comprehensive understanding of
an athlete's biomechanics, enabling targeted interventions for optimizing performance [28].

Running Mechanics: Integrated sensors provide real-time data on running mechanics, allowing
sports scientists to evaluate an athlete's running form. Analysis of factors such as foot strike
pattern, joint angles, and ground reaction forces aids in refining running techniques for
enhanced efficiency and reduced risk of overuse injuries [29].

Training Load Management: Gait analysis contributes to effective training load management
by quantifying the impact of each stride. This data helps coaches and athletes tailor training
programs to mitigate the risk of overtraining, ensuring optimal performance gains without
compromising athlete well-being [30].

Footwear Optimization: Sports scientists leverage gait analysis to optimize footwear selection
for athletes. By evaluating how different shoes influence gait parameters, researchers can
recommend footwear that aligns with an athlete's biomechanics, enhancing comfort, and
potentially reducing the risk of injuries [31].

Injury Prevention:

Identifying Risk Factors: Integrated sensor systems aid in identifying biomechanical risk
factors associated with sports-related injuries. By analyzing gait patterns, researchers can
pinpoint irregularities that may contribute to overuse injuries, stress fractures, or other
musculoskeletal issues [32].

Preventive Interventions: Gait analysis facilitates the development of targeted preventive
interventions. Sports scientists can design conditioning programs that address specific
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5.

biomechanical vulnerabilities, aiming to correct imbalances, strengthen weak areas, and reduce
the likelihood of injuries during training and competition [33].

Return-to-Play Assessments: For athletes recovering from injuries, gait analysis with
integrated sensors provides objective metrics for return-to-play assessments. Monitoring gait
parameters helps ensure that athletes regain optimal biomechanics before resuming
competitive activities, reducing the risk of re-injury [34].

Rehabilitation Guidance: Integrated sensor systems play a crucial role in rehabilitation by
offering quantitative feedback on gait mechanics. This information guides rehabilitation
specialists in tailoring exercises to address specific deficits, promoting a safe and effective
recovery process [35].

Relevant Methodologies in Literature:

This analysis examines the methodologies employed in previous studies within the literature, with
a specific focus on the intricate processes of data collection, analysis, and interpretation in the
realm of gait analysis with integrated sensor systems.

1.
>

Data Collection [36]:

Sensor Placement and Calibration: Previous studies emphasize the meticulous placement and
calibration of sensors on footwear. Researchers often adhere to standardized protocols to
ensure consistency across participants. Calibration processes are crucial to obtaining accurate
and reliable biomechanical data during gait.

Participant Demographics and Recruitment: Methodologies commonly involve specifying
participant demographics and recruitment strategies. Details regarding age, gender, athletic
background, and health status are essential for contextualizing gait analysis results.
Transparent recruitment criteria contribute to the generalizability of findings.

Real-world Contextualization: Many studies advocate for real-world contextualization of gait
analysis. This involves conducting assessments in ecologically valid environments to capture
the nuances of natural gait patterns, enhancing the external validity of the research.

Data Analysis:

Multimodal Sensor Fusion: Studies often employ multimodal sensor fusion techniques,
combining data from different sensors to provide a more comprehensive analysis. Integration
of inertial sensors, pressure sensors, and electromyography allows for a holistic understanding
of gait dynamics [37].

Statistical Approaches: Robust statistical analyses are integral to extracting meaningful
insights. Previous methodologies commonly incorporate statistical techniques such as t-tests,
ANOVA, and regression analyses to identify significant differences and correlations in gait
parameters [38].

Machine Learning Applications: Some studies explore machine learning applications for gait
analysis. This involves training algorithms to recognize specific gait patterns or abnormalities,
offering automated and nuanced analysis beyond traditional statistical methods [39].

Interpretation:

Clinical and Performance Relevance: Interpretation in previous studies often emphasizes the
clinical or performance relevance of identified gait patterns. Researchers strive to bridge the
gap between biomechanical data and practical implications, providing insights that can inform
clinical diagnoses, training interventions, or injury prevention strategies [40].

Individualized Approaches: Recognizing the inherent variability in gait patterns,
methodologies often advocate for individualized interpretations. Tailoring recommendations
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based on an individual's biomechanics ensures more targeted and effective interventions in
healthcare or sports science applications [41].

Limitations and Future Directions: Rigorous methodologies acknowledge limitations and
propose future directions for research. Addressing challenges and gaps in current approaches
enhances the credibility of the study and guides the evolution of methodologies in the field
[42].

Overall Best Practices:

Ethical Considerations: Incorporating ethical considerations and obtaining informed consent
are overarching best practices. Ensuring participant privacy, explaining potential risks, and
obtaining ethical approvals contribute to the credibility and integrity of gait analysis studies
[43].

Transparent Reporting: Transparent reporting of methodologies, including detailed
descriptions of data collection setups, sensor specifications, and analysis procedures, is
considered essential. This best practice enhances reproducibility and allows for critical
evaluation of the study's methodology [44].
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Figure 2-2: An example of in-shoe plantar pressure measurement during the major phases

1.

and events of a full gait cycle [45].
The Statement of the Problem

Articulating the specific challenges and gaps in knowledge that the study seeks to address within
the domain of Shoe-Integrated Sensor Systems for Wireless Gait Analysis [46].

2.
>

Identification of Gaps:

Technological Limitations: Previous researches have demonstrated the potential of shoe-
integrated sensor systems in gait analysis, yet there remains a need to address technological
limitations. Issues such as sensor accuracy, data synchronization, and real-time processing
pose challenges that necessitate further investigation to enhance the overall performance of
these systems.

Standardization Concerns: The lack of standardized protocols for sensor integration and data
analysis poses a significant gap. Addressing this gap is crucial for ensuring consistency across
studies, facilitating meaningful comparisons, and establishing a foundation for widespread
adoption in both clinical and sports science applications.

Challenges in Clinical Implementation:

» Clinical Validity: The translation of sensor-derived gait data into clinically meaningful insights

is an ongoing challenge. Establishing the clinical validity of gait analysis with integrated sensor
systems is paramount for its integration into diagnostic and rehabilitation practices, requiring
a nuanced exploration of how biomechanical parameters align with pathological conditions
[47].

User Acceptance: The acceptance and usability of sensor-integrated footwear in clinical
settings remain underexplored. Understanding the perspectives of healthcare professionals and
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patients regarding the integration of such technology is vital for overcoming potential barriers
and ensuring seamless adoption within clinical workflows [48].

3. Integration in Sports Science:

Performance Optimization: While studies have demonstrated the utility of gait analysis in
sports science, there is a need to delve deeper into how sensor-integrated systems contribute
to performance optimization. This involves examining specific biomechanical markers that
correlate with enhanced athletic performance and developing targeted training interventions
based on these insights [49,50].

» Injury Prevention Strategies: The application of gait analysis in developing personalized injury
prevention strategies for athletes requires further investigation. Identifying biomechanical risk
factors and establishing evidence-based interventions tailored to individual gait patterns are
essential for mitigating injury risks and promoting long-term athlete health [51].

4. Research Gaps in Current Literature

Under-explored Population Demographics: Many studies focus on specific demographic
groups, potentially limiting the generalizability of findings. Exploring sensor system
applicability across diverse populations, including age groups, fitness levels, and clinical
conditions, is imperative for a comprehensive understanding of its utility.

» Longitudinal Assessments: The majority of existing research provides cross-sectional insights
into gait dynamics.

A notable gap lies in the scarcity of longitudinal assessments, hindering the exploration of how
gait patterns evolve over time and respond to interventions, be it clinical treatments or training
programs [52].

Chapter Three Practical Aspect
3. Practical Aspect
1. Introduction

The practical aspect of this study revolves around the development and implementation of a novel
diagnostic device tailored for individuals grappling with bone disorders affecting the lower limbs
or spinal column. This chapter delves into the real-world application of the shoe-integrated sensor
system designed to cater to the diverse needs of patients, ranging from those afflicted with
osteoporosis to athletes undergoing physical therapy or rehabilitation.

The chapter emphasizing the pressing need for non-invasive, efficient, and portable diagnostic
tools to monitor and evaluate the progression of bone-related ailments. It highlights the limitations
of conventional diagnostic methods and underscores the potential of incorporating wearable sensor
technology to bridge existing gaps in the healthcare domain.

In summary, this chapter provides an in-depth overview of the technical specifications and
functionalities of the developed sensor system. It delineates the design considerations, sensor
placement strategies within the shoe, data acquisition mechanisms, and wireless transmission
protocols employed to ensure seamless integration into the patient's daily routine.

2. Methodology

To develop the shoe-integrated sensor system, a comprehensive methodology was followed,
comprising several key steps. Firstly, appropriate force-sensitive resistors (FSRs) were carefully
selected and strategically placed within the shoe's insole to measure pressure distribution at critical
support areas, including beneath the big toe, under the last toe, and beneath the heel. Subsequently,
the design and integration of the Slave device were executed, incorporating the selected FSR
sensors, Arduino Nano microcontroller, HC-12 wireless communication module, voltage step-
up/down battery, and switch. Concurrently, the Main device was designed and integrated, housing
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the Arduino Nano microcontroller, HC-12 wireless communication module, LCD display, and
components for power management. Following this, a robust data transmission and analysis
framework were established, implementing serial communication protocols between the Slave and
Main devices to transmit sensor data wirelessly and analyze pressure distribution readings.
Extensive testing and validation procedures were conducted to ensure the functionality, accuracy,
and reliability of the system under various conditions. Finally, the integrated shoe-integrated
sensor system was deployed for real-world applications, such as gait analysis and posture
assessment, with ongoing evaluation and feedback processes to refine and optimize system
performance.

3. Component
1. Main — Device

The Main Device serves as the central control unit within our shoe-integrated sensor system,
overseeing the overall operation and processing of data collected from various sensors and
components integrated into the footwear. This Device acts as the primary interface between the
user and the system, receiving input signals from sensors embedded within the shoes and
orchestrating the necessary actions and responses. Equipped with an array of electronic
components, including the Arduino Nano, LCD display, voltage step-up converter, and buzzer, the
Main Device undertakes crucial tasks such as data acquisition, analysis, and presentation. Upon
receiving sensor data from the Slave Device, the Main Device processes this information, performs
relevant calculations or algorithms, and subsequently displays the results on the LCD screen or
emits auditory feedback through the buzzer. Additionally, the Main Device coordinates wireless
communication with external devices or systems, utilizing the HC-12 wireless communication
module to transmit and receive data as needed. Through its comprehensive functionality and
integration of key components, the Main Device serves as the backbone of our shoe-integrated
sensor system, enabling seamless operation and providing users with valuable insights into their
gait and posture metrics.
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Figure 3-1: Main - PCB.
1. Arduino Nano
The core of our shoe-integrated sensor system is the Arduino Nano, a compact yet powerful
microcontroller board developed by Arduino.cc in 2008. This versatile platform leverages the

reliable Microchip ATmega328P microcontroller, ensuring robust performance for our application
[53]. Despite its small size, the Nano boasts 30 male I/O headers, facilitating seamless integration
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with various sensors and peripherals crucial for our project. Programming is achieved through the
familiar Arduino Software IDE, a user-friendly environment suitable for both seasoned developers
and beginners. The Nano's flexibility extends to power options, allowing us to utilize a standard
USB cable or a 9V battery, depending on project requirements. With the Arduino Nano at the
helm, we are confident in the reliability, versatility, and suitability of our shoe-integrated sensor
system for revolutionizing the field of gait analysis and posture assessment [54].

Figure 3-2: Arduino Nano.

2. USB Serial Port

The USB serial port interface integrated into our shoe-integrated sensor system serves as a vital
conduit for transmitting data from the Arduino microcontroller to a computer, enabling seamless
communication and data transfer. This interface establishes a direct connection between the
Arduino and the computer, facilitating the exchange of digital data in real-time. Upon receiving
data from various sensors and components within the system, the Arduino processes this
information and transmits it via the USB serial port interface. The computer, equipped with
appropriate software, captures and interprets the transmitted data, facilitating further analysis and
visualization. Leveraging this interface, users can conveniently access and monitor gait analysis
and posture assessment metrics in real-time, empowering informed decision-making and
facilitating comprehensive data management. Additionally, the USB serial port interface enables
the creation of Excel sheets, facilitating data logging and organization for subsequent analysis and
reporting.

Figure 3-3: USB serial port.

3. LCD

In addition to its core functionality within the shoe-integrated sensor system, a Liquid Crystal
Display (LCD) plays a crucial role in augmenting user interaction and comprehension. The LCD
is strategically integrated to provide real-time feedback on sensor readings and subsequent
analyses. This user-centric approach allows for immediate visualization of gait analysis and
posture assessment results upon stepping onto the sensor-equipped shoe. This real-time feedback
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mechanism empowers users to actively monitor their progress and make informed decisions
regarding treatment or rehabilitation plans.

The LCD transcends a mere data visualization tool, enhancing the system's usability and
practicality. Users, regardless of their technical background, can readily interpret the displayed
information,  encompassing  foot condition, postural alignment, or treatment
response. Furthermore, the LCD's inherent versatility facilitates customization of displayed
information to cater to diverse user needs and preferences. This adaptability ensures accessibility
and clarity of information, be it for a patient monitoring recovery progress or a healthcare
professional evaluating treatment efficacy [55].

Figure 3-4: LCD Display.

4. LED

Light-Emitting Diodes (LEDs) represent a cutting-edge advancement in lighting technology,
offering a multitude of advantages over traditional lighting solutions. LEDs emit light through a
semiconductor diode, resulting in highly efficient and versatile illumination. One of the primary
advantages of LEDs, especially in our shoe-integrated sensor system project, is their energy
efficiency. Due to the compact size and low power consumption of LEDs, they are ideal for
providing illumination in our sensor-equipped shoes without draining the battery quickly, ensuring
prolonged usage and reliable operation. Additionally, LEDs provide superior durability and
reliability, making them well-suited for use in dynamic environments where the shoes may be
subjected to movement and impact [56].

Figure 3-5: LED.



56 American Journal of Bioscience and Clinical Integrity Volume: 1 | Number: 12 (2024)

5. Lithium Battery

The 3.7V lithium battery serves as the power source for our shoe-integrated sensor system,
providing the necessary energy to drive the components and ensure seamless operation. With its
compact size and high energy density, the lithium battery offers an optimal power solution for our
project, enabling lightweight and portable design without compromising on performance. Its
voltage rating of 3.7V aligns perfectly with the power requirements of the Arduino Nano, LCD
display, and other electronic components integrated into the sensor-equipped shoes. Additionally,
lithium batteries are known for their long cycle life and low self-discharge rates, ensuring extended
usage periods and minimal downtime between charges. This reliability and longevity are crucial
for our project's success, as it allows users to confidently engage in gait analysis and posture
assessment without worrying about power depletion [57].

6. V3 Battery Charger

The V3 battery charger plays a crucial role in ensuring the continuous operation and reliability of
our shoe-integrated sensor system. Designed specifically for charging 3.7V lithium batteries, the
V3 charger provides a convenient and efficient means of replenishing the power source of our
sensor-equipped shoes. With its compact and portable design, the V3 charger offers versatility and
convenience, allowing users to recharge their batteries conveniently at home or on the go. Its
intelligent charging mechanism safeguards against overcharging and overheating, preserving the
longevity and performance of the lithium batteries used in our project. Additionally, enhances its
usability and accessibility in diverse settings. By incorporating the V3 battery charger into our
project, we ensure that users can maintain uninterrupted usage of our shoe-integrated sensor
system, facilitating ongoing gait analysis and posture assessment with ease and reliability [58].

Figure 3-6: V3 Battery Charger.

7. Switch

The switch serves as a pivotal control mechanism, allowing users to easily toggle the power supply
on or off as needed. Positioned conveniently within the design, the switch offers a user-friendly
interface for activating and deactivating the system, enhancing overall convenience and usability.
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Figure 3-7: The Switch
8. Piezo - Buzzer

The buzzer, also referred to as a piezo, assumes a pivotal role in providing auditory feedback to
users, contributing to the overall functionality and user experience of the shoe-integrated sensor
system. This component serves as a sound generator, capable of emitting tones when connected to
digital outputs, particularly when the output signal is set to a logic HIGH state. Moreover, the
buzzer offers versatility in generating a variety of tones and effects by utilizing an analog pulse-
width modulation (PWM) output. This feature enables the system to produce customized auditory
cues tailored to specific events or conditions detected during gait analysis or posture assessment.
The Grove Buzzer, compatible with both 3.3V and 5V power supplies, boasts a sound output of
85 decibels, ensuring adequate auditory feedback in various environments. Its functionality
mirrors that of the click sound produced by a button on a digital watch, providing users with
familiar and informative cues during interaction with the sensor system. Furthermore, the buzzer's
integration into the project circuitry is facilitated by a transistor, enabling efficient power
management and ensuring seamless operation within the system architecture [59].
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Figure 3-8: The Piezo — Buzzer.
9. Transistor

The transistor assumes a critical role in facilitating the connection between the Arduino
microcontroller and the buzzer component, addressing the limitation of the Arduino's current
output capabilities. Specifically, the Arduino microcontroller is unable to independently supply
the 200mA of current required to drive the buzzer effectively. To overcome this constraint, the
transistor serves as an intermediary device, amplifying the current signal provided by the Arduino
to meet the power requirements of the buzzer. By utilizing the transistor as a switch, controlled by
the Arduino’s digital output, we can effectively regulate the flow of current to the buzzer, ensuring
optimal performance while safeguarding the integrity of the Arduino's circuitry [60].

10. HC-12 Wireless Communication Module

The HC-12 wireless communication module facilitating seamless wireless communication and
data transmission between system components. Boasting a versatile operational range, the HC-12
module operates within the wireless frequency band spanning from 433.4 MHz to 473.0 MHz,
offering a total of 100 channels with precise frequency stepping of 400 KHz between each channel.
With a transmitting power range extending from -1dBm (0.79mW) to 20dBm (100mW), and a
receiving sensitivity range from -117dBm (0.019pW) to -100dBm (10pW), the HC-12 module
ensures robust and reliable communication under varying environmental conditions [61]. Notably,
the module's microcontroller obviates the need for user programming, streamlining configuration
processes through the utilization of AT commands. These commands, capable of being sent from
an Arduino, PC, or any microcontroller with a serial port, facilitate effortless configuration
adjustments and customization. The seamless transition to the AT command mode is achieved
simply by setting the "Set" pin of the module to a low logic level, further enhancing user
accessibility and ease of operation [62].

Figure 3-9: Hc-12 Wireless Communication Module.
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11. Voltage Step-Up

The voltage step-up conversion from 3.7V to 5V serves as a pivotal aspect of our project's power
management strategy, enabling efficient utilization of a single 3.7V lithium battery to power
components requiring a 5V supply voltage. By implementing a voltage step-up converter within
the system architecture, we effectively overcome the inherent limitations of a single 3.7V power
source, eliminating the need for multiple batteries and conserving valuable resources. This
conversion process ensures that all components within the shoe-integrated sensor system receive
the requisite 5V voltage supply, thereby optimizing their performance while minimizing power
consumption. Furthermore, the voltage step-up converter operates with high efficiency,
minimizing energy losses during the conversion process and maximizing the overall longevity of
the battery life. This strategic approach to power management not only simplifies the system
design but also enhances its portability and usability by reducing the overall size and weight of the
power supply configuration [63].

Figure 3-10: Voltage Step-Up.

1. Slave — Device

The Slave Device represents a critical component within our shoe-integrated sensor system,
responsible for interfacing directly with the sensors embedded within the shoe's insole. Positioned
strategically within the footwear, the Slave Device serves as a dedicated sensor interface unit,
tasked with detecting and relaying pressure or motion signals generated by the user's foot
movements. Equipped with sensor inputs and a transmitter, the Slave Device detects changes in
pressure or motion within the shoe, indicating the presence of foot pressure or movement. Upon
detection, the Slave Device wirelessly transmits this data to the Main Device for further processing
and analysis. This seamless communication between the Slave and Main Devices ensures real-
time data transmission and enables timely feedback and response to user actions. By offloading
sensor interfacing tasks to the Slave Device, the system architecture achieves a modular and
distributed approach, enhancing flexibility, scalability, and reliability. Moreover, the Slave
Device's compact size and low power consumption make it well-suited for integration within the
shoe's design, minimizing interference with user comfort and mobility. Overall, the Slave Device
plays a crucial role in the seamless operation and performance of our shoe-integrated sensor
system, enabling accurate and comprehensive gait analysis and posture assessment capabilities.
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Figure 3-11: Slave - PCB.

The Slave PCB, akin to its counterpart, the Main PCB, encompasses essential components such as
the Arduino Nano microcontroller, HC-12 wireless communication module, lithium battery, and
switch. However, it also integrates additional components tailored to its specialized role within the
shoe-integrated sensor system. Specifically, the Slave PCB features sensor interfaces designed to
interface directly with the pressure or motion sensors embedded within the shoe's insole. These
interfaces facilitate the detection and interpretation of foot pressure or movement signals generated
during user locomotion. This streamlined communication pathway between the Slave and Main
PCBs ensures timely data transmission and enables seamless coordination of system operations.
By encompassing these specialized components, the Slave PCB optimizes the efficiency and
functionality of the shoe-integrated sensor system, contributing to its overall effectiveness in gait
analysis and posture assessment applications.

1. Force Sensitive Resistor (FSR)

Force Sensitive Resistor (FSR) stands as a transducer integral to our shoe-integrated sensor system,
transforming mechanical forces such as weight, tension, pressure, and compression into electrical
signals (figure 3-12).

Figure 3-12: Force Sensitive Resistor.
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This versatile component finds widespread application, particularly in weight measurement
scenarios. Its operational principle revolves around its ability to adjust resistance in response to
applied pressure on the sensing area. Structurally, an FSR comprises multiple thin, flexible layers
(figure 3-13). When subjected to pressure, these layers cause increased contact between the carbon
elements, which typically offer resistance, and the conductive traces. Consequently, this contact
reduction lowers the sensor's resistance. In the absence of pressure, the sensor records infinite
resistance, which is greater than 1MC. As pressure is applied, the resistance between the sensor's
terminals decreases. Upon pressure release, the resistance returns to its original state [64].

Cover Film N

Conductive Silver
Traces

——-7x

Resistive Carbon
Elements

Base TPU Film

Figure 3-13: Multiple thin, flexible layers of FRS.

Notably, the resistance of the FSR-402 sensor varies linearly above 509, with logarithmic scales
employed to visualize this relationship. This behavior is attributed to a turn-on threshold,
representing a force level necessary for the resistance to drop below 100k€, after which a more
linear relationship emerges [65].

2. Step-Up/Down

Within the Slave PCB of our shoe-integrated sensor system, a voltage step-up/down battery serves
as a miniature power supply, augmenting the system's functionality and versatility. This compact
yet essential component plays a pivotal role in optimizing power management within the slave
unit, ensuring efficient utilization of the available energy resources. By employing a voltage step-
up/down mechanism, the battery accommodates the diverse voltage requirements of the integrated
components, seamlessly converting the nominal battery voltage to the appropriate levels required
for reliable operation. This dynamic voltage regulation capability not only enhances the overall
efficiency of the slave unit but also minimizes energy wastage, prolonging the battery life and
maximizing the system's uptime.

3. Working Principles

The project comprises two devices, namely the Slave and Main units, each playing distinct roles
in the functionality of the shoe-integrated sensor system. The Slave unit is equipped with three
sensors strategically positioned within the shoe's insole to measure pressure distribution at three
pivotal support areas: beneath the big toe, under the last toe, and beneath the heel. This unit
incorporates a transmitter to relay sensor data to the Main unit, which acts as the receiver. As the
patient wears the shoe and engages in movement, whether walking or running, the sensors begin
reading the variables. If the reading from the sensor located beneath the heel exceeds that of the
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sensor under the big toe, and both together exceed the reading from the sensor beneath the last toe,
it indicates normal reading. However, significant discrepancies in readings suggest an issue
affecting the patient. The sensors transmit signals to the Arduino Nano controller in the Slave
device, which processes the incoming signals and then converts them for transmission to the
receiver in the Main device. The Main device, also featuring an Arduino Nano controller, is
connected to a computer to provide data readings in Excel format. In the absence of connection
between the Main and Slave devices, the buzzer emits a sound, accompanied by a red LED
indicator. Conversely, if the devices are connected without issues, the LED indicator turns green,
and the buzzer remains silent.

Figure 3-14: The final shape of the project.
Chapter Four Results and Discussion
4. Results and Discussion
1. Results

To garner tangible outcomes from the functioning of our device, we embarked on applying the
project to an 18-year-old patient hailing from Baghdad/Al-Rusafa. The patient had endured an
accident involving a bicycle, resulting in the development of tumors, bruises, and external wounds
(figure 4-1).

Figure 4-1: Tumors, bruises, and external wounds present on the patient’s foot.
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Remarkably, despite the severity of the incident, the patient's foot remained free from any
fractures, as evidenced by the results of the conducted x-rays, affirming the robustness of her
skeletal structure (figure 4-2).

Figure 4-2: X-ray image depicting the patient's foot.

Over time, following a regimen of treatment, signs of improvement began to manifest. During this
period, we conducted examinations on the patient utilizing our project. Equipped with the shoe-
integrated sensor system, the patient donned the footwear and engaged in walking activities. We
meticulously monitored her movements and meticulously recorded the resultant readings (table 4-
1).

Table 4-1: The result data.

Current Data
Time | CH1 | CH2 | CH3 CH4 CH5 | CH6 | CH7 | CHS8
16:04.2 | L: 10 | N: 11 | P: 10 | S: Un_Nor
Historical Data
Time | CH1 | CH2 | CH3 CH4 CH5 | CH6 | CH7 | CHS8
15:59.9 | L: 10 | N: 67 | P: 10 | S: Un_Nor
16:00.2 | L: 10 | N: 67 | P: 10 | S: Un_Nor
16:00.5 | L: 10 | N: 67 | P: 10 | S: Un_Nor
16:00.8 | L: 10 | N: 67 | P: 10 | S: Un_Nor
16:01.1 | L: 10 | N: 18 | P: 10 | S: Un_Nor
16:01.4 | L: 10 | N: 12 | P: 10 | S: Un_Nor
16:01.7 | L: 10 | N: 12 | P: 10 | S: Un_Nor
16:02.1 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:02.4 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:02.7 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:03.0 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:03.3 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:03.6 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:03.9 | L: 10 | N: 11 | P: 10 | S: Un_Nor
16:04.2 | L: 10 | N: 11 | P: 10 | S: Un_Nor

Notably, the readings displayed abnormalities, providing insights into the extent of the injuries
sustained. Subsequently, we compiled and printed the readings, presenting them to a medical
professional for further analysis and follow-up. The doctor meticulously compared the project-
generated readings with the results of prior diagnostic tests, affirming the precision and efficacy
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of the project's functionality. This collaborative effort between our project and medical expertise
underscored the project's efficacy in accurately assessing and monitoring the patient's condition,
facilitating informed decision-making and personalized treatment interventions.

1. Discussion

The results obtained from the application of our shoe-integrated sensor system to the 18-year-old
patient following a bicycle accident provide valuable insights into the efficacy of our project in
clinical settings. Despite the absence of fractures in the patient's foot, the presence of tumors,
bruises, and external wounds highlights the severity of the injuries sustained. These findings
underscore the importance of comprehensive assessment techniques, beyond traditional diagnostic
modalities such as X-rays, in identifying and monitoring musculoskeletal injuries. The abnormal
readings recorded during the patient's movement with our sensor-equipped footwear serve as a
clear indicator of the extent of the injury and its impact on gait dynamics. The correlation between
the project-generated readings and the medical professional's diagnostic assessments further
validates the accuracy and reliability of our system in providing actionable data for clinical
decision-making. Moving forward, the integration of our shoe-integrated sensor system into
routine clinical practice holds promise for enhancing the assessment and management of
musculoskeletal injuries, enabling personalized treatment interventions and optimizing patient
outcomes. Continued research and refinement of our system will further bolster its utility and
applicability in diverse healthcare settings, ultimately improving the quality of care for patients
with foot injuries and related conditions.

Chapter Five Conclusions and Recommendations for future work
5. Conclusion and Future Work
1. Conclusions

In conclusion, the development and implementation of our shoe-integrated sensor system represent
a significant advancement in the field of gait analysis and posture assessment. Through the
integration of force-sensitive resistors (FSRs), Arduino microcontrollers, HC-12 wireless
communication modules, and other components, we have created a robust and versatile system
capable of accurately monitoring pressure distribution and movement dynamics in real-time.

The successful application of our project to a patient following a bicycle accident demonstrated its
efficacy in clinical settings, providing valuable insights into the extent of musculoskeletal injuries
and facilitating personalized treatment interventions. Despite the absence of fractures in the
patient's foot, the presence of tumors, bruises, and external wounds underscored the severity of the
injuries sustained, highlighting the importance of comprehensive assessment techniques in clinical
practice.

Furthermore, the correlation between the project-generated readings and the results of diagnostic
tests conducted by medical professionals validated the accuracy and reliability of our system. This
collaborative effort between our project and medical expertise underscores the potential of our
system to enhance clinical decision-making and optimize patient outcomes.

Looking ahead, continued research and refinement of our shoe-integrated sensor system will
further enhance its utility and applicability in diverse healthcare settings. By leveraging emerging
technologies and interdisciplinary collaboration, we can continue to innovate and improve upon
our system, ultimately improving the quality of care for patients with foot injuries and related
conditions.

2. Suggestions for Future Work

1. Enhanced Sensor Capabilities: Explore the integration of advanced sensor technologies, such
as inertial measurement units (IMUs) or pressure mapping systems, to provide more
comprehensive and accurate data on gait dynamics and posture.



65

American Journal of Bioscience and Clinical Integrity Volume: 1 | Number: 12 (2024)

Long-term Monitoring: Develop mechanisms for long-term monitoring of patients' gait
patterns and posture dynamics outside of clinical settings, enabling continuous assessment and
intervention.

Machine Learning Algorithms: Implement machine learning algorithms to analyze sensor data
and identify patterns or abnormalities indicative of musculoskeletal conditions, enabling early
detection and intervention.

Wearable Form Factors: Explore the development of more ergonomic and discreet wearable
form factors for the sensor system, enhancing user comfort and compliance during prolonged
use.

Integration with Telemedicine: Integrate the sensor system with telemedicine platforms to
enable remote monitoring and consultation for patients with foot injuries or mobility
impairments.

Integration with Rehabilitation Programs: Collaborate with rehabilitation specialists to
integrate the sensor system into existing rehabilitation programs, enabling personalized
treatment plans and optimizing rehabilitation outcomes for patients with foot injuries.
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