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Abstract

Knee injuries particularly anterior cruciate ligament (ACL) and meniscal tears remain a major source of long-term
disability, surgical cost, and performance loss in athletic populations. In sports involving rapid deceleration, pivoting, and
jumping, abnormal knee biomechanics such as excessive valgus collapse or hyperextension significantly increase injury
risk. Despite advances in strength training and rehabilitation, most preventive strategies remain reactive and lack
continuous, quantitative joint monitoring. Real time measurement of knee kinematics and load distribution is therefore
critical for identifying high risk movement patterns before structural damage occurs.

This paper presents the design and prototyping of a smart knee brace that integrates localized motion sensing, embedded
signal processing, and wireless feedback within a lightweight, modular architecture. The device incorporates an inertial
measurement unit (IMU), flex sensor, and pressure sensors to capture knee-specific kinematic and kinetic data. Sensor
data are processed on an ESP32 microcontroller and transmitted via Bluetooth Low Energy (BLE) to a mobile application
that provides real-time alerts and session logging. The fabrication strategy combines additive manufacturing,
CNC-machined hinge components, and locally sourced textile materials to enable customization and cost efficiency. A
financial feasibility assessment indicates that unit costs may decrease from approximately USD $200 during prototyping
to below USD $80 in scaled production, enabling competitive retail pricing. By integrating biomechanical monitoring
with cost-conscious engineering, the proposed system establishes a foundation for accessible, knee-specific wearable
technology tailored to the Indonesian sports and healthcare market.

Keywords:knee injury prevention, wearable technology, smart knee brace, biomechanics monitoring, inertial
measurement unit, real-time feedback, sports injury prevention, rehabilitation technology

I. Introduction

Knee injuries are a significant concern in sports that involve rapid deceleration, jumping, landing, and sudden changes in
direction. Movements such as cutting, pivoting, and landing with poor lower-limb alignment can increase mechanical
loading on the knee and may contribute to injuries involving the anterior cruciate ligament (ACL), meniscus, and
surrounding tissues. These injuries may require prolonged rehabilitation and can affect an athlete’s mobility, confidence,
and ability to return to sport. Current injury prevention strategies commonly include strength training, neuromuscular
exercises, movement screening, and coaching. Although these approaches can improve movement technique and physical
readiness, they do not usually provide continuous measurements of knee motion during training or competition. As a
result, athletes and coaches may be unable to identify potentially harmful movement patterns at the moment they occur.
Wearable monitoring technology provides a possible method for collecting biomechanical information outside laboratory
environments. Sensors such as inertial measurement units, flex sensors, and pressure sensors can be integrated into
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wearable devices to measure joint movement, flexion angle, angular velocity, and pressure distribution. When combined
with embedded processing and wireless communication, these measurements may provide immediate feedback and allow
movement data to be reviewed over time. However, many existing athletic monitoring systems focus on whole-body
workload rather than knee-specific biomechanics. Other systems are designed mainly for controlled rehabilitation
environments and may be too bulky, expensive, or restrictive for regular athletic use. Some commercial devices also use
closed software platforms that limit access to raw data and reduce opportunities for customization.

This paper presents the proposed design and prototyping framework of a smart knee brace intended to support
knee-specific biomechanical monitoring. The system integrates an inertial measurement unit, a flex sensor, and pressure
sensors with an ESP32 microcontroller and Bluetooth Low Energy communication. The proposed architecture is designed
to collect localized movement data, process the signals on the device, and transmit measurements and preliminary alerts to
a mobile application. The paper also evaluates material selection, fabrication methods, system limitations, and estimated
production feasibility. The device is presented as an engineering prototype and requires experimental and clinical
validation before claims regarding injury prediction or injury reduction can be established.

II. Literature Review

Knee injuries are common in sports that involve rapid deceleration, pivoting, jumping, and landing. The knee is especially
vulnerable because it must support body weight while allowing movement across several planes. Injuries to the anterior
cruciate ligament (ACL), meniscus, and other supporting structures can occur when the joint is exposed to excessive
rotation, impact, or abnormal alignment during movement. ACL and meniscal injuries are particularly important in sports
such as basketball, soccer, and volleyball. These activities frequently require athletes to stop suddenly, change direction,
or land from a jump. Poor landing mechanics, excessive knee valgus, and hyperextension may increase stress on the knee
and are commonly examined as biomechanical risk factors.

The effects of a serious knee injury can extend beyond the initial physical damage. Athletes may require surgery,
rehabilitation, strength retraining, and gradual return-to-sport testing. Recovery may take several months and can also
involve psychological challenges, including reduced confidence and fear of reinjury. Even after rehabilitation, some
individuals may continue to experience pain, instability, reduced mobility, or difficulty returning to their previous level of
performance.

Because of these consequences, early identification of potentially risky movement patterns is an important area of
sports-medicine research. Monitoring knee motion and loading during physical activity may help athletes, coaches, and
healthcare professionals recognize abnormal movement patterns and make informed adjustments to training or
rehabilitation. However, such monitoring should be treated as a risk-assessment tool rather than as a confirmed method of
diagnosing or preventing injury.
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Figure 1: This image shows the knee joint anatomy with labeled components
such as the ligaments, meniscus, and cartilage. It highlights areas commonly
affected by injuries, such as the Anterior Cruciate Ligament (ACL) and
meniscus, and includes visual indicators like stress points or tear locations. [Both
images are taken from the following reference [1] ]
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Role of Wearable Monitoring Devices in Injury Prevention

Traditional preventive methods like strength training lack real-time feedback, creating a demand for technology that can
proactively monitor joint health and mitigate injury risks. The use of wearable electronics offers a revolutionary approach
to real-time monitoring of knee health.

Wearable monitoring devices offer real-time insights into knee biomechanics, using sensors to track movement patterns,
joint angles, and muscle activity. These wearables, from sensor-equipped braces to smart insoles, allow users to correct
risky motions and identify strain on the knee before injury occurs. As wearable technology advances, its application in
knee injury prevention and rehabilitation continues to grow, enabling data-driven adjustments to support safer training and
daily movement

Figure 2 The Sensoria Smart Knee Brace is a wearable rehabilitation device that combines a knee brace
with embedded sensor technology and remote monitoring. The system is designed to collect information
about the user s knee movement and rehabilitation activity while the brace is being worn. The recorded
data can be shared with healthcare professionals, allowing recovery progress and exercise performance
to be reviewed remotely. This device provides an example of how sensors can be integrated directly into a
wearable knee support rather than placed in stationary rehabilitation equipment. However, its primary
purpose is rehabilitation monitoring rather than real-time athletic injury-risk detection. This distinction
demonstrates the need for wearable systems that can collect knee-specific biomechanical data during
more dynamic activities such as jumping, landing, and rapid changes in direction.
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Real-time data collected from wearable devices alerts athletes and medical staff to injury risks, allowing for early
intervention and targeted prevention strategies. This proactive approach reduces knee injury risk and boosts athletes'
confidence in their joint health.

The integration of wearable monitoring devices into sports medicine has revolutionized the prevention and management of
knee injuries, enabling a proactive approach to joint health. By providing real-time feedback and actionable insights, these
devices enhance safety, performance, and confidence while reducing the risk of debilitating injuries. Innovations such as
smart knee braces and motion sensors analyze movement patterns, detect stress, and offer personalized data for tailoring
training and recovery programs. As technology continues to evolve, wearable devices are transforming injury prevention
strategies, reducing downtime, and paving the way for a future where injuries can be anticipated and mitigated before they
occur.

Existing Technology for Knee Injury monitoring

Wearable technologies for knee monitoring vary in their intended purpose, sensor configuration, feedback method, and
level of accessibility. Some systems are designed for general athletic workload monitoring, while others focus on
rehabilitation, muscle activity, or localized joint movement. To evaluate these technologies consistently, this paper
compares them using five criteria: knee specificity, sensor suite, real-time feedback, data access, and ergonomics or cost.

Knee specificity refers to whether the device measures variables directly related to the knee joint or only provides general
whole-body performance data. Sensor suite describes the types of sensors used, such as inertial measurement units, flex
sensors, pressure sensors, electromyography sensors, or GPS modules. Real-time feedback indicates whether the device
can provide immediate information during activity. Data access refers to whether users can review, export, or share
recorded measurements. Ergonomics and cost consider whether the device is practical, comfortable, and financially
accessible for regular athletic or rehabilitation use.

Wearable Sensors for Knee Injury Monitoring

Wearable sensors can provide continuous measurements of movement and loading during athletic activity or
rehabilitation. Devices placed on or near the knee may use accelerometers, gyroscopes, flex sensors, or pressure sensors to
estimate joint angle, angular velocity, movement symmetry, and pressure distribution. These measurements can help
identify movement patterns that may require further assessment, such as excessive extension, repeated asymmetrical
loading, or inconsistent landing mechanics.

However, wearable sensors do not directly diagnose injury or prove that an injury will occur. Their accuracy depends on
sensor placement, calibration, sampling frequency, filtering methods, and the movement being measured. For this reason,
wearable devices are best treated as monitoring tools that may support athletes, coaches, and healthcare professionals in
evaluating movement patterns and rehabilitation progress.

Advanced Motion Analysis Systems

Advanced motion analysis systems leverage wearable devices and software platforms to provide detailed assessments of
knee movement and biomechanics. These systems use data from accelerometers, gyroscopes, and other sensors to model
joint motion in 3D, allowing for precise identification of risky patterns such as hyperextension or valgus collapse.

For example, systems integrating wearable sensors with motion analysis software can evaluate stride length, knee flexion
angles, and force impact during activities like running or jumping. This detailed analysis is invaluable for athletes, as it
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helps identify subtle deviations from optimal form that might lead to injuries. Moreover, pairing motion analysis with
cloud-based platforms enables remote monitoring by coaches and healthcare providers, supporting individualized training
programs tailored to reduce the risk of knee injuries. This combination of real-time monitoring and in-depth analysis
ensures a more comprehensive approach to injury prevention, going beyond basic feedback to offer insights that drive
long-term improvement in joint health.

In this section we will present some of the existing devices that monitor knee injuries using advanced technology such as:
e Catapult Sports: It provides athlete monitoring solutions using GPS tracking and workload analysis,
primarily designed for team sport athletes. The system helps coaches and trainers optimize performance
and reduce injury risks by analyzing movement patterns and physical exertion, though it offers limited
knee-specific data.

CATAPULT

e SmartKnee: This includes various technologies aimed at knee stabilization and injury prevention. These
devices use sensors to track knee motion, support rehabilitation, and adjust stability dynamically,
benefiting high-impact sports athletes and recovering patients.

it

e Motus Knee: It is a sensor-equipped knee brace designed for both general athletes and rehabilitation
users. It provides real-time feedback on knee movement and helps in injury prevention and recovery,
though it lacks cloud integration for data tracking and analysis.
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e Strive by Athos: This device develops electromyography (EMG) based compression wear that monitors
muscle activity, primarily for strength trainers and athletes. While it does not specifically target knee
joints, it offers insights into muscle engagement and fatigue, indirectly aiding in knee injury prevention by
assessing the muscles supporting the joint.

The table below summarizes the key features, target audience and limitations of these four devices.

Table 2.1: Summary of existing devices for monitoring knee performance and status.

Device Key Features Target Audience Limitations Outcome /

Name Solution
Catapult GPS tracking, workload | Team sport athletes Limited knee-specific data | The proposed
Sports [6] analysis brace is designed

to address this
limitation by
collecting
localized
knee-motion and
pressure data.

SmartKnee | Knee stabilization, High-impact sports, Bulky design, limited Lightweight,

[7] powered support recovery analytics 3D-printed design
with improved
comfort and

advanced analytics
for real-time

feedback and

better injury

prevention.
Motus Sensor-equipped knee General athletes, rehab No cloud integration Integrates
Knee [8] brace users Bluetooth

connectivity and
cloud storage for
remote monitoring
by coaches and
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medical
professionals.

Strive by
Athos [9]
wear

EMG muscle
monitoring compression

Strength trainers, athletes

Focus on muscle, not joint
risks

Combines muscle
activity tracking
(EMG) with joint
motion data,
providing a full
picture of
performance and
injury risk.

Section 2.3: Drawbacks of current knee monitoring devices and systems

Excessive bulk and

Lightweight structural

Total device mass <500 g

communication

weight architecture

Restricted mobility Ergonomic, low-profile design aligned with Full range of motion (0-130 degrees
anatomical knee axis flexion) without obstruction

Limited battery life Energy efficient electronics and BLE Minimum 6-8 hours

continuous operation

Sensor drift and

Integrated calibration protocol and sensor

Repeatable angle error < +3 degrees after

calibration fusion filtering calibration
inconsistency

Insufficient High-frequency data acquisition Sampling rate > 100 Hz
temporal

resolution

Lack of localized
knee-specific data

Multi-sensor joint level monitoring

IMU + flex + pressure sensor integration

Excessive bulk and
weight

Lightweight structural architecture

Total device mass < 500 g

Despite the growing availability of wearable knee monitoring technologies, many current solutions continue to face
significant challenges that hinder their accuracy, usability, and accessibility. These issues limit the potential of such
devices in both clinical rehabilitation and athletic performance settings. The primary drawbacks include excessive bulk

and weight, limited battery life, and inconsistent data accuracy and calibration.
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A major concern lies in device bulk and weight. Many knee monitoring systems rely on rigid exoskeletal structures or
multiple external sensor modules that add unnecessary mass and restrict movement. Such designs often interfere with
natural gait patterns, causing discomfort and reducing user compliance during extended use. For athletes, this lack of
flexibility can compromise performance, while for patients undergoing rehabilitation, it can impede progress by
discouraging consistent wear. The need for lightweight, ergonomically designed devices remains a key challenge that
modern engineering approaches must address to achieve both comfort and functionality.

Another limitation involves battery life and power efficiency. Devices equipped with multiple active sensors—such as
accelerometers, gyroscopes, and pressure sensors—often suffer from high energy consumption. Continuous data
acquisition and wireless transmission drain power rapidly, requiring frequent recharging or battery replacement. This not
only reduces convenience but also interrupts long-term monitoring, which is critical for tracking injury recovery or
performance improvements. Effective power management strategies, such as low-power electronics and optimized
communication protocols, are essential for enhancing the practicality of wearable systems.

Finally, data accuracy and calibration remain persistent obstacles in the adoption of current knee monitoring technologies.
Measurement errors can arise from sensor drift, mechanical misalignment, or inconsistent placement of devices on
different users. These inaccuracies can distort biomechanical readings and compromise the reliability of collected data,
leading to flawed diagnostics or ineffective injury prevention strategies. Furthermore, environmental factors—such as
temperature, humidity, and vibration—can affect sensor performance, particularly in field conditions. Addressing these
issues requires advanced calibration techniques and sensor fusion algorithms that ensure consistent and precise motion
tracking across diverse populations and use cases.

In summary, the limitations of existing knee monitoring systems stem from a combination of physical, electrical, and
analytical challenges. Overcoming these issues through improved materials, energy-efficient electronics, and enhanced
data processing methods are critical to advancing wearable knee technology. These shortcomings form the foundation for
the development of a new, integrated solution—such as the smart knee brace proposed in this research—that prioritizes
comfort, accuracy, and long-term usability.

Proposed Smart Knee Brace Solution

Knee injuries are among the most common musculoskeletal issues faced by athletes and active individuals worldwide,
often resulting in long recovery periods and significant performance loss. According to recent sports-medicine research,
anterior cruciate ligament (ACL) and meniscus tears account for a large portion of sports-related injuries, especially in
activities that involve sudden stops, pivots, or jumps [10]. These injuries can lead to chronic pain, reduced mobility, and
long-term joint degeneration if not diagnosed or managed early. As a result, there has been an increasing emphasis on
early detection and prevention technologies that can monitor joint stress and alert users before serious damage
occurs.Traditional knee braces, while effective in providing mechanical support, lack the ability to capture or analyze
biomechanical data in real time. This limitation prevents users and clinicians from understanding the actual causes and
dynamics of injuries. In recent years, wearable monitoring systems—including smart sensors, inertial-measurement units
(IMUs), and motion-tracking devices—have begun to fill this gap by offering digital insights into movement quality and
joint health [11]. However, many of these devices remain limited in scope. For example, GPS-based trackers focus
primarily on general workload or distance covered, while tele-rehabilitation systems are confined to clinical environments.
These solutions fail to provide knee-specific motion and load data that are necessary for both athletic training and injury
prevention [12].The purpose of this research is to develop a smart knee brace that bridges this technological divide by
integrating modern materials, embedded sensors, and real-time feedback systems. The proposed device continuously
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monitors knee motion, flexion angle, and load distribution, allowing athletes and physiotherapists to detect abnormal
movement patterns instantly. This integration of biomechanics and wearable technology creates a product that not only
supports the knee physically but also serves as a diagnostic and preventive tool.In addition to functionality, accessibility
and affordability are central to this project’s mission. Most advanced wearables currently available in the market are
imported and priced beyond the reach of local users in Indonesia. By employing cost-effective 3D printing techniques,
modular assembly, and locally sourced materials, this project aims to deliver a smart knee brace that is affordable,
customizable, and adaptable for athletes, rehabilitation patients, and general users alike [13].Ultimately, this research
addresses the growing need for localized innovation in sports technology. By combining engineering design, sensor
integration, and data analytics, the smart knee brace represents a step toward reducing the incidence of knee injuries
through proactive monitoring. The development of this device contributes to the broader goal of advancing Indonesia’s
capability in wearable health technology—transforming injury prevention from a reactive response into a continuous,
data-driven process that empowers users to stay healthy, active, and safe.

II1. Materials and Software Used

The smart knee brace utilizes a combination of high-strength polymers, advanced textiles, and

precision-engineered electronics to achieve durability, comfort, and responsiveness. The structural frame of the brace is
composed of nylon-based materials such as PA12 and PA6, which are known for their exceptional tensile strength, fatigue
resistance, and lightweight characteristics. These polymers are ideal for supporting high-stress zones around the knee joint
while maintaining user comfort during long periods of movement. To improve rigidity at critical points such as the hinge
mechanism, carbon-fiber-reinforced nylon is employed, increasing stiffness without adding significant weight. Aluminum
6061 or stainless-steel pins and fasteners are integrated to secure mechanical joints, ensuring that the brace remains stable
under repetitive flexion and extension cycles.

Additive manufacturing plays a major role in producing the structural components of the knee brace. The frame is
designed using computer-aided design (CAD) software and fabricated through Fused Filament Fabrication (FFF) 3D
printing. This process allows for precise customization of brace dimensions according to user anatomy while reducing
manufacturing costs compared to traditional molding methods. Post-processing steps, such as light sanding and heat
treatment, are used to smooth printed parts and enhance surface strength. This manufacturing method enables iterative
design improvements—each prototype can be adjusted quickly for different athletes or patients based on testing feedback,
making it ideal for research and small-scale production environments.

Comfort and ergonomics are achieved through careful material layering and structural integration. The inner lining
consists of neoprene and spacer mesh fabrics that provide breathability, softness, and heat dissipation, preventing
discomfort during extended use. Shock-absorbing pads made of EVA foam or silicone gel are positioned at key pressure
points, distributing loads evenly and minimizing localized strain. The brace is secured using adjustable elastic straps with
hook-and-loop fasteners, allowing users to customize tightness according to their preference. Anti-slip silicone strips are
applied on the inner surface of the straps to ensure a stable fit even during high-intensity activity, preventing slippage or
twisting during motion.
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The electronic system is equally advanced, designed to monitor biomechanical parameters in real time. A 9-axis inertial
measurement unit (IMU) is positioned near the hinge to record angular velocity, linear acceleration, and orientation of the
knee joint. A flexible bend sensor (flex sensor) is aligned along the joint axis to measure knee flexion and extension
angles with precision. Thin-film pressure sensors are embedded beneath the padding at contact points to measure load
distribution and detect asymmetrical stress patterns. All sensor signals are transmitted to an ESP32 microcontroller
mounted within a compact enclosure on the side of the brace. The ESP32 was selected due to its high processing
capability, low energy consumption, and built-in Bluetooth Low Energy (BLE) module, which allows seamless
communication with a mobile device.

Power is supplied by a 500 to 1000 mAh lithium-polymer (Li-Po) battery that supports several hours of continuous
operation. The battery is rechargeable through a USB-C port and features a built-in protection circuit to prevent
overcharging or voltage fluctuations. Firmware for the ESP32 is developed using C/C++ in the Arduino IDE, enabling
direct control of sensors, calibration processes, and wireless data transfer.

Data is filtered and processed through sensor-fusion algorithms that combine IMU readings with flex-sensor and pressure
data to create accurate models of joint movement and stress. A mobile companion application, developed using Flutter or
React Native, displays real-time motion analytics and provides instant feedback to users through notifications, visual
graphs, and sound or vibration alerts. This app stores both live and historical data, allowing athletes and therapists to
review performance metrics or recovery progress. Offline data analysis and predictive modeling are performed using
Python, incorporating libraries such as NumPy, Pandas, and TensorFlow Lite to train machine learning models that
identify potential injury risks. The CAD software (Fusion 360 or SolidWorks) also plays an important role during
development, enabling precise alignment of mechanical and electronic components and validating stress distribution
through Finite Element Analysis (FEA).

Together, these materials, electronics, and software tools create an integrated system capable of providing continuous,
accurate, and user-friendly knee monitoring. The design ensures that the device remains both functional and wearable,
merging mechanical support with intelligent feedback to reduce injury risk and improve training outcomes.

Addressing Limitations in Existing Devices

The proposed smart knee brace addresses several critical limitations found in current wearable sports and rehabilitation
technologies. Existing devices in the market typically fall into three categories, general motion trackers,
rehabilitation-oriented smart braces, and muscle-activity wearables, each with its own set of drawbacks. General workload
trackers, such as GPS-based vests, primarily measure speed, distance, and acceleration but do not provide knee-specific
biomechanical data. They fail to capture precise joint angles, rotational velocity, and load distribution on the knee during
high-stress movements such as landing, cutting, or pivoting. As a result, while these devices offer valuable insights into an
athlete’s overall performance, they cannot pinpoint the mechanical factors that contribute to joint injuries

In contrast, the smart knee brace introduced in this project is specifically designed for localized joint analysis. By
combining IMUs, flex sensors, and pressure sensors, the system collects three essential biomechanical variables: motion
trajectory, angular displacement, and contact force. This allows the brace to quantify both kinematic and kinetic aspects of
movement, something most general trackers cannot do. The data is processed directly on-board through the ESP32
microcontroller, enabling real-time detection of abnormal movement patterns, such as excessive knee valgus or
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hyperextension, which have been widely associated with increased anterior cruciate ligament (ACL) injury risk in
biomechanical studies [11], [18].

Other rehabilitation-oriented devices, such as clinic-based tele-rehabilitation braces, often depend on bulky external
modules or require internet connectivity for cloud processing. These systems, though effective in controlled environments,
are unsuitable for athletic field use due to their size, power consumption, and dependency on medical supervision. In
contrast, the proposed design is lightweight,

wireless, and self-contained, allowing athletes to train freely without being tethered to stationary monitoring systems.
Furthermore, many commercial wearables rely on proprietary platforms or closed ecosystems that limit compatibility and
customization. Users are often unable to adjust sensitivity thresholds, access raw data, or modify the interface according to
their needs. Our knee brace overcomes these limitations by utilizing open-source software frameworks and adaptable
firmware, making the device suitable for both research and personal use. This open approach also enables local developers
and physiotherapists to tailor the software for specific rehabilitation exercises, sports, or even individual biomechanics.
Another significant limitation in existing products is cost accessibility. Most imported smart braces and high-end athletic
monitoring systems are priced between USD $300 and $800, putting them out of reach for local schools, clinics, and
athletes in developing countries. Through the use of additive manufacturing, locally sourced components, and modular
assembly, the cost of this proposed design can be reduced substantially while maintaining performance and reliability. The
3D-printed parts can be customized for individual users without the need for expensive molds, and the modular electronic
architecture allows easy repair or upgrades when necessary.

Lastly, while muscle-activity monitoring suits, such as EMG-based systems, focus on muscular activation and fatigue,
they fail to capture the mechanical stress imposed on the knee structure itself. The proposed device complements these
systems by providing a structural perspective—measuring how external forces and internal motion interact at the joint
level. This combination of real-time motion tracking, pressure analysis, and intuitive feedback makes the smart knee brace
uniquely capable of preventing injuries before they occur, bridging the gap between athletic performance monitoring and
orthopedic safety.

By addressing these limitations, accuracy, portability, openness, affordability, and structural insight, the proposed smart
knee brace not only improves on current technology but also represents a scalable and accessible approach to data-driven
knee protection.

System Flowchart: Data Processing and Feedback Loop

The operation of the smart knee brace follows a multi-stage process that begins with raw data capture and ends with
actionable feedback to the athlete. At the first stage, the sensors embedded in the brace continuously collect data. The
IMU records acceleration and angular velocity across three axes, enabling the system to track knee joint orientation during
both linear and rotational movements. Simultaneously, the flex sensor, strategically aligned with the brace hinge, measures
knee angle directly, providing a baseline to correct for drift in the IMU. Pressure sensors embedded within the padding at
load-bearing points track the forces transmitted through the knee joint, offering insight into stress during jumps, sprints, or
direction changes. The sensors are configured to sample at 100 Hz, a rate selected based on established biomechanical
research indicating that human lower-limb movement dynamics during gait, landing, and cutting maneuvers are
adequately captured within the 50-200 Hz range [11]. This sampling frequency balances temporal resolution with power
efficiency for wearable applications.
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Smart Knee Brace Data Processing and Feedback Flowchart

Sensor Data Acquisition
(IMU, Flex Sensor, Pressure Sensors)
- Captures knee motion, angle, and load

Signal Pre-processing
(Filter, Calibration, Noise Reduction)
-+ Kalman or Complementary Filter on ESP32

Real-time Analysis
{On-board Processing)
-+ Detects risky motion & computes thresholds

Wireless Transmission
(Bluetooth Low Energy)
- Sends alerts & live metrics to mobile app

User Feedback Loop
(Mobile App Visualization)
— Displays risk alerts, metrics, and suggestions

DOI: 10.5281/zenodo.21047055 Vol 4 | Issue 2 | June 2026 14



©The Lens Journal 2025 www. thelensjournal.com

The second stage involves local pre-processing of the sensor signals by the ESP32 microcontroller. Noise reduction is
performed using filtering algorithms such as a complementary filter or Kalman filter, which blend accelerometer and
gyroscope data to yield stable orientation estimates. The flex sensor’s voltage output is mapped to calibrated angles, and
pressure sensor voltages are converted into meaningful force values. By the end of this stage, the system generates a
time-stamped sequence of calibrated variables, including knee angle, angular velocity, and joint load.

In the third stage, the firmware interprets the processed signals in real time. The ESP32 compares knee motion data
against literature-informed biomechanical thresholds associated with increased ligament loading. For example, excessive
knee valgus angles (>10—15° medial deviation under load) and hyperextension beyond physiological neutral extension
have been reported as ACL injury risk markers in biomechanical studies [11], [18]. In the current prototype, these
thresholds are implemented as configurable parameters and should be interpreted as preliminary until validated in
controlled experimental trials. For example, if the knee angle exceeds a preset maximum (hyperextension) or if the joint
loading force spikes above a safe limit during landing, the microcontroller flags these as high-risk events. Preliminary
rule-based classification is implemented in the current prototype.

Machine learning—based movement classification is proposed as future work pending the collection of sufficiently large,
labeled biomechanical datasets for training and validation. By processing the data locally on the ESP32 microcontroller,
the system minimizes computational delay prior to transmission. Bluetooth Low Energy (BLE) communication is used to
transmit processed measurements and alerts to the mobile application. Communication latency has not yet been measured
for the current prototype and will be evaluated during future device testing.

The fourth stage is wireless transmission. Data packets containing both summary metrics and flagged alerts are sent over
Bluetooth Low Energy to the paired mobile application. This ensures efficient communication while minimizing power
consumption. Alerts are given priority in transmission so that warnings reach the athlete immediately, while less urgent
data streams in the background for session logging.

The final stage is user feedback through the mobile app. The interface displays live metrics such as knee angle,
accumulated load, and jump counts in a simple dashboard. Alerts are communicated via visual cues (e.g., color-coded risk
indicators), auditory alarms, or haptic vibrations. For example, a sudden red indicator with a vibration signal warns the
athlete to stop or adjust their technique. Beyond live monitoring, the app archives session logs that athletes and coaches
can review later to detect performance trends, fatigue accumulation, or recurring risky movements. This closed-loop
system transforms raw biomechanical signals into meaningful insights, allowing athletes to make real-time corrections
while also enabling long-term injury prevention strategies.

Fabrication Process

The fabrication of the smart knee brace integrates mechanical, electronic, and textile engineering in a sequential workflow.
Development begins with computer-aided design (CAD) of the thigh and shank shells, hinge system, and strap slots.
Finite Element Analysis (FEA) simulations identify areas of stress concentration and guide design modifications, such as
reinforcing hinge regions and tapering low-load areas to reduce weight. Once validated, the structural shells are fabricated
using fused filament fabrication (FFF) 3D printing with materials such as PETG for early iterations and carbon-fiber
reinforced nylon for later, higher-strength versions. Printing parameters are optimized for strength, with high infill density
in load-bearing areas and adaptive infill in less critical zones.
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The hinge mechanism is fabricated either by CNC machining aluminum components or printing

high-strength nylon composites, depending on the prototype stage. Hinges are tested for alignment with the anatomical
knee axis to ensure accurate motion tracking. After the shells and hinges are prepared, padding is cut from neoprene and
EVA foam, shaped to match the shell contours, and bonded with adhesive. Straps of elastic webbing are sewn with
hook-and-loop fasteners and threaded through pre-designed slots, reinforced by rivets or bolts. Silicone grip strips are
applied to the inner strap surfaces to prevent slippage.

Electronics integration begins with the placement of the flex sensor across the joint, secured with screws or clamps to
allow bending in synchrony with the knee. The IMU module is mounted in a 3D-printed bracket aligned with the brace
hinge to capture accurate motion data. Pressure sensors are embedded under the padding, wired carefully through internal
channels in the shell to minimize strain and exposure. All wires terminate at the ESP32 microcontroller, housed with a
Li-Po battery in a compact 3D-printed enclosure. This enclosure is attached to the brace’s exterior using small bolts, with
provisions for USB charging and a power switch.

Once assembly is complete, calibration ensures accuracy. Flex sensors are calibrated using goniometer references at
known knee angles, IMUs are zeroed against gravity and static poses, and pressure sensors are tested with applied
weights. Firmware settings, such as filter constants and thresholds, are tuned during iterative testing. The brace is then
subjected to functional trials including walking, squatting, and lateral cuts to verify sensor stability, comfort, and structural
durability. Adjustments in design or wiring are made in subsequent prototypes until reliable performance is achieved.

Comparative Fabrication Methods and Competitive Advantages

Competing products typically rely on traditional injection molding for structural components and custom-designed printed
circuit boards (PCBs) for electronics. While effective for large-scale manufacturing, these approaches involve high tooling
costs, limited design flexibility, and longer development cycles. Additionally, reliance on imported components increases
production costs and reduces accessibility in local markets. In contrast, the fabrication approach proposed in this study
utilizes digital manufacturing methods and modular design principles. The use of additive manufacturing, particularly 3D
printing, eliminates the need for expensive molds and enables rapid prototyping, iterative design improvements, and
customization to individual users. This approach supports distributed manufacturing, as production can be carried out in
local facilities equipped with standard 3D printing technologies, thereby reducing lead times and dependence on imported
products.

The incorporation of off-the-shelf electronic components, such as ESP32 microcontrollers and commercially available
IMU and pressure sensors, further enhances system accessibility and maintainability. Unlike proprietary systems, the
modular design allows individual components to be repaired or replaced locally without requiring specialized equipment
or international shipping. This contributes to improved sustainability and long-term usability, as components such as
straps, padding, or sensor modules can be upgraded independently without replacing the entire device.

From a research and deployment perspective, this fabrication strategy suggests strong feasibility for implementation in
resource-constrained environments. Existing wearable systems are often limited by high costs, bulky designs, and
restricted adaptability, with retail prices commonly ranging between USD 300 and USD 800. In contrast, the proposed
system demonstrates the potential for a lower-cost, lightweight, and adaptable solution that can be utilized in both clinical
and athletic settings. By integrating localized manufacturing, modular architecture, and user-centered design, the proposed
approach provides evidence for a more scalable and accessible model of wearable knee monitoring technology.
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Financial Overview and Production Feasibility

The financial plan is structured across three phases: prototyping, pilot production, and full-scale production. During
prototyping, braces are fabricated using desktop 3D printers and off-the-shelf electronics, with costs ranging from $200 to
$250 per unit. At this stage, heavier but less expensive materials such as PETG are acceptable for proving functionality,
while higher-cost carbon-fiber nylon is reserved for later refinement. The focus here is testing design feasibility rather
than cost optimization.

In the pilot production phase, producing 50 to 100 units, economies of scale reduce costs significantly. Bulk orders of
sensors, microcontrollers, and batteries lower per-unit prices, while outsourcing fabrication to industrial 3D printing
services improves quality and consistency. Each unit is expected to cost around $120 to $150, with weight reduced by
substituting stronger, lighter materials and optimizing CAD geometry to remove unnecessary bulk. This phase balances
performance improvements with cost control, producing units suitable for field testing by sports academies and clinics.

Full-scale production shifts primary shell fabrication to injection molding, which, despite upfront mold costs of $5,000 to
$10,000, dramatically reduces per-unit cost once scaled. Electronics are assembled by local contract manufacturers, and
textiles like straps and padding are sourced from Indonesian suppliers. At this stage, the cost per unit falls to $50 to $80,
allowing a retail price of $150 to $200. This undercuts imported smart braces while maintaining sufficient margin for
reinvestment.

The financial feasibility is reinforced by three guiding principles: weight reduction, modularity, and local sourcing. Weight
is reduced through material substitution and CAD-driven geometry optimization. Modularity extends product life and
creates secondary revenue streams for replacement parts. Local sourcing eliminates import duties, supports Indonesian
industry, and ensures faster response to user needs. Together, these strategies ensure the product remains both technically
competitive and financially sustainable in the Indonesian market.

Data Security and Privacy

The deployment of wearable biomechanical monitoring systems introduces important data security and privacy
considerations. The proposed smart knee brace collects joint kinematics and load distribution metrics, including knee
angle, angular velocity, and contact force. In the current prototype, signal processing is performed locally on the ESP32
microcontroller, and only summarized metrics and alert events are transmitted via Bluetooth Low Energy (BLE) to a
paired mobile device.

Future implementations involving cloud storage or remote monitoring will require encrypted communication protocols
(e.g., TLS-based transmission) to secure data in transit. Access control mechanisms will restrict data visibility to
authorized users such as the athlete, coach, or healthcare provider. Where possible, stored datasets should be anonymized
or pseudonymized to reduce exposure of personally identifiable information.

Athlete consent procedures must clearly define what parameters are recorded, how long data are retained, and who is
permitted access. Users should maintain control over data deletion and synchronization settings. These measures are
essential for responsible deployment of wearable health technologies in both athletic and clinical environments.
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VI. Conclusion and Future Work

This study presents the design framework for a knee-specific wearable monitoring system that combines digital
fabrication, embedded sensors, and wireless data transmission. The proposed brace integrates an inertial measurement
unit, a flex sensor, pressure sensors, an ESP32 microcontroller, and a mobile application to support the collection and
review of knee-motion and pressure data. The use of modular components, additive manufacturing, and locally sourced
materials may support future adoption and deployment in Indonesian schools, clinics, rehabilitation settings, and sports
programs.

The proposed system has not yet been clinically validated and should not be interpreted as a proven method of preventing
knee injuries. Its current contribution is an engineering design that outlines how localized biomechanical monitoring,
real-time feedback, and cost-conscious fabrication could be combined in a wearable device. Further testing is required to
determine sensor accuracy, communication latency, battery performance, user comfort, durability, and reliability during
athletic movement.

Future research will focus on enhancing performance accuracy, user comfort, and data intelligence through iterative
engineering and testing. On the hardware side, advanced composite materials such as graphene-reinforced nylon or
thermoplastic polyurethane (TPU) blends will be investigated to reduce weight and improve flexibility without
compromising strength [11]. The addition of modular sensor bays will allow users to attach or remove sensors—such as
additional pressure pads, electromyography (EMG) electrodes, or temperature sensors—depending on specific training or
rehabilitation needs [12]. Further exploration into miniaturized power systems, such as flexible printed batteries or
energy-harvesting modules that convert kinetic motion into electrical power, could extend operating time and eliminate
the need for frequent recharging [13].

On the software side, the next stage of development will involve applying machine learning algorithms and artificial
intelligence models to identify early indicators of knee injury risk. Using large datasets collected from multiple athletes,
supervised learning techniques such as random forest classification or recurrent neural networks could be trained to
recognize patterns associated with ligament strain, joint instability, or fatigue [14]. Cloud-based integration will allow
secure data storage and remote access for coaches, physiotherapists, and sports scientists, enabling long-term tracking of
athlete biomechanics [15]. A web dashboard could visualize team-level analytics—highlighting trends such as increased
knee valgus or impact asymmetry—to guide personalized conditioning programs [16].

In terms of clinical validation, future studies should include controlled trials comparing sensor readings with
gold-standard motion capture systems and MRI assessments [17]. Collaborations with sports medicine institutions could
provide datasets for cross-validation and statistical accuracy testing of sensor outputs. Longitudinal studies tracking
athletes over months or full sports seasons will be necessary to confirm the brace’s ability to reduce injury incidence in
real-world conditions [18]. This research will also evaluate psychological and behavioral factors—such as how feedback
influences athlete decision-making and training adherence [19].

Further manufacturing research will focus on optimizing production for scalability. Hybrid fabrication techniques that
combine 3D printing with injection molding could be explored to achieve both customization and cost efficiency [20].
Local partnerships with Indonesian manufacturers could enable pilot production runs, while sustainability studies could
assess the use of biodegradable polymers or recyclable composites to minimize waste [11].In the long term, this research
aims to transition the knee brace from a prototype into a clinically validated, mass-producible product that integrates
seamlessly with athlete monitoring ecosystems. By combining advances in material science, embedded systems,
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biomechanics, and artificial intelligence, future iterations of this project will continue to strengthen Indonesia’s role in
wearable health technology innovation, delivering tangible benefits for both performance and rehabilitation.
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	Knee Injury Reduction Using Wearable Monitoring Devices 
	Abstract 
	I. Introduction 
	II. Literature Review 
	Knee injuries are common in sports that involve rapid deceleration, pivoting, jumping, and landing. The knee is especially vulnerable because it must support body weight while allowing movement across several planes. Injuries to the anterior cruciate ligament (ACL), meniscus, and other supporting structures can occur when the joint is exposed to excessive rotation, impact, or abnormal alignment during movement. ACL and meniscal injuries are particularly important in sports such as basketball, soccer, and volleyball. These activities frequently require athletes to stop suddenly, change direction, or land from a jump. Poor landing mechanics, excessive knee valgus, and hyperextension may increase stress on the knee and are commonly examined as biomechanical risk factors. 
	The effects of a serious knee injury can extend beyond the initial physical damage. Athletes may require surgery, rehabilitation, strength retraining, and gradual return-to-sport testing. Recovery may take several months and can also involve psychological challenges, including reduced confidence and fear of reinjury. Even after rehabilitation, some individuals may continue to experience pain, instability, reduced mobility, or difficulty returning to their previous level of performance. 
	Because of these consequences, early identification of potentially risky movement patterns is an important area of sports-medicine research. Monitoring knee motion and loading during physical activity may help athletes, coaches, and healthcare professionals recognize abnormal movement patterns and make informed adjustments to training or rehabilitation. However, such monitoring should be treated as a risk-assessment tool rather than as a confirmed method of diagnosing or preventing injury. 
	Traditional preventive methods like strength training lack real-time feedback, creating a demand for technology that can proactively monitor joint health and mitigate injury risks. The use of wearable electronics offers a revolutionary approach to real-time monitoring of knee health. 
	Wearable monitoring devices offer real-time insights into knee biomechanics, using sensors to track movement patterns, joint angles, and muscle activity. These wearables, from sensor-equipped braces to smart insoles, allow users to correct risky motions and identify strain on the knee before injury occurs. As wearable technology advances, its application in knee injury prevention and rehabilitation continues to grow, enabling data-driven adjustments to support safer training and  
	daily movement 
	Real-time data collected from wearable devices alerts athletes and medical staff to injury risks, allowing for early intervention and targeted prevention strategies. This proactive approach reduces knee injury risk and boosts athletes' confidence in their joint health. 
	 
	The integration of wearable monitoring devices into sports medicine has revolutionized the prevention and management of knee injuries, enabling a proactive approach to joint health. By providing real-time feedback and actionable insights, these devices enhance safety, performance, and confidence while reducing the risk of debilitating injuries. Innovations such as smart knee braces and motion sensors analyze movement patterns, detect stress, and offer personalized data for tailoring training and recovery programs. As technology continues to evolve, wearable devices are transforming injury prevention strategies, reducing downtime, and paving the way for a future where injuries can be anticipated and mitigated before they occur. 
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	The table below summarizes the key features, target audience and limitations of these four devices. 
	 
	Table 2.1: Summary of existing devices for monitoring knee performance and status. 
	Section 2.3: Drawbacks of current knee monitoring devices and systems 
	III. Materials and Software Used 
	The smart knee brace utilizes a combination of high-strength polymers, advanced textiles, and 
	precision-engineered electronics to achieve durability, comfort, and responsiveness. The structural frame of the brace is composed of nylon-based materials such as PA12 and PA6, which are known for their exceptional tensile strength, fatigue resistance, and lightweight characteristics. These polymers are ideal for supporting high-stress zones around the knee joint while maintaining user comfort during long periods of movement. To improve rigidity at critical points such as the hinge mechanism, carbon-fiber-reinforced nylon is employed, increasing stiffness without adding significant weight. Aluminum 6061 or stainless-steel pins and fasteners are integrated to secure mechanical joints, ensuring that the brace remains stable under repetitive flexion and extension cycles. 
	Additive manufacturing plays a major role in producing the structural components of the knee brace. The frame is designed using computer-aided design (CAD) software and fabricated through Fused Filament Fabrication (FFF) 3D printing. This process allows for precise customization of brace dimensions according to user anatomy while reducing manufacturing costs compared to traditional molding methods. Post-processing steps, such as light sanding and heat treatment, are used to smooth printed parts and enhance surface strength. This manufacturing method enables iterative design improvements—each prototype can be adjusted quickly for different athletes or patients based on testing feedback, making it ideal for research and small-scale production environments. 
	Comfort and ergonomics are achieved through careful material layering and structural integration. The inner lining consists of neoprene and spacer mesh fabrics that provide breathability, softness, and heat dissipation, preventing discomfort during extended use. Shock-absorbing pads made of EVA foam or silicone gel are positioned at key pressure points, distributing loads evenly and minimizing localized strain. The brace is secured using adjustable elastic straps with hook-and-loop fasteners, allowing users to customize tightness according to their preference. Anti-slip silicone strips are applied on the inner surface of the straps to ensure a stable fit even during high-intensity activity, preventing slippage or twisting during motion. 
	 
	The electronic system is equally advanced, designed to monitor biomechanical parameters in real time. A 9-axis inertial measurement unit (IMU) is positioned near the hinge to record angular velocity, linear acceleration, and orientation of the knee joint. A flexible bend sensor (flex sensor) is aligned along the joint axis to measure knee flexion and extension angles with precision. Thin-film pressure sensors are embedded beneath the padding at contact points to measure load distribution and detect asymmetrical stress patterns. All sensor signals are transmitted to an ESP32 microcontroller mounted within a compact enclosure on the side of the brace. The ESP32 was selected due to its high processing capability, low energy consumption, and built-in Bluetooth Low Energy (BLE) module, which allows seamless communication with a mobile device. 
	Power is supplied by a 500 to 1000 mAh lithium-polymer (Li-Po) battery that supports several hours of continuous operation. The battery is rechargeable through a USB-C port and features a built-in protection circuit to prevent overcharging or voltage fluctuations. Firmware for the ESP32 is developed using C/C++ in the Arduino IDE, enabling direct control of sensors, calibration processes, and wireless data transfer. 
	 
	Data is filtered and processed through sensor-fusion algorithms that combine IMU readings with flex-sensor and pressure data to create accurate models of joint movement and stress. A mobile companion application, developed using Flutter or React Native, displays real-time motion analytics and provides instant feedback to users through notifications, visual graphs, and sound or vibration alerts. This app stores both live and historical data, allowing athletes and therapists to review performance metrics or recovery progress. Offline data analysis and predictive modeling are performed using Python, incorporating libraries such as NumPy, Pandas, and TensorFlow Lite to train machine learning models that identify potential injury risks. The CAD software (Fusion 360 or SolidWorks) also plays an important role during development, enabling precise alignment of mechanical and electronic components and validating stress distribution through Finite Element Analysis (FEA). 
	Together, these materials, electronics, and software tools create an integrated system capable of providing continuous, accurate, and user-friendly knee monitoring. The design ensures that the device remains both functional and wearable, merging mechanical support with intelligent feedback to reduce injury risk and improve training outcomes. 
	 
	 
	Other rehabilitation-oriented devices, such as clinic-based tele-rehabilitation braces, often depend on bulky external modules or require internet connectivity for cloud processing. These systems, though effective in controlled environments, are unsuitable for athletic field use due to their size, power consumption, and dependency on medical supervision. In contrast, the proposed design is lightweight, 
	 
	wireless, and self-contained, allowing athletes to train freely without being tethered to stationary monitoring systems. 
	Furthermore, many commercial wearables rely on proprietary platforms or closed ecosystems that limit compatibility and customization. Users are often unable to adjust sensitivity thresholds, access raw data, or modify the interface according to their needs. Our knee brace overcomes these limitations by utilizing open-source software frameworks and adaptable firmware, making the device suitable for both research and personal use. This open approach also enables local developers and physiotherapists to tailor the software for specific rehabilitation exercises, sports, or even individual biomechanics. 
	Another significant limitation in existing products is cost accessibility. Most imported smart braces and high-end athletic monitoring systems are priced between USD $300 and $800, putting them out of reach for local schools, clinics, and athletes in developing countries. Through the use of additive manufacturing, locally sourced components, and modular assembly, the cost of this proposed design can be reduced substantially while maintaining performance and reliability. The 3D-printed parts can be customized for individual users without the need for expensive molds, and the modular electronic architecture allows easy repair or upgrades when necessary. 
	Lastly, while muscle-activity monitoring suits, such as EMG-based systems, focus on muscular activation and fatigue, they fail to capture the mechanical stress imposed on the knee structure itself. The proposed device complements these systems by providing a structural perspective—measuring how external forces and internal motion interact at the joint level. This combination of real-time motion tracking, pressure analysis, and intuitive feedback makes the smart knee brace uniquely capable of preventing injuries before they occur, bridging the gap between athletic performance monitoring and orthopedic safety. 
	By addressing these limitations, accuracy, portability, openness, affordability, and structural insight, the proposed smart knee brace not only improves on current technology but also represents a scalable and accessible approach to data-driven knee protection. 
	 
	System Flowchart: Data Processing and Feedback Loop 
	The operation of the smart knee brace follows a multi-stage process that begins with raw data capture and ends with actionable feedback to the athlete. At the first stage, the sensors embedded in the brace continuously collect data. The IMU records acceleration and angular velocity across three axes, enabling the system to track knee joint orientation during both linear and rotational movements. Simultaneously, the flex sensor, strategically aligned with the brace hinge, measures knee angle directly, providing a baseline to correct for drift in the IMU. Pressure sensors embedded within the padding at load-bearing points track the forces transmitted through the knee joint, offering insight into stress during jumps, sprints, or direction changes. The sensors are configured to sample at 100 Hz, a rate selected based on established biomechanical research indicating that human lower-limb movement dynamics during gait, landing, and cutting maneuvers are adequately captured within the 50–200 Hz range [11]. This sampling
	The second stage involves local pre-processing of the sensor signals by the ESP32 microcontroller. Noise reduction is performed using filtering algorithms such as a complementary filter or Kalman filter, which blend accelerometer and gyroscope data to yield stable orientation estimates. The flex sensor’s voltage output is mapped to calibrated angles, and pressure sensor voltages are converted into meaningful force values. By the end of this stage, the system generates a time-stamped sequence of calibrated variables, including knee angle, angular velocity, and joint load. 
	 
	In the third stage, the firmware interprets the processed signals in real time. The ESP32 compares knee motion data against literature-informed biomechanical thresholds associated with increased ligament loading. For example, excessive knee valgus angles (>10–15° medial deviation under load) and hyperextension beyond physiological neutral extension have been reported as ACL injury risk markers in biomechanical studies [11], [18]. In the current prototype, these thresholds are implemented as configurable parameters and should be interpreted as preliminary until validated in controlled experimental trials. For example, if the knee angle exceeds a preset maximum (hyperextension) or if the joint loading force spikes above a safe limit during landing, the microcontroller flags these as high-risk events. Preliminary rule-based classification is implemented in the current prototype.  
	 
	Machine learning–based movement classification is proposed as future work pending the collection of sufficiently large, labeled biomechanical datasets for training and validation. By processing the data locally on the ESP32 microcontroller, the system minimizes computational delay prior to transmission. Bluetooth Low Energy (BLE) communication is used to transmit processed measurements and alerts to the mobile application. Communication latency has not yet been measured for the current prototype and will be evaluated during future device testing. ​​The fourth stage is wireless transmission. Data packets containing both summary metrics and flagged alerts are sent over Bluetooth Low Energy to the paired mobile application. This ensures efficient communication while minimizing power consumption. Alerts are given priority in transmission so that warnings reach the athlete immediately, while less urgent data streams in the background for session logging. ​​The final stage is user feedback through the mobile
	The fabrication of the smart knee brace integrates mechanical, electronic, and textile engineering in a sequential workflow. Development begins with computer-aided design (CAD) of the thigh and shank shells, hinge system, and strap slots. Finite Element Analysis (FEA) simulations identify areas of stress concentration and guide design modifications, such as reinforcing hinge regions and tapering low-load areas to reduce weight. Once validated, the structural shells are fabricated using fused filament fabrication (FFF) 3D printing with materials such as PETG for early iterations and carbon-fiber reinforced nylon for later, higher-strength versions. Printing parameters are optimized for strength, with high infill density in load-bearing areas and adaptive infill in less critical zones. 
	The hinge mechanism is fabricated either by CNC machining aluminum components or printing 
	high-strength nylon composites, depending on the prototype stage. Hinges are tested for alignment with the anatomical knee axis to ensure accurate motion tracking. After the shells and hinges are prepared, padding is cut from neoprene and EVA foam, shaped to match the shell contours, and bonded with adhesive. Straps of elastic webbing are sewn with hook-and-loop fasteners and threaded through pre-designed slots, reinforced by rivets or bolts. Silicone grip strips are applied to the inner strap surfaces to prevent slippage.  
	 
	Electronics integration begins with the placement of the flex sensor across the joint, secured with screws or clamps to allow bending in synchrony with the knee. The IMU module is mounted in a 3D-printed bracket aligned with the brace hinge to capture accurate motion data. Pressure sensors are embedded under the padding, wired carefully through internal channels in the shell to minimize strain and exposure. All wires terminate at the ESP32 microcontroller, housed with a Li-Po battery in a compact 3D-printed enclosure. This enclosure is attached to the brace’s exterior using small bolts, with provisions for USB charging and a power switch.  
	 
	Once assembly is complete, calibration ensures accuracy. Flex sensors are calibrated using goniometer references at known knee angles, IMUs are zeroed against gravity and static poses, and pressure sensors are tested with applied weights. Firmware settings, such as filter constants and thresholds, are tuned during iterative testing. The brace is then subjected to functional trials including walking, squatting, and lateral cuts to verify sensor stability, comfort, and structural durability. Adjustments in design or wiring are made in subsequent prototypes until reliable performance is achieved. 
	 
	Comparative Fabrication Methods and Competitive Advantages 
	Competing products typically rely on traditional injection molding for structural components and custom-designed printed circuit boards (PCBs) for electronics. While effective for large-scale manufacturing, these approaches involve high tooling costs, limited design flexibility, and longer development cycles. Additionally, reliance on imported components increases production costs and reduces accessibility in local markets. In contrast, the fabrication approach proposed in this study utilizes digital manufacturing methods and modular design principles. The use of additive manufacturing, particularly 3D printing, eliminates the need for expensive molds and enables rapid prototyping, iterative design improvements, and customization to individual users. This approach supports distributed manufacturing, as production can be carried out in local facilities equipped with standard 3D printing technologies, thereby reducing lead times and dependence on imported products. 
	 
	The incorporation of off-the-shelf electronic components, such as ESP32 microcontrollers and commercially available IMU and pressure sensors, further enhances system accessibility and maintainability. Unlike proprietary systems, the modular design allows individual components to be repaired or replaced locally without requiring specialized equipment or international shipping. This contributes to improved sustainability and long-term usability, as components such as straps, padding, or sensor modules can be upgraded independently without replacing the entire device. 
	 
	From a research and deployment perspective, this fabrication strategy suggests strong feasibility for implementation in resource-constrained environments. Existing wearable systems are often limited by high costs, bulky designs, and restricted adaptability, with retail prices commonly ranging between USD 300 and USD 800. In contrast, the proposed system demonstrates the potential for a lower-cost, lightweight, and adaptable solution that can be utilized in both clinical and athletic settings. By integrating localized manufacturing, modular architecture, and user-centered design, the proposed approach provides evidence for a more scalable and accessible model of wearable knee monitoring technology. 
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