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ABSTRACT
Rehabilitation for individuals with upper and lower limb impairments such as
those resulting from stroke, spinal injuries, and neurological conditions remains
a prolonged, resourdatensive process. Traditional therapy methods often rely
heavily on the aailability of skilled therapists and dperson clinical visits,
leading to high treatment costs, inconsistent therapy sessions, and limited access,
especially inlow- and middleincomeregions. Furthermore, current robotic
rehabilitation systems are oftgmohibitively expensive, and many lack the
flexibility to accommodate both upper and lower extremity rehabilitation in a
single platform. These gaps highlight a critical need for a-effsttive,
accessible, and versatile rehabilitation system that dslipeogrammable,
repeatable, and safe therapeutic exercises. To address these challenges, this
project presents the development of a stationary rehabilitation system designed
to support the rehabilitation of both upper and lower limbs. The system utilizes
stepper motors, linear actuators, and interchangeable limb supports to facilitate
joint movements, while an ESP32 microcontroller enables system control and
loT connectivity. An MPU6050 sensor module (accelerometer and gyroscope)
was integrated for realme monitoring of acceleration and angular velocity
during rehabilitation exercises. The prototype was fabricated using CNC
machining and 3printing andtested on eight healthy participants performing
exercises at different speeds and across varied rdmgetion (ROM) profiles
for both elbow and knee joints. Validation of motor rotational speed showed a
|l ow overall error of 2.82% across high (:
ROM evaluations confirmed system repeatability, with a 4.75% average
difference across varying speeds. Joint motion tracking using the MPU6050
sensor showed an average percentage error of 8.79% when validated against a
Trigno IMU, demonstrating acceptable accuracy with slight variations
depending on movement dynamics. In additierROM and motion tracking,
dynamic kinematic data (acceleration and angular velocity) were captured for
reattime motion analysis and rehabilitation performance assessment. The
complete system was developed at an estimated cost of RM1600, providing a
significantly lower cost alternative to commercial robotic rehabilitation devices.
This project demonstrates promising potential to deliver accessible, quantifiable,



and remotely monitored therapy for upper and lower extremity impairments,

suitable for use in clinical settings and at home.
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CHAPTER 1

INTRODUCTION
1.1 General Introduction
Rehabilitation is a multidisciplinary process aimed at helping individuals regain
optimal functioning following a health condition, injury, or disability (World
Health Organization, 2@8. This process can involve various forms of therapy,
such as physical, cognitive, occupational, or psychosocial interventions,
depending on the specific needs of the individual. The main objective of
rehabilitation is to improve the individual's quality tfe by enhancing
independence and enabling them to reintegrate into daily activities and society
(Wade, 2020). Rehabilitation services can be provided ipitads, outpatient
settings, or even at home, depending on the severity of the condition and the
patientodos preferences JWorl d Heal th

Rehabilitation for the upper extremities focuses on restoring the
functional use of the arms and hands through various therapeutic approaches.
Key techniques include occupational therapy, rassisted rehabilitation, and
the use of virtual reality (VR)ystems. These methods are designed to help
patients regain the ability to perform essential daily tasks, enhance range of
motion, and improve fine motor skilSaikaley Bsc et al., n.d.)n parallel,
rehabilitation for the lower extremities targets tastoration of walking ability,
balance, and overall mobility. This is achieved through interventions such as
physical therapy, specialized gait training, and advanced technologies like
exoskeletons. These approaches aim to strengthen the muscles, enhance
coordination, and support functional leg movements for improved mobility and
independencéSarvenaz, Met al., n.d.)

The demand for rehabilitation technologies is increasing due to several
key factors. As the global population ages, the incidence ofregied
conditions such as arthritis and stroke is on the rise, leading to a greater need
for rehabilitation service@Hatem et al., 2016)Additionally, the prevalence of
strokes and injuries, including those from accidents and sports, is becoming

more common, making effective rehabilitation crucial for patients to regain their

independence. Chronic conditions, such asPa nsondés di sease

sclerosis, also contribute to this growing demand, as these patients require

Or gan

and



ongoing rehabilitation to manage symptoms and maintain their quality of life
(Mang and Peters, 2021)Furthermore, advancements in rehabilitation
technology, including robotic systems and virtual reality (VR), are enhancing
the effectiveness and accessibility of rehabilitation, offering new opportunities
for patient recoveryHatem et al., 2016 0verall, rehabilitation systems play a
critical role in helping individuals with motor impairments improve their quality
of life, and the growing need for thesehaologies highlights the importance

of continued innovation and investment in the field.

1.2 Importance of the Study

The development of a stationary upper and lower extremities rehabilitation
system is essential for several reasons. Currently, conventional rehabilitation
systems are often prohibitively expensive, limiting patients' ability to afford
personal rehabilitatn devices. As a result, patients are typically required to
visit rehabilitation centers, which adds to their financial burden (e.g., the high
costs associated with conventional systems like robotic therapy devices).
Creating a coseffective, stationaryahabilitation system that is affordable for
patients is, therefore, vital. In addition to ceffiectiveness, such systems must
support a wide range of conditions. By incorporating interchangeable features,
a rehabilitation system can accommodate vari@esls, addressing both upper
and lower extremity issues. For example, the system can assist in stroke
recovery, as well as movement disorders such as cerebral(@hisyg et al.,
2016)

Another key benefit of developing this system is the potential to reduce
the workload of healthcare professionals. With advancements in technology,
these systems can automate routine rehabilitation tasks, allowing healthcare
providers to focus on more complex cases, thus improving overall efficiency in
rehabilitation centers. Fuehmore, making the system affordable and
accessible will enhance its availability across various rehabilitation centers,
reducing the need for extensive travel for patients. Those living in remote areas
could also benefit by purchasing arhaime system,r&@bling them to receive
rehabilitation without traveling long distances. Finally, with the integration of
advanced technology, these systems can offer enhanced monitoring of

rehabilitation activities, ensuring more effective patient progress tracking.



1.3 Problem Statement

Rehabilitation for patients with upper and lower extremity impairments, such as
those caused by stroke, spinal cord injuries, or other neurological conditions, is
often a prolonged and resouwicgensive process. Traditional methods heavily
depend on skiéld therapists and require significant physical effort from both
patients and therapists. This reliance can lead to inconsistent therapy sessions,
limited access to rehabilitation services, and suboptimal recovery outcomes.
Furthermore, the lack of advancsttionary rehabilitation systems capable of
delivering comprehensive, repetitive, and controlled exercises for both upper
and lower extremities exacerbate these challenges. The financial burden of
rehabilitation is a significant concern for both healthcsystems and patients.
Globally, around 2.4 billion people live with health conditions that could benefit
from rehabilitation, and this need is expected to grow due to an aging population
and the rise in chronic diseas@8orld Health Organization, 2023In many

low- and middleincome countries, over 50% of individuals do not receive the
rehabilitation services they requii@orld Health Organization, 2023 Asia,
rehabilitation costs are also considerable. Given these challenges, there is a
critical need to develop an innovative stationary rehabilitation system that can
support the effective rehabilitation of both upper and lower extremities. Such a
systemwould improve patient outcomes and alleviate the strain on healthcare

providers while making redbilitation more accessible and affordable.

1.4 Aim and Objectives
This project aims to develop an affordable stationary rehabilitation system for
both upper and lower extremities. The objectives of this project are as follows:
1. To design amaffordable and customizable rehabilitation system
that supports diverse mobility levels and provides a wide range
of therapeutic exercises.
2. To incorporate theaccelerometer and gyroscope module
(MPUG605Q sensor for realime kinematic data acquisition,
enabling measurement of joint movement during rehabilitation

exercises.



3. To integrate technology for remote monitoring, enabling users'
progress to be tracked and adjustments to be made without the

need for frequent bperson interactions.

15 Scope and Limitation of theStudy
This study focuses on the development of a stationary upper and lower
extremities rehabilitation system designed for patients with impairments caused
by conditions such as stroke, spinal cord injuries, and movement disorders. The
system aims to integratedweanced technologies, including robotics, stepper
motors, and sensors such acelerometer and gyroscopensor moduleto
provide controlled, repetitive exercises. It also includes features for remote
monitoring and feedback, allowing to trachabilitdion progress and adjust
rehabilitation plans accordingly. The system is intended to be customizable,
with interchangeable components to cater to different patient needs, body types,
and mobility levels. Moreover, it aims to be ceffiective, making
rehabilitaion accessible to a wider population, particularly in-lawd middle
income regions. By providing a system that can be used in both clinical and
home settings, the study seeks to reduce the need for frequent travel to
rehabilitation centers and liggn the workload of healthcare professionals.
However, there are several limitations to this study. While the system
is adaptable, it may not be suitable for patients with complex or severe
impairments that require more specialized care. Another limitation is ensuring
patient compliance, particularlg home settings where there may be no direct
supervision from healthcare providers, leading to inconsistent use and
suboptimal outcomes. Additionally, customization may also present challenges,
as the system may not perfectly fit all patients, espedhtige with unique
body types or specific rehabilitation needs. Furthermore, the integration of
sensors for regime monitoring raises concerns about data privacy and security,
which may be difficult to fully address in the initial stages of development.
Lastl y, t hetersm ypnanteeam@ and ducabilgy, especially for home
users, could be a barrier, as regular upkeep may be required to ensure optimal
functioning. By addressing both the scope &mutations, this study aims to
provide a practical gt innovative solution for rehabilitation while recognizing

the potential challenges in its development and implementation.



1.6 Contribution of the Study

This study provides a significant contribution to the field of rehabilitation
engineering by developing a stationary system that supports therapy for both the
upper and lower extremities. Unlike many existing systems that are limited in
scope or too costhor widespread adoption, the proposed rehabilitation system
is designed to be affordable, udeendly, and versatile. Its dusimb focus
allows patients recovering from a wide range of neuromuscular conditions,
including stroke and spinal cord injurje® perform rehabilitative exercises
within a single integrated system. The modularity of the design, with adjustable
limb supports and customizable movement parameters, further enhances its
adaptability for different body sizes and conditions.

Anot her major contribution-time es i n t he
data acquisition and remote monitoring features. By usingdtelerometer and
gyroscope moduleMPU6050Q sensorand the ESP32 microcontroller, the
system can capture motigalated data such as joint angles and angular velocity
and transmit this information wirelessly for remote access. This allows
therapists or <clinicians tcovertenek a pat.i
without the need for frequent-erson consultations, wdh is particularly
beneficial in telerehabilitation contexts and for patients in rural or underserved
regions.

The project also demonstrates how anthropometric data can be applied
in the development ofrehabilitation devices. Human limb segment lengths,
masses, and centef-mass locations were calculated based on established
anthropometric models (de Leva, 1996), ensuring that the limb supports, and
motorized components align with biomechanical priledp This ensures
patient safety and improves the effectiveness of movement therapy by
mimicking natural joint motion.

Finally, this study promotes innovation by demonstrating howthaf
shelf components such as stepper motors, linear actuators, and microcontrollers
can be combined with 3D printing and custom circuitry to produce a functioning
prototype at a relatively ¥ cost. This not only benefits the healthcare system
by offering a more scalable solution for rehabilitation but also serves as a

foundation for future development, including the potential integration of



electromyography (EMG), artificial intelligence, or machine learning for
adaptive therapy. The prototype and system architecture developed in this
project thus serve both practical and academic purposes, paving the way for

further research in affordableaintelligent rehabilitation technologies.

1.7 Outline of the Report
This report is structured into five chapters, each addressing a core component
of the research and development proc€smpter 1 introduces the background
of the project, emphasizing the growing need for accessible rehabilitation
technologies. It outlines the research problem, objectives, and scope, focusing
on the development of a cesffective, dualimb rehabilitation system to
address current limitation€hapter 2 presents a literature review covering
medical conditions thatequire rehabilitation, such as musculoskeletal and
neurological disorders. It examines traditional therapy methods and their
shortcomings, and explores modern techniques like biomechanical analysis,
motorassisted therapy, and senbassed tracking. Thehapter also reviews
potential actuators, sensors, and microcontrollers suitable for rehabilitation
devices.

Chapter 3 describes the methodology used to design, develop, and test
the prototype. It details the mechanical structure, choice of motoesarators,
and integration of the ESP3ased control system. Software architecture,
electrical layout, communication protocols, calibration procedures, cost
estimation, and testing strategies are also discusdmapter 4 presents the
results from development and testing. It includes prototype images, validation
of sensor accuracy, performance of actuators, and analysis of joint angle data
captured by th@ccelerometer and gyroscope modi# (6050 sensor The
chapter also covers the user interface, admiechanisms, and safety features
implemented to prevent overextension or erratic mofrapter 5 concludes
the report by summarizing key findings and contributions. It discusses the
systembs pot ent i a-basel oehabilitation, rackicowledgea n d
current design limitations, and proposes future improvements such as adaptive
feedba& systems and broader sensor integration. References and technical
appendices are provided at the end.

home



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The literature review explores various rehabilitation techniques and
technologies used to address musculoskeletal and neurological conditions that
impair motor functions. These conditions, such as osteoarthritis, rheumatoid
arthritis, stroke, and Parkinsen disease, often require comprehensive
rehabilitation programs to restore mobility, strength, and daily functioning. The
review examines both traditional and modern therapeutic approaches,
highlighting the importance of biomechanics in designing effective
rehabilitation strategies. Additionally, it discusses the integration of mechanical
components and advanced sensomicroprocessan rehabilitation systems,
emphasizing their role in delivering precise, customizable therapies to support

patient recovery and improve quality of life.

2.2 Musculoskeldal System Diseases Required Rehabilitation
Musculoskeletal conditions, such as osteoarthritis, rheumatoid arthritis, bone
fractures, and sarcopenia, affect both the upper and lower extremities and often
require comprehensive rehabilitation to restore function and improve quality of
life. One of the most prevalent of these conditions is osteoarthritis (OA), a
degenerative joint disease that affects millions of people worldwide. OA occurs
when the cartilage that cushions the joints deteriorates over time, leading to pain,
stiffness, and redied mobilty, especially in weighbearing joints like the
knees and hip@ayo Clinic, 2021) As depicted in Figure 1, the stages of knee
osteoarthritis illustrate the progressive degeneration of cartilage, which can lead
to significant joint dysfunction. While OA primarily affects the lower
extremities, it can also impact the hands and shouyld=ssing similar
limitations in function. Rehabilitation for OA typically involves physical
therapy focused on enhancing joint mobility, strengthening muscles
surrounding he joint, and improving flexibility. These interventions are vital
for reducing pain and restoring the
effectively (Garrick, 2017)

pat.i



Another musculoskeletal condition that often necessitates
rehabilitation is rheumatoid arthritis (RA). RA is an autoimmune disorder
characterized by inflammation in the joints, leading to painful swelling. Unlike
OA, which is caused by wear and tear, RAules from the immune system
mi stakenly attacking the bodyods tissues.
such as those in the hands and feet, but it can also impact larger joints like the
knees and elbows. Rehabilitation for RA focuses on managing pain an
preserving joint function through a combination of physical and occupational
therapy. These therapies aim to maintain the range of motion, strengthen
muscles, and help patients adapt to the limitations imposed by joint pain and
stiffness(Mayo Clinic, 2023)

Fractures, particularly in the extremities, also require extensive
rehabilitation to fully restore mobility and strength. Fractured bones in the arms,
legs, or hands typically require immobilization during the healing process,
followed by physical therapyto regain movement and strength. The
rehabilitation process is crucial for restoring flexibility, improving muscle
strength, and ensuring proper bone healing. Depending on the severity of the
fracture, recovery can take months, with therapy targeting ntinscles
surrounding the injury to help patients regain the range of motion necessary for
performing daily activitie¢Cleveland Clinic, 2022a)

In older adults, sarcopenithe agerelated loss of muscle mass and
strengthis a growing concern. Sarcopenia can severely affect both mobility and
dexterity, increasing the risk of falls and frailty. Rehabilitation for sarcopenia
often involves resistance training exercises aimed at rebuilding muscle strength
and improving balanc&uch exercises are essential for slowing the progression
of muscle loss and enabling individuals to continue performing everyday tasks.
Nutritional interventions also play aek role in supporting muscle mass
retention and overall health during rehabilitat{@eveland Clinic, 2022b)

Globally, musculoskeletal conditions represent a significant health
burden, affecting approximately 1.71 billion people in 2(28nifa Bouziri et
al., 2023) These conditions are the leading cause of disability worldwide, with
low back pain being the most prevalent. Additionally, upper extremity disorders,
such as carpal tunnel syndrome and repetitive strain injuries, are common,

particularly in occupationsnvolving repetitive motions. The prevalence of



these disorders varies widely across different populations, with studies
indicating rates between 1.6% and 5@%isstede et al., 2006%iven the sheer
number of individuals affected and the significant impact on quality of life,
effective rehabilitation programs are essential for managing symptoms and

improving longterm healtroutcomes.

2.3 Nervous System Diseases Required Rehabilitation

Nervous system diseases often result in significant impairments, particularly in
the upper and | ower extremities. These coc
control movement, sensation, and coordination. As a result, a structured and
individualized relbilitation approach becomes essential. Rehabilitation not
only aids in restoring function but also enhances the quality of life and fosters
independence. For example, a stroke, which occurs when blood flow to the brain
is interrupted, frequently leads bemiplegia, or paralysis on one side of the
body. Consequently, both the arm and leg on the affected side are typically
impaired, resulting in weakness, spasticity, and a loss of coordir{Biotels

et al., 2016) These motor impairments make it difficult for individuals to
perform daily tasks. Thus, rehabilitation for stroke patients emphasizes physical
therapy to restore strength and movement, as well as occupational therapy to
help them regain the ability to germ tasks such as dressing, eating, and
grooming(Bartels et al., 2016)

Similarly, Multiple Sclerosis (MS) is a chronic autoimmune disorder
that damages the protective covering of nerves. This leads to muscle weakness,
fatigue, spasticity, and coordination difficulties, particularly in the extremities.

As the disease progressepatients often face increasing challenges with

walking and fine motor tasks. Therefore, rehabilitation in MS is designed to

manage these symptoms, helping patients maintain functional independence for

as long as possiblgezzoni, 2010) In addition, Papheral Neuropathy, which

involves damage to the peripheral nerves, leads to weakness, numbness, tingling,

and pain, particularly in the extremities. This condition is often linked to

diabetes, nerve trauma, or the side effects of certain medicatiorsedtiently,

rehabilitation focuses on improving strength, sensation, and mobility in the
affected areas to enhance the patientos
(ArmadaDa-Silva, 2014)
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Furthermore, a Traumatic Brain Injury (TBI) can result in a wide range
of motor impairments that affect both the arms and legs, depending on the area
of the brain that is injured. As a result, TBI patients frequently experience
difficulties with balancegoordination, and strength, which severely limit their
mobility and ability to function in daily life. For this reason, rehabilitation for
TBI patients is often intensive, involving physical therapy aimed at rebuilding
muscle strength and restoring randenmwtion. Repetitive task training and
functional electrical stimulation are commonly used to facilitate recaqx&ry
and DiazArrastia, 2015) Mor eover , Parkinsonds Diseac
neurodegenerative disorder that primarily affects movement. It causes
symptoms such as tremors, muscle stiffness, and balance problems. Over time,
these motor impairments make walking, writing, and othex fimotor tasks
increasingly difficult. As a result, reha
on improving mobity, reducing tremors, and preventing falls to help patients
maintain as much independencepassible(Ross and Singer, 2024)

In summary, neurological conditions require tailored rehabilitation
programs focused on symptom management and functional recovery, playing a
vital role in improving patients’ quality of life. Neurological disorders are among
the leading causes of deattdatisability globally, with their burden increasing,
particularly due to aging populations. The 2016 Global Burden of Disease study
identified neurological disorders as the second most common cause of death and
the leading cause of disabiligdjusted lie years (DALYs). This burden is
expected to rise, especially in regions like Asia, where aging populations and
socioeconomic disparities contribute to the higher prevalence and mortality of
these diseaseang et al.,, 2022). Targeted health policies are essential to

address these challenges.

2.4 Conventional Rehabilitation Techniques

Rehabilitation systems today use various modern techniques to help individuals
recover from conditions that affect movement, such as musculoskeletal injuries
(like joint or muscle damage) and neurological issues (such as stroke or spinal
cord injuries). TlBse methods focus on restoring motor function and improving
patients' ability to manage physical challenges. Below are some of the key

rehabilitation techniques currently used. One of the most common techniques is
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motor learning and repetition. This involves practicing movements repeatedly

to strengthen the bodyods ability to perfc
doing the same movements over and over, patients can relearn how to use their

muscles effectivelyln one study, patients participated in repetitive goal

directed active movements for 60 minutes a day over two weeks, leading to

significant improvements in reachif@irstea et al., 2006Research shows that

repetitive training is highly effective in ipnoving motor functions, especially

in areas like the arms and legs

Another widely used technique is taskented therapy, where patients
practice activities that are similar to what they would do in their daily life. This
method is important because it helps people regain the ability to do functional
tasks, like walking lifting objects, or using their hands. For instance, in
rehabilitation for musculoskeletal conditions such as recovering from a knee
replacement, patients might practice walking or climbing stairs to regain
mobility. Similarly, stroke patients might fosuon everyday actions like
reaching for objects to improve coordinatigBarnes and Good, 2014)
Constraintinduced movement therapy (CIMT) is a specialized technique
designed for patients who have one limb more affected than the other. In CIMT,
the stronger or unaffected limb is restricted, forcing the patient to use the weaker
or injured limb moreoften. This technique has been shown to help people with
stroke or injuries like shoulder or arm damage rebuild strength and regain
function in the affected limBarnes and Good, 2014)is especially useful for
those recovering from injuries wheraeoside of the body becomes dominant,
and the other needs encouragement to move and strengthen.

Roboticassisted therapy is becoming increasingly popular in
rehabilitation, particularly for patients with severe impairments. In this
approach, robotic devices help patients perform repetitive movements that they
might struggle to do on their own. Foxaample, robots are often used to help
people recovering from stroke or serious musculoskeletal injuries, like after a
major surgery, by assisting them with exercises such as walking or moving their
arms These robots can adjust the level of supportbased t he pati ent ds al
allowing them to engage in rehabilitation activities more intensively and safely
(Bertani et al., 2017)Electrical stimulation is another advanced rehabilitation

technique that uses electrical impulses to stimulate muscles and help them move.
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This is particularly useful in cases where the muscles have weakened or lost
function due to injury or lack of use. Functional electrical stimulation (FES) can
be applied to specific muscle groups, like in the hand or leg, to promote
movement. In musculosketal rehabilitation, FES is often used after surgeries
like knee or shoulder repairs, to help prevent muscle atrophy and speed up
recovery In neurological conditions, such as stroke or spinal cord injury, it can
help patients regain some control ovarglyzed or weakened muscl@&arnes

and Good, 2014)

Mental practice and motor imagery is a technique that allows patients
to mentally rehearse movements, even when they cannot physically perform
them. This method activates the same brain pathways used during actual
movement, which can help patients imprdkieir motor skills. For example,
patients who are recovering from surgery or a stroke can benefit from mentally
practicing movements, hel ping to maintai
muscles involved. Studies have shown that this technique can emeeneery
when combined with physical therafiyage et al., 2005Mirror therapy is a
simple but effective technique used mainly in patients with paralysis or
musculoskeletal injuries. In this therapy, a mirror is placed in such a way that
the patient sees the reflection of their healthy limb, making it look like the
affected limb is moving. This visual trick helps the brain reconnect with the
impaired limb, which can speed up recovery. Mirror therapy has been
particularly useful for stroke patients and sharecovering from fractures or
other injuries that affect one side of the bdBgrnes and Good, 2014)

Overall, these modern rehabilitation techniques including repetitive
practice, tastbased exercises, robotic assistance, electrical stimulation, mental
imagery, and mirror therapy offer a range of solutions to help patients recover
from both musculoskelet and neurological conditions. By combining different
methods based on the patient's specific needs, rehabilitation programs are more

effective in helping individuals regain strength, movement, and independence.

2.5 Current Rehabilitation Robot Technology
Rehabilitation robots have become essential tools in supporting
patients with motor impairments by enhancing recovery, restoring movement,

and improving quality of life. These robots are broadly categorized into assistive
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robots, prosthetic and orthotic robots, and therapeutic or training robots. Each
category serves distinct purposes within the rehabilitation process and offers
specialized functionalities tailored to patient needs.

Assistive robots are designed to help individuals with physical
disabilities carry out daily activities independently. Stationary assistive robots,
such as Handy 1 and Neater Eater, are used primarily at fixed locations like a
bedside or table. Their funobhality includes helping users with feeding,
grooming, or using communication devices, thereby improving thekcasdf
capabilities. Mobile assistive robots, including intelligent wheelchairs and
robots like Manus and Raptor, combine robotic arms wibihty platforms to
help users interact with their environment. These robots assist with navigation,
object manipulation, and mobility in dynamic settings, allowing users to
function more independently in reabrld environmentgLi et al, 2017)

Prosthetic and orthotic robots aim to replace or support lost limb
function. Prosthetic robots, such as the Utah/MIT arm or Southampton hand,
function by detecting muscle signals (EMG) or neural activity to mimic natural
limb movements. Their main functiality is to restore voluntary motor control
and allow users to perform complex tasks such as grasping, lifting, or pointing.
Orthotic robots, particularly wearable exoskeletons like ReWalk and HAL,
function as external frameworks that support and enhamte rhovement.
These devices assist with walking, posture, and balance by detecting user
initiated movements and providing réahe mechanical support to complete
the action, enabling individuals with paralysis or lower limb weakness to walk
again(Li et al, 2017)

Therapeutic and training robots are primarily used in clinical
rehabilitation to support motor recovery, particularly after stroke or spinal cord
injury. Upper limb training robots like InMotion, ARMeo, and ReoGo function
by guiding the patient's arm thiglu repeated movements, either actively or
passively, while providing visual and haptic feedback. This repetitive training
helps in reestablishing neural pathways and improving coordination, strength,
and range of motion. For lower limbs, systems like Lok KineAssist, and
Tibion provide bodyweightsupported gait training. These robots function by
moving the patientds |l egs in natur al wal k

to adjust support levels, resistance, and feedback. They improve walkityg abili
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balance, and endurance through safe and intensive rehabilitation s@siseins
al., 2017)

In summary, each type of rehabilitation robot brings a distinct
functionality to the rehabilitation procéssssistive robots enhance
independence in daily tasks, prosthetic and orthotic robots restore motor
capabilities, and therapeutic robots promote [@aysecovery through targeted
training. Together, these technologies play a crucial role in advancing patient

outcomes and enabling greater participation in daily(lifeet al, 2017)

2.6 Biomechanics on HumanUpper Extremities

The human upper limb is a highly complex structure composed of bones, joints,
muscles, and other anatomical components that enable a wide range of motion
and functionality. It consists of the shoulder girdle and the arm. The shoulder
girdle includes the alicle (collarbone) and scapula (shoulder blade), which
provide structural support and connect the upper limb to the torso. The arm is
composed of the humerus, radius, and ulna, along with the bones of the hand,
including the carpal bones in the wrist, aerpal bones in the palm, and the
phalanges in the fingers. In total, there are 37 bones in the upper limb. The upper
limb contains several major joints that allow for different movements. The
shoulder joint is a bathindsocket joint that connects therharus to the scapula,
allowing for multidirectional motion, including abduction, adduction, flexion,
extension, and rotation. The elbow joint is a hinge joint made up of three smaller
joints, providing flexion and extension of the arm, as well as supmaind
pronation of the forearm. The wrist and hand joints allow for intricate
movements needed for grasping and manipulating oljstsorski et al., 2016)

A complex network of 43 muscles controls the upper limb's movements,
dividing into groups that govern the shoulder girdle, arm, forearm, and hand.
These muscles enable not only basic functions such as lifting and holding
objects but also fine motor skillsuch as writing and precision tasks. The
biomechanics of the upper limb allow for a broad range of motion, with the
shoulder capable of flexion and extension (1580° and 4050°, respectively),
abduction and adduction (180° and 3@), and internalrad external rotation
(70°-95° and 40°70°). The elbow permits flexion and extension (:380° and

0°) and forearm rotation through supination and pronation-98%°and 70°
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90°). The wrist has a range of motion in flexion/extension (73°/70°) and
radial/ulnar deviation (27°/27°). Overall, the upper limb is a biomechanical
marvel, functioning as an open kinematic chain that allows for significant
rotational and linear movementsssential for everyday tasks like lifting,
reaching, and interacting with the environment. Its sophisticated structure not
only facilitates mobility and strength but also enables fine motor control,

making it a crucial part of human anatofdaworski etl., 2016)

2.7 Biomechanics on HumarLower Extremities
The human lower limb is a specialized structure designed to support body
weight, enable movement, and maintain balance. It consists of the hip, knee,
ankle, and foot, each of which plays a vital role in various movements such as
walking, running, and stamdy. The primary bones include the femur (thigh
bone), tibia and fibula (lower leg bones), and the tarsals, metatarsals, and
phalanges in the foot. The femur, the longest bone in the body, connects the
pelvis to the knee, while the tibia and fibula forne tbwer leg, with the foot's
bones providing further support and mobility. The hip joint is adradlsocket
joint, allowing for a wide range of movements, including flexion, extension,
abduction, adduction, and internal and external rotation. The knet jo
functions mainly as a hinge, enabling flexion and extension, with some
rotational movement when bent. The ankle joint allows for dorsiflexion (raising
the foot upward) and plantarflexion (pointing the foot downward), along with
inversion and eversionyhich help the foot adjust to different surfa¢bfonk
et al., 2016)

The lower limb has a significant range of motion. The hip can flex up
to 1202130° and extend by 1€80°. It can abduct (move away from the body)
by 40%50° and adduct (move toward the body) by-30°. Internal rotation
ranges between 3@F0°, while extenal rotation is 40%60°. The knee can flex
to around 135%150°, with full extension to 0°, though slight hyperextension is
possible in some individuals. The ankle moves within 2@ of dorsiflexion
and 25230° of plantarflexion, providing the flexibilitneeded for walking and
running (CDC, 2023) Biomechanically, the lower limb plays a crucial role in
absorbing and distributing forces during movement. The hip joint experiences

forces of up to 300% of body weight during walking and up to 500% during
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jogging. The knee joint bears significant loads, especially during weegring
activities. Misalignments, such as genu varum (eyged) or genu valgum
(knock-kneed), can shift the load distribution, leading to stress on specific areas
and potentiallycausing joint degeneration over tirffMonk et al., 2016)

The ankle and foot are essential for stability and forward propulsion.
The ankle has a large weigh¢aring surface that distributes forces over a broad
area, minimizing stress on the joint. The subtalar joint, located beneath the ankle,
converts rotatioal forces from the tibia into foot movements like inversion and
eversion, helping the foot adapt to uneven surfaces. The transverse tarsal joint
provides both flexibility and rigidity, essential for stabilizing the foot during
gait. The plantar fascia, &itk tissue band on the sole of the foot, tightens
during the pusioff phase of walking, stiffening the foot to create a rigid lever
for propulsion. In summary, the lower limb's bones, joints, and muscles work
together to provide stability and mobilityJ@king for efficientlocomotion and
balance. Its biomechanics are crucial for absorbing forces, facilitating
movement, and protecting the body during physaslvities Monk et al.,
2016.

2.8 Human Anthropometry

According to Casadei and Kiel (2022nthropometry involves the namvasive,
guantitative measurement of the human body, including parameters such as
height, weight, body circumferences, skinfold thickness, and body mass index
(BMI). These measurements are essential for evaluating thidomal and

health status of both children and adults. In pediatric populations, they help
assess growth patterns, nutritional adequacy, and overall health, while in adults,
they are used to evaluate body compositioaguadse conditions like obesity,

and predict future health risks. Anthropometric data is also crucial for
monitoring the welbeing of pregnant women and athletes, supporting
interventions that enhance health outcomes. Beyond healthcare, such data is
widely used by manufacturers to design products that accommodate the physical
diversity of global populations (Dawal et al., 2015). In the context of
rehabilitation system design, anthropometric data plays a vital role in ensuring
ergonomic compatibility with wes's of varying body types. For this project, user

specific anthropometric data is based on average body measurements of the
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Malaysian population.Anthropometric data for various body segments,
detailing mass distribution, center of mass locations, and segment dimensions
across the sagittal, transverse, and longitudinal planes for both males and

femalesare used in the theoretical calculations

2.9 Rotational Actuator Design

Rotational actuators convert electrical energy into rotational motion and are
widely used in robotics, automation, and consumer devices. The three common
types are stepper motors, servo motors, and DC motors, each offering different
levels of precision, adrol, and performanc&tepper motors operate in precise
steps without feedback, making them suitable forémst, accurate positioning
tasks like 3D printing and CNC machines. Servo motors use feedback for
continuous, precise motion control and are lideadynamic applications such

as robotics and automation systems. DC motors, while less precise, are simple,
reliable, and commonly used in appliances and automotive systairis. 21
compares these motor types based on key features including operation, precision,

control complexity, torque and speed, maintenance, and typical applications

Table2.1: Comparison of Rotational Actuator Types.

Feature Stepper Motors  Servo Motors DC Motors
Operation Discrete steps vic ~ Continuous Continuous
sequentially motion with rotation from

energized feedback control magnetic and
electromagnets  (closed loop) electrical

(open loop) (Dietrich, 2022) interaction

(Dietrich, 2022) (Helen, 2019)
Precision High (fixed step Very high (real Low to moderate
increments, no  time position (no precise
feedback) correction via  position control)
(Dietrich, 2022) feedback) (Helen, 2019)

(Dietrich, 2022)
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Table 2.1 (Continued)

Control Simple (open Complex Simple (basic
Complexity loop control, no (requires power supply or
feedback) encoders, PWM) (Helen,
(Helen, 2019) feedback loops) 2019)
(Dietrich, 2022)
Torque and Moderate torque High torque and Moderate torque
Speed lower speed; speed; adaptabll  and speed;

resonance issue under load efficiency varies
possible (Helen, (Dietrich, 2022) by type (Helen,
2019) 2019)

Types Permanent AC servo, Brushed and

magnet, variable  brushed and brushless DC

reluctance, brushless DC  (Helen, 2019)
hybrid (Dietrich, servo (Dietrich,
2022) 2022)
Maintenance Low Moderate to low Brushed require

depending on maintenance,

type (Dietrich, brushless low
2022) maintenance
(Helen, 2019)
Typical 3D printing, Robotics, Household
Applications CNC, robotics automation,  appliances, toys
(Helen, 2019) conveyors automotive

(Dietrich, 2022)  (Helen, 2019)

2.10  Linear Actuator Design

Linear actuators are essential components in systems requiring controlled,
straightline motion. In rehabilitation and medicapplications, three primary
types of actuators are commonly used: telescopic lifting columns, -$gpew
actuators, and linear electric actuafoesach offering unique advantages based
on performance, size, and complexifylescopic lifting columns are compact,

selfcontained units that integrate the motor, drive, and electronics. They
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provide a high extension ratio and stable operation with minimal noise. These
actuators are ideal for spacenstrained applications such as adjustable hospital
beds, therapy tables, and ergonomic office systems. Their low maintenance and
aesthetic appeatake them suitable for both medical and industria(Gssillo,

2023)

Screwtype actuators include lead screws, ball screws, and planetary
roller screws. Lead screvese the most economical but wear out faster due to
friction between threads, making them suitable for lidyty applications. Ball
screws offer better efficiency, reduced friction, and greater precision, making
them ideal for applications requiring acdergpositioning. Planetary roller
screws provide the highest thrust, durability, and operational life, but are also
the most expensive and compl@lobalSpec, n.d.)Linear electric actuators
convert electrical energy directly into linear motion withoutchaical
linkages. These actuators offer high precision, fast response, and low
maintenance due to fewer moving parts. They are widely used in robotics,
medical imaging systems, and automation, although they require more
sophisticated control systems amd gypically more costlyBoldea and Nasar,
2024) To aid in selection, Table2summarizes the key characteristics of each
actuator type, highlighting their precision, load capacity, durability, noise level,

cost, and ideal applications
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Table2.2: Comparison of Linear Actuator Types.
Type Precision Load Durability Noise Cost Best Use
Telescopic Moderate High High Low Medium Compact lifting
Column systems
Lead Screw Low Low Low Low Low Simple, lowload
applications
Ball Screw High High High Medium Medium Accurate
rehab/medical
devices
Planetary Roller Very High Very High Very High High High Heavyduty, high
Screw precision tasks
Linear Electric Very High High High Low High Robotics,
Actuator automation,

imaging
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2.11  Sensor Design

2.11.1 Inertial Measurement Unit

Inertial Measurement Units (IMUs) are key sensors used to track motion,
orientation, and position in fields likebotics, VR, and autonomous vehicles.
IMUs typically combine a &xis accelerometer, -&is gyroscope, and
sometimes a-axis magnetometer to provide rdimhe data on acceleration,
angular velocity, and orientation (Gunasekaran, 2019). Modern IMUs use
MEMS (Micro-ElectroMechanical Systems) technology for compactness and
energy efficiency. MEMS accelerometers detect linear acceleration via changes
in capacitance caused by proof mass displacement, while MEMS gyroscopes
detect angular motion using the Cdisoeffect (Joseph, 2022). One popular
IMU, the MPUG6050, integrates a&Xis accelerometer and gyroscope with a
Digital Motion Processor (DMP) for echip sensor fusion. It supports 12C and
SPI communication, with configurable measurement ranges and ahtern
buffering, though it may lack precision for higlecuracy tasks (Tripathi &
Kumar, 2023). The MPU9250 expands upon the MPU6050 by adding a
magnetometer, enabling ful&xis tracking suitable for advanced navigation. It
also features a DMP and flexibdampling rates, making it versatile for low
power or reatime systems (Aniket Fasate, 2023). Table 2.3 summarizes the
key features and differences of these IMU modules, including sensor types,

ranges, interfaces, and ideal applications.

Table2.3: Comparison of IMU Sensor Modules.

Feature MPUG6050 MPU9250
Sensor 3-axis accelerometer-3  3-axis accelerometer,
Components axis gyroscope gyroscope, magnetomet

Motion Processor  Digital Motion Processol Digital Motion Processol

(DMP) (DMP)
Measurement +2g to £169 (accel), Same as MPU6050
Ranges +250°/s to £2000°/s

(9yro)
Magnetometer No Yes (3axis)

ADC Resolution 16-bit 16-bit
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Table 2.3 (Continued)

Communication I12C (400 kHz), SPI 12C, SPI

Interface (1 MHz)

Applications Motion tracking, gesture 3D orientation,
recognition navigation systems

2.11.2 Electromyography Sensor

Electromyography (EMG) sensors are essential tools for capturing electrical
signals generated by muscle activation, offeringncarinvasive means to
monitor muscle activity. They are widely used in electrodiagnostic medicine,
robotics, rehabilitation, motion analysis, and prosthetics due to their ability to
reveal insights into motor control and biomechanics (Kamavuako, 2022).
Tedhnological advancements have made EMG sensors more compact and
efficient, enabling integration with machine learning to improve prosthetic and
assistive device control. These integrations facilitate smoother, more intuitive
humanmachine interactions.

In rehabilitation, EMG sensors help decode user intent, enhance
prosthetic functionality, and assess muscle coordination for developing
biomechanical models. Clinically, they aid in evaluating conditions like
dysphagia, where EMG can differentiate swallagvitypes and monitor
hydration in elderly patients (Yein et al., 2022). In sports and physical therapy,
EMG is used to monitor muscle fatigue, prevent injuries, and customize
rehabilitation programs. As wearable technologies evolve, EMG sensors are
increasingly embedded in wearables for 1tgale muscle activity monitoring,
benefiting users with motor impairments or neurodegenerative conditions.

There are two main types of EMG sensors: surface EMG, which uses
skin-placed electrodes for general muscle activity monitoring irineasive
applications; and intramuscular EMG, which involves needle electrodes
inserted into muscles for more precise diagtics. The choice depends on the

required data precision and acceptable invasiveness (Zhao, 2015).

2.12  Microprocessor
Microcontrollers play a central role in controlling sensors, actuators, and

managing wireless communication in rehabilitation and IoT systems. The
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ESP32, developed by Espressif Systems, is a powerful SoC microcontroller that
integrates WHFI, Bluetooth 4.2, and dualbre processing up to 240 MHz. It
features 36 GPIO pins, 16 PWM channels, 4MB flash memory, and supports
multiple protocols including SPI2C, UART, and CAN. Hardwaraccelerated
encryption and a lowpower design make it ideal for re#he and secure
medical applications (Babiuch et al., 2019). In this project, the ESP32 is chosen
for its reattime performance, wireless connectivity, motontrol capabilities,
and compatibility with various sensors and actuators.

In contrast, the Arduino Uno WiFi Rev2 uses an ATmega4809
microcontroller clocked at 16 MHz with 48 KB flash memory and 6 KB SRAM.
It includes the NINAW102 module for WAFi and Bluetooth, and an onboard
LSM6DS3TR motion sensor. It offers 14 digital I/Ghgj 6 analog inputs, and
5 PWM outputs, and supports secure communication through the ATECC608
chip. Though usefriendly and welsupported by the Arduino ecosystem, its
limited processing power and fewer I/O pins make it less suitable for complex
or highperformance applications (Arduin@024. Table 2.4 compares the
ESP32 and Arduino Uno Rev2, highlighting their specifications and suitability.
Overall, the ESP32 offers greater performance, flexibility, and scalability for
this rehabilitation system (Tan & Vendel, 2021).

Table2.4: Comparison of ESP32 and Arduino Uno WiFi Rev2

Feature ESP32 Arduino Uno Rev2
Processor Dualcore, 240 MHz ATmega4809, 16 MHz
Memory 4MB flash 48 KB flash, 6 KB SRAM
Wireless Wi-Fi 802.11 b/g/n, Wi-Fi 802.11 b/g/n, Bluetootl

Bluetooth 4.2 4.2 (NINA-W102)
GPIO / PWM 36 GPIO pins, 16 14 digital I/O, 5 PWM

PWM channels outputs
Communication SPI, 12C, UART, SPI, 12C, UART
Protocols CAN

Onboard Sensor i LSM6DS3TR (3axis IMU)
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Table 2.4 (Continued)

Security Features AES, SHA2, RSA, ATECC608 chip
ECC, RNG
Applications loT, medical Prototyping, basic IoT
devices, robotics systems

2.13 Summary

The literature review addresses thbhabilitation needs for musculoskeletal and
nervous system diseases, focusing on conditions like osteoarthritis, rheumatoid
arthritis, stroke, and Parkinsondés disea
physical therapy, tas@riented exercises, robotassisted therapy, and electrical
stimulation are essential for restoring mobility, strength, and functionality in
patients. These methods are particularly important for improving the quality of
life for individuals with impaired motor functions in the uppand lower
extremities. Additionally, the biomechanics of human limbs play a crucial role
in guiding rehabilitation approaches, ensuring that therapies are tailored to
support movement and recovery.

Key mechanical components such as linear and rotational actuators
play a crucial role in modern rehabilitation systems. Linear actuators, including
telescopic lifting columns and screw type mechanisms, deliver the precise and
stable motion required for miedl applications. Rotational actuators such as
stepper motors, servo motors, and DC motors provide controlled movements
essential for therapeutic exercises. In addition, advanced sensors like Inertial
Measurement Units (IMUs) and Electromyography (EM@&hsors monitor
motion and muscle activity, offering re@ine feedback that enhances the
effectiveness of therapy. Microcontrollers are also incorporated to manage
system control and ensure coordinated functionality. Collectively, these
technologies enableehabilitation systems to deliver accurate, adaptive
therapies that support motor recovery and promote user independence.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Introduction

This chapter outlines the methodology and workplan for the complete
development of the stationary upper and lower extremities rehabilitation system.

The components and materials used are clearly described in the following
sections. In addition, this chapteovers the methods applied in the design,
preparation, fabrication, and assembly of all mechanical parts, including the
prototypeds structural frame, actuator s,
details thedatavalidation andunctionalityteging, providing a comprehensive
understanding and visualization of the entire process undertaken to build the

prototype.

3.2 Prototype Development Process

Figure 3.1 illustratethe overall methodology flow for the development of the
stationary upper and lower extremities rehabilitation system. The process was
clearly structured into three parallel pathways: mechanical design, circuit design,
and user interface desigft began with a literature review to establish
foundational knowledge related to the research area, specifically the stationary
rehabilitation system focused on the human upper and lower extrerhiies.

the mechanical design, the developmeatted by creating the design using
SOLIDWORKS software. Materials were then prepared based on the research
findings. The purchased materials were converted into the respective prototype
parts. Equipment such aSomputer Numerical ControlCNC) machines,
drilling machines, and cutting machines was used to fabricate the structural
frame and larger components. 3D printing was used to produce smaller
components, such as the circuit box forabheelerometer and gyroscope module
(MPUG05Q sensor At the same the, the electrical design process, which
included circuit design and component procurement, was carried out. Once all
components were prepared, the circuit assembly was perfoimatallel, the

user interface (Ul) development was conducted without the need for laboratory

equipment. This involved designing the Ul using FlutterFlow and integrating it



26

with the database, in this case Firebase, for data storage and reDieahll

three parts were completed, the full assembly of the prototype was conducted.
The completed prototype then underwent validation and functionality testing to
confirm its safety and performance. Finally, data analysis was performed on the

collecteddata to effectively present the obtained results

Literature Review

@

Mechanical Design
Using SOLIDWORKS

7 @

h 4

\ 4

Material Preparation Electrical Design
y ! ©
Parts Fabrication Using Electrical Components User Interface Design
CNC and 3D Printing Preparation Using Flutterflow
Assembly N . Integrate with
Mechanical Parts Circuit Connection Firebase Database

Y

Full Assembly of
Prototype

v

Prototype Testing

v

Data Collection and
Data Analysis

Figure3.1: Prototype Development Process

Figure 32 and Figure 3.3 furthelescribe he project activities carried
out over 2 semesterdll milestoneghat weresetwere successfullachieved

within theestablishedimeline.
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Gantt Chart Part-1
No. Project Activities wi|w2|w3s|wa]|ws|we|w?|ws]|wo|wio|wi1|wi2|w13| w14

M |Project Initiation and Problem Statement

M2 |Literature Review and Background Research

M3 |Conceptual Design

M4 |Report Writing and Presentation

Figure3.2: Gantt Chart Final Year Project (FYPart 1.

Gantt Chart Part-2
No. Project Activities wi|w2|w3|was|ws|we|wr|ws]|ws|wio|wi1|wiz]wi3]wia

Prototype Parts Fabrication, Circuit Design, and User

m1 Interface Development

M2 |Prototype Full Assembly

M3 |Data Collection and Analysis

M4 |FYP Poster

M5 |FYP2 Report Writing and Oral Presentation

Figure3.3: Gantt Chart Final Year Project (FYP) Part 2.

3.3 System Architecture

The system architecture depicted in Figure 3.4 demonstrates the integration of
mechanical componentslectronic circuits, and the user interface. It is divided
into two main segments: the main system, shown in Figure 3.4(a), which
consists of the physical prototype, and the sensor system, illustrated in Figure
3.4(b), which includes sensors that interagth the user interface. Each
segment is independently controlled by its own ESP32 microcontroilére

main system, the microcontroller is powered by a portable 5V power supply,
while a separate-Bin plug power supply drives the actuators, including t
stepper motor and linear actuator. To enhance operational safety, an emergency
stop switch is placed between the microcontroller and i@ power supply.

The microcontroller also functions as a signal processoeivinginput via an
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IR receiver, decadg signals from the remote, and exangthe corresponding
commands based on the received hexadecimal codes to control the mechanical
componentsin the sensor system, the microcontrolidrich also powered by
portable 5V power supplgollects data from thaccelerometer and gyroscope
module MPU6050Q sensoywhich provides both accelerometer and gyroscope
readings. This data is then uploaded to a Firebase database, where it can be
accessed and visualized through a user interface developed using the
FlutterFlow platform. Overall, this architecture ensures reliable system
functionality, useifriendly interaction, and redime data monitoring for
efficient rehabilitation performance.

Vs ~
! {a)| Main System Y
| [
| Power Source [
| Emergency (3 pin plug) I
I Button |
| [
| I ! |
: Power Source Control Unit 1 s t?ttgftl\(;[rotor Mechanical |
| (Portable 5V > (ESP32 > pper » System (Support I
source) Microcontroller) and Linar Beam} I
: X Actuator) |
| [
I |
v IR Receiver @ O IR Controller /'
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___________________ | U
[
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r’/ A
i
1(b) | Sensor System |
' [
' Control Unit 2 '

t t

! Sensor N ono” L Database User Interface !
| MPLE0SO > (ESP32 ®) : > |
I ( ) Microcontroller) (Firebase) (FlutterFlow) |
¢ ]
A -

Figure3.4: Prototype System Architecturd®r (a) Main System (b) Sensor
System

3.4 Mechanical Design
The overall mechanical system, as showfigure 3.5, consists of two major
components: the prototype frame and the actuator system, which provides both

linear and rotational motion to specific parts. The main frame is constructed
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using aluminium profiles, providing the primary structural support and forming
the systembs base. All aluminium profiles
brackets to ensure strong and rigid joints. Inside the frampmabod circuit
platform serves as the mounting base for electronic components and wiring,
safely enclosed and supported by #@eminium structure. The frame is
equipped with four caster wheels, allowing smooth mobility and easy
repositioning of the unit. Hollow mild steel components aedufor the limb
support section to ensure sufficient strength and rigidity. Additionally, custom
3D-printed partsusing Polylactic Acid (PLA)such as connectors, the linear
actuator baseonnectoy and the movable Velcisecure plate are integrated at
key connection points to meet specific functional and geometric requirements.
A detailed engineering of the overall prototype framprovided in Appendix

A for better understanding.

For actuation, the system features a stepper motor with planetary gear
reduction, mounted on a mild steel platform. This motor serves as the primary
actuator and delivers controlled rehabilitation motion. A linear actuator supports
the motor platform andrpvides vertical adjustment to accommodate different
user positions, allowing the system height to be set from sitting knee level to
sitting elbow level. The limb support is directly attached to the motor shaft and
features a hand grip along with a movadcro-secure plate to hold the limb
securely during operation. The motor driver and control electronics are mounted
on an upper plate above the actuators, keeping the system compact, organized,
and easy to maintain. Overall, the design offers abathced combination of
modularity, strength, and adjustability. This makes it highly suitable for
rehabilitation applications that require precise and programmable linear and
rotational movements, while ensuring seamless integration between mechanical

and eletrical components
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Figure3.5: Conceptual Design of Stationary Upper and Lower Extremities

Rehabilitation System (#3ometricView (b) Front View.

Figure 3.6 shows a custedesigned cover, intended to be 3D printed
usingPLA, for housing the accelerometer and gyroscope module (MPUG6050)
sensor The purpose of this development is to ensure the sensor is securely
mounted in a position that provides measurements comparable to commercial
sensor devices. It is specifically designed for placement on the forearm and calf
to capture acceleration andrggcope data accuratelyhe hollow interior
allows space for the necessary wiring, while the small cirtwdke is designed
to hold a magnet, enabling the top cover to close securely and remain in place

during use. Additionally, the linear hollow bar at the base is designed to
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accommodate a Velcro strap, making it easy to attach the sensor housing directly

to a userods | i mb.

Figure3.6: Accelerometer and Gyroscoptodule (MPU6050)SensoiCover.

3.4.1 Limb Supports

The main movable components of the prototype are the limb supports, as
illustrated in Figure 3.7. Each limb support is designed with a length of 600 mm,
determined based on Malaysian anthropometric data collected from 1,007
individuals, comprising 516 males and 491 females. According to the data, the
average sitting knee height is 513.56 mm for males and 470.36 mm for females,
while the average forearimand length is 460.67 mm for males and 421.53 mm
for females(Mohamad et al., 2010 herefore, a 600 mm limb support length
was selected to accommodate the majority of users. To enhance adaptability, a
movable Velcresecured plate is placed within the track of the limb support,
allowing adjustment according to the user's lirabgth and providing secure
support during specific rehabilitation phases. Additionally, interchangeable
components have been designed for the hand grip and calf support to
accommodate different rehabilitation modes. When the hand grip is attached,
the usercan hold it during elbow flexion and extension exercises. Alternatively,
when the calf support cushion is in place, the user can rest their leg on it during
lower limb rehabilitation sessionkn addition, a 3Bprinted coupler, as shown

in Figure 3.7, iglesigned at the end of the limb support to securely attach it to
the motor shaft, ensuring efficient motion transmission during rehabilitation

exercises
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Figure3.7: Limb Support (a) Forearm Support (b) Shank Support.

Figure3.8: 3D-Printed Coupler.

In this design, mild steel hollow bar was selected as the material for the
limb support due to its lightweight nature and high durability, allowing it to be
driven effectively by the stepper motor while resisting deformation over long
term use. The custozed coupler for the limb support is planned to be 3D
printed to ensure a precise fit with the shaft and to prevent any dislodgement
during operation. The handgrip is adapted from a bicycle handle grip, the Velcro
securing plate is 3D printed, and the fest cushion is made from foam, which

is wrapped around the bar.
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3.4.2 Stepper Motor

The stepper motor was intentionally selected as the rotational actuator for this
rehabilitation system due to ibility to provide precise and reliable control of
angular motion. This makes it weuited for enabling controlled movement of

the upper and lower extremities during therapy, as illustrated in Figure 3.9.
Determining the required torque is essentialsielecting a stepper motor with
appropriate specifications. To achieve this, the minimum torque needed to lift
the limb and meet performance requirements must be accurately calculated,

beginning with the fundamental torque equation presented in Equation 3.1

z O® (3.1

where

t=Torque Nm

i = Radius from axis of rotatioto point of application of the forcen
"O= Applied force N

Figure3.9: Rotational Motion of Limb Support.

In this context, torque is required to overcome the gravitational force
acting on both the limb support structure and the human limb itself, allowing
the limb to move through its intended range of motion during flexion and
extension of the elbow and kne®nts. Equation 3.2 expands upon the initial
calculation by incorporating the combined torque contributions from the support
structure and the limb. The weight and length of the limb segments are estimated
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using anthropometric data derived from a study involving 1,006 Malaysian
individuals, ensuring realistic and populatigpecific parameters.

Z 4 4 (32
where
T = Minimum torquerequiredby stepper motor
T = Minimum torque required by stepper motor to liftdy segment
T = Minimum torque required by stepper motor to lift support structure

An essential factor in torquealculation is the angle of rotation, as it
directly affects the moment arm and the resulting gravitational load. For this
analysis, the target joint ranges ar@0degrees for the elbow and9 degrees
for the knee, which represent optimal therapeutic motion goals. The initial step
in determining the required torque involves evaluating the torque necessary to
lift each body segment. Figure 3.10 illustrates theti@adorces acting on the
human forearm and elbow joint, as well as the shatiknsion andorearm
flexion. This analysis leads to Equation 3.3, which defines the net torque
required to achieve controlled movement of the specific joim. derivation of

Equation 3.3 iprovided in the Appendi®.

z - I C#T (3.3)

where

T = Minimum torque required by stepper motor to lift body segniemt
0 =Moment, Nm

& = Limb mass, kg

"Q= Gravity force,m/s’

0 ¢ p= Center oimassof limb, m

The mass of thimbsis estimated as a percentage of total body weight.
According to anthropometric data lfgte Leva 1996), the forearm and hand
constitute 1.62% and 0.61% of total body weight in males, and 1.38% and
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0.56% in females, respectively. Similarly, the shank and foot represent 4.33%
and 1.37% of body weight in males, and 4.81% and 1.29% in females. These

values are summarized in Table 3.1.

Table3.1: Mass Percentage of Linfbr Male and Female

Percentage of Mas$%)

Forearm Hand Shank Foot
Male 1.62 0.61 4.33 1.37
Female 1.38 0.56 4.81 1.29

These percentages were applied to the average body weights of
Malaysian males (66.64 kg) and females (60.40 kg), obtained from a research
study, to calculate theorresponding limb massé@glohamad et al., 2010The
resulting weights, expressed as forces due to gravity, are presented in Table 3.2.
For males, the combined weight of the forearm and hand was calculated as 14.59
N, while the shank and foot weighed 37.26 N. For females, the corresponding
values werel1.50 N for the forearm and hand, and 36.14 N for the shank and

foot.
Table3.2: Calculated.imb Weight for Male and Female
Body Weight, Forearm and Shank and Foot
0O~ (kg) Hand Weight, Weight, 57 | 5
T 3 (N) (N)
Male 66.64 1458 37.26
Female 60.40 1149 36.14

The center oimass(CoM) of each limb segment is estimated as a
percentage of the total limb length. Accordingatdhropometric data from de
Leva (1996), the Qd of the forearm is located at 79.90of its length in males
and 74.7%% in females. Similarly, the @ of the shank is positioned at 44.59
% of its length in males and 44.26 in females. These percentages are

measured from the proximal joint of each limb segment, specifically from the
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elbow joint for the forearm and from the knee joint for the shank. These values

are summarized in Table 3.3.

Table3.3: Length Percentage @fenter ofiMass(CoM) for Male and Female

Percentage of Length (%)

Forearm Shank
Male 79.00 % 44.59 %
Female 74.74 % 44.16 %

These percentages were applied to the forearm and shank lengths of
Malaysian males (460.67 mm for the forearm and 513.56 mm for the shank) and
females (421.53 mm for the forearm and 470.36 mm for the shank), obtained
from a research study (Mohamad et 2010), to calculate the corresponding
center ofmass(CoM) positions. The resulting Gb values are presented in
Table 3.2. For males, the Moof the forearm was calculated as 363.93 mm and
the CM of the shank as 229.00 mm. For females, the correspondingsv

were 315.05 mm for the forearm and 207.71 mm for the shank.

Table3.4: Calculated LimiCenter oMass(CoM) for Male and Female

Forearm Shank CoM of CoM of
Length (m)  Length (m) Forearm, Shank,
e dm) pe 4m)
Male 0.46 0.51 0.36 0.23
Female 0.42 0.47 0.3 0.21

Using the calculated mass and centemaksof each limb, the torque
required to lift the forearm and shank to ad#yree angle, as illustrated in
Figures 3.0(a) and 3.0(b) respectively, was determined and is presented in

Table 3.5.
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Table3.5: Minimum Torque Required to Lift Human Limb.

Minimum Torque (Nm)

Forearm Shank
Male 5.25 8.57
Female 3.68 7.59

Determining the torque required to lift the limb support structure is a
crucial step ircalculating the minimum torque needed by the stepper motor to
raise the combined weight of the limb and its support. The support structures
are illustrated in Figure 3.12, where Figure 3.12(a) shows the forearm support
structure and Figure 3.12(b) shows #hank support structure. A red pivot point
is marked on each support structure to indicate the location where the moment
is generated when the rotational mechanism is activated. The torque required to
lift the support structure is described by Equatioh Ihe center ofmassis
estimated to be located at thigearters of the distance from the pivot point,
due to the placement of the handgrip and footrest cushion near the end of the
support structures, which increases the load at the distal end. The weight of each
support stucture is estimated to be 3 kg. The calculated minimum torque
required to lift the limb support structures is 8.82 Nm for the forearm support
structure and 13.24 Nm for the shank support structure, as summarized in Table
3.6.

t 0 a Qi (3.4)

where

T = Minimum torque required by stepper motor to lifnb support
structure Nm

0 = Moment, Nm

& =Limb support structurenass, kg

"Q= Gravity force, m/$

i = Center of gravity of limb, m
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Figure3.10: Limb Support Structure (a) Forearm Support Structuresiank
Support Struture.

Table3.6: Minimum Torque Required to Lift Limb Support Structure.

Minimum Torque (Nm)

Forearm Support Structure 8.83
Shank Support Structure 13.24

After calculating the torque required to lift both the limbs and their
respective support structures, the total minimum torque that must be generated
by the stepper motor to ensure proper system functionality is summarized in
Table 3.7. Based on these calculations, it is determined that the stepper motor
should be capable gfenerating a minimum torque of 21.78 Nm. To meet this
requirement, a stepper motor with a rated torque of 4.5 Nm is selected, paired
with a planetary reduction gear featuring a 50:1 reduction ratio, resulting in an
output torque of approximately 220 Nithe safety factor of the stepper motor
in this system is calculated by taking the ratio of the available torque (220 Nm)
to the required minimum torque (21.78 Nm). The theoretical safety factor is
approximately 10.1, indicating that the selected motor alad gembination

provides a substantial margin of safety for the intended application.
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Table3.7: Total Required Minimum Torque for Stepper Motor

Minimum Torque (Nm)

Forearm and Forearm Shankand Shank Support
Support Structure Structure
Male 14.13 21.78
Female 12.45 20.75

3.4.3 Linear Actuator

The linear actuator is one of the moving components in the system and is
intended to adjust the height of the stepper motor to accomnretiatslitation
activities at varying user heightas shown in Figure 3.15ince individuals
have different sitting heights as well as different sitting elbow and knee joint
positions, a heigh&djustable mechanism, as illustrated in the figure, facilitates
easier transitions between rehabilitation moftesexample, switching from
knee joint to elbow joint exercises while in a seated position. This adaptability
also allows the system to be used by multiple users with varying sitting heights.
According toresearch, the average sitting heights for Malaysian individuals are
846.68 mmfor males and’792.86 mmfor females, with specific joint sitting
heights summarized in Table83The linear actuator is therefore designed with

a range of motion thatovers the required height adjustments. In addition to
height variability, the actuator must also be capable of supporting the weight of

the stepper motor platform, which is a critical factor in selecting an appropriate

actuator
Table3.8: Anthropometric Datdor Sitting Position
Anthropometric Data Mean (mm)
Male Female
Sitting Height 846.68 792.86
Sitting Shoulder Height 554.36 515.84

Sitting Knee Height 513.56 470.36
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Figure3.11: Linear Motion of Stepper Motor Platform.

The linear actuators are designed to support the stepper motor assembly,
which comprises approximately 5 kg for the stepper motor and planetary
reduction gear, around 3 kg for the limb support structure, and an additional 1
kg for the mild steel plate anahotor driver, contributing to a total load of
approximately 9 kg. The selected linear actuators are each capable of sustaining
a load of 600 N, providing a combined capacity of 1200 N when two actuators
are used. The total system load is approximatel$ BBBy dividing the total
actuator capacity of 1200 N by the total load of 88.3H¢, safety factor is
approximately 13.6This indicaiedthat the chosen linear actuators offer strong
and reliable support, ensuring safe and

mechanical limits.

3.5 Electrical and Electronic Design

Figure 3.12shows the schematic diagram of the complete main circuit design

of the developed prototype. The system can be divided into several key
components, including the power supply system with an emergency stop, the
stepper motor system, the linear actuatoresysthe IR controller system, and

the LCD screen display system. The entire system is controlled by a

microcontroller, the ESP3®at powered by a constant 5V source
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IR Controller

Figure3.12. Schematic Diagram dflain System Circuit Design.

The ESP32 was chosen as the microcontroller because of its advanced
features, particularly itgVi-Fi connectivity, which allows communication with
a cloudbased data storage. Its excellent performance in executing tasks is
another reason for its selection. Integrated with the programming code, the
ESP32 serves as the main control unit, managing comntiomcaask
execution, and feedback mechanisms for the overall protd@yp#ecoding the
IR signals sent by the IR remote control, the ESP32 executes tasks
corresponding to specific predefined hex codes in the program, such as rotating
the stepper motor to a specific angle, moving the linear actuators up and down,
and displaying information on the LCD screen.

Figure 3.13 shows the sensor system, which operates independently
from the main system. Theccelerometer and gyroscope modW#(U6050
sensor serves as the primary sensor for analysing the performance of
rehabilitation activities. To ensure smoother task execution and more reliable

data transmission to cloud storage, allowing data retrieval without lag, the
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sensor system is kept separate from the main control system. It primarily collects

dynamic kinematic data, including linear acceleration and angular velocity

Accelerometer and
' <—Gyroscope Module
Sensor (MPU6050)

Figure3.13: Schematic Diagram @ensor Syster@ircuit Design.

3.5.1 Power Supply Systenwith Emergency Stop

Figure 3.14 shows the circuit connection of the power supply system, which
includes a 3in plug wire connected to awcker switch integrated with an
emergency stop, and finally linked to the AC to 48V DC power supply unit. The
ON/OFF button controls the power supply to the entire system, allowing the
user to easily start or stop the device. It enhances safety by preventing atcident
activation and helps conserve energy when the system is not in use.
Additionally, it can serve as a simple way to reset glistem if needed.he
emergency stop is a critical safety feature designed to immediately halt system
operation in case of an emergency or malfunction. It is also connected to the
ESP32 to reset the program after the emergency stop is pressed, ensuring a full
system reseflhis mechanism allows users to quickly disconnect power or stop
motion to prevent accidents, damage, or injury, ensuring the system can be
safely and rapidly deactivated in hazardous situatidbhe. AC to 48V DC
power supply unit conves standard AC mains voltage into a stable 48V DC
output. It delivers the necessary power for components that operate at 48V DC,
such as the stepper motor, ensuring reliable and safe energy delivery for

consistent system performance.
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Figure3.14: Circuit Connection of Power Supply System with Emergency Stop.

3.5.2 Stepper Motor System

Figure 3.15 shows the connection of the selected 4.5 Nm stepper motor with a
planetary reduction gear, powered by the 48V DC power supply and connected
to the motor driver. The motor driver is interfaced with the ESP32
microcontroller. Three main pins acennected between the motor driver and
the ESP32: DIR (Direction), PUL (Pulse), and ENA (Enable). The DIR pin on
the motor driver is the direction control pin that determines the rotation direction
of the stepper motor. When the ESP32 sends a high sigthes fpin, the motor
rotates in one direction (e.g., clockwise); when a low signal is sent, it rotates in
the opposite direction (e.g., counterclockwise). This allows precise directional
control through the code. The PUL pin is the pulse input that exetep
signals from the ESP32. Each time the ESP32 sends a pulse to this pin, the motor
advances by one step. A continuous series of pulses results in continuous
rotation, with the frequency of pulses controlling the speed and the total number
of pulses dtermining the rotation angle or distance. The ENA pin is the enable
input that controls whether the motor driver is active or disabled. When the
ESP32 sends an active signal (logic high or low, depending on the driver), the
motor is enabled and ready tpavate. When the pin receives a deactivation
signal, the motor driver output is disabled, stopping the motor or putting it into
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a highimpedance state for safety and power saving. The ESP32 microcontroller
acts as the main controller, managing the speed, acceleration, direction, and

rotation angle of the stepper motor based on program logic and external inputs.

AC-DC Power
""_;‘l Supply Unit

4.5 Nm Stepper

Motor ﬂ Motor Driver

Figure3.15: Circuit Connection of Stepper Motor System.

3.5.3 Linear Actuator System

Figure 3.16 shows the circuit connection of the selected linear actuator system.
A stepdown transformeris used to reduce the 48V supply to 12V, which
matches the operating voltage of the linear actuator. A relay board is employed
to receive lowvoltage control signals from the ESP32 microcontroller and
switch the highvoltage power to operate the lineatuator. When the ESP32
receives a signal from the IR controller, it sends aVoltage control signal to

the relay board, which in turn activates thnear actuator to move up or down

as required.
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Figure3.16: Circuit Connection of Linear Actuator System.

3.5.4 Gyroscope and Accelerometer Modul&ystem

Figure 3.17 illustrates the sensor system setup, which includes an ESP32
microcontroller and an MPU6050 module, which functions as both a gyroscope

and accelerometer. This sensor system is primarily used to collect dynamic
kinematic data during motion, spically flexion and extension of the upper

and lower extremities. The MPU6050 was mounted on the system cover and on

the user's limb, as shown in Figure 3.18, to collect data such as range of motion,
acceleration, andngular velocity

Accelerometer and
<+—Gyroscope Module
Sensor (MPU6050)

Figure3.17: Circuit Connection ofGyroscope and Accelerometer Module
(MPU6050)Sensor.
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Figure3.18: MPU6050 SensorAllocation on Forearm and Shaniuring
Rehabilitation Activity

3.5.5 IR RemoteControl

Figure 3.19 shows the circuit connection between the infrared (IR) receiver and
the ESP32. When a button on the IR remote control is pressed, it emits an IR
signal thais received by the IR receiver. The receiver then decodes this signal

into a hexadecimal code, which the ESP32 interprets to execute specific tasks
such asnoving the stepper motor within a defined range of motion, raising or

lowering the linear actuator, or displaying messages on the LCD screen.

IR Remote

Controller

Figure3.19: Circuit Connection ofR Receiver

3.5.6 LCD Screen
Figure 3.20 displays the circuit connection betweenlithed-crystal display
(LCD) screen and the ESP32 microcontroller. Upon receiving an IR signal, the
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ESP32 decodes the command and performs the corresponding action.
Simultaneously, it updates the LCD display to show the executed step or current
system status. This visual feedback enhances user awareness and interaction,
providing informative prompts orpglates throughout the system'’s operation,

thereby improving usability and ensuring smoother control.

Figure3.20: Circuit Connection of LCC5creen.

3.6 Internet of Things System Design

The architecture of the Internet of Things (loT) system is illustrated in Figure
3.21, comprising four key components that work together to collect, store, and
retrieve motion sensor datat the user end, the custedesigned application
developed using FlutterFlow serves as the main interface, allowing users to log
in and access their data. FlutterFlow was selected for its advantages, including
ease of use and minimal coding requiremenporogin, the user's unique 1D

is submitted to Firebase througtethpp. This ID plays a critical role in data
storage, as the ESP32 microcontroller retrieves the current laggesdr 1D

and stores the measured data under the corresponding account. This approach
ensures data privacy for each patient and simplifiesss=eific data tracking.

In addition to data storage, the app allows users to retrieve their motion records
and related information at any time.

The Firebase Firestore database functions as the centratbdead
storage system. It securely stores user IDs submitted by the FlutterFlow app and
acts as a communication bridge between the app and hardware. When the ESP32
control unit operates, it fitgetrieves the user ID from Firebase to ensure that
any collected sensor data is tagged and stored under the correct user's account.

Besides managing user identification, Firebase also stores the actual motion data,



48

making it available for redime updates and future retrievalne ESP32
microcontrollerbased control unit is a critical hardware component of the
system. After obtaining the user ID from Firebase, the ESP32 continuously
collects motion data from the connectattelerometer and gyroscope module
(MPUG605Q sensorThis sensor provides accelerometer and gyroscope readings,
capturing detailed information on movement and orientation. Once captured, the
ESP32 uploads the data to Firebase, associating it wittesipective user ID to

maintain data isolation and accuracy.

Store

MPUB050
Sensor

Input Data into
Login Specific
USERID USERID

. Record
Control Unit Data Accelerometer and

(ESP32 Doy Gyroscope Module
Microcontroller) (MPUB050)

I Fircbase
(Firestore
L e Database)
Retrieve
Data from
Database

FlutterFlow
Application

Retrieve
Login
USERID
from
Database

Figure3.21: Internet of Things (IoT) System Architecture.

The MPUG6050 plays a vital role in capturing raw motion data. It
integrates an accelerometer and gyroscope to measure linear acceleration and
angular velocityproviding a comprehensive picture of the user's movements.
This data is transmitted to the ESP32, which processes and uploads it to the
cloud. To illustrate the data collection and upload process implemented within
the Arduino environment, a flowchart is includad Figure 3.22This chart
visually outlines the sequence of operations carried out by the ESP32, starting
with retrieving the user ID from Firebase, collecting motion data from the
MPUG6050, and uploading the processed data back to Firebasehllglhig
essential steps such as establishing @&Wonnection, initializing the sensor,
reading accelerometer and gyroscope data, formatting the readings, and storing
them under the correct path in Firebaske full Arduino code is shown in
Appendix B. This visual representation clarifies the interaction between
hardware and cloud services, demonstrating how the system ensures data

integrity and reatime synchronization
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Figure3.22. Process Flowchart for Sensor Data Collection and Firebase

Storage

In summary, this 10T system architecture provides a seamless and
efficient workflow from the sensor hardware to the user interface. By leveraging
Firebase as the central database, the system ensures secure data storage and easy
access. The integration ofuierFlow, Firebase, ESP32, and the MPU6050
sensor forms a cohesive framework that supportstireal data collection,
cloud storage, and user interactioraking it highly suitable for motion tracking

and similar applications.
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3.7 System Workflow

The following section outlines the workflow of the completed system, which
integrates the Arduino IDEode ashown in AppendiC, a physicalArduino

board, and the mechanical components. As shown in Figure 3.23, the process
begins with system initialization. This includes establishing serial
communication for debugging, configuring the IR receiver for remote inputs,
and setting up the steppaptor with predefined speed, acceleration, and control
pins. The linear actuator is also prepared by setting its control pins as outputs,
while the LCD display is initialized to provide retine user feedback.
Additionally, the emergency stop button isyigured to ensure user safety, and

the system records the initial position of the stepper motor as a refeiétece.
initialization, the system continuously monitors the emergency stop button. If
the button is not pressed, the system proceeds; however, if it is activated, all
operations are immediately halted. The system remains in a paused state until

the emergencstop is released, after which it resumes normal operation

Initialize System

If Emergency Stop
Button is Pressed

A

Print "Emergency
Stop Pressed"”

Figure3.23: Initial Step.

After confirming that the emergency stop is not pressed, the system
proceeds to receive an infrared (IR) signal from the remote control. If no signal
is detected, the system continuously reads data from the IR receiver port until a
valid signal is receivedOnce a signal is captured, it is decoded into a
hexadecimal code. Each button on the IR remote corresponds to a specific
hexadecimal code. These codes can be identified by printing them out upon

reception. Each valid code is mapped to a specific tatfle Heceived code does
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not match any predefined command from the controller, the system returns to

waiting for a new signal. If the code is valid, the system continuelseick for

—

Received Signal and
Decode Signal

another conditions.

Figure3.24: IR Signal Reception and Decoding.

The received valid signal is then cragsecked against predefined
commands, each mapped to a specific task. This comparison is performed using
an if-else conditional structure. The first condition checks whether the signal
corresponds to the clockwise fition, which triggers the stepper motor to rotate
in the clockwise direction. If the signal does not match, the system then checks
whether it corresponds to the counterclockwise function, which commands the
motor to rotate in the opposite direction. FigBr25 illustrates the flowchart for

both clockwise rotation and counterclockwise rotation

Set Direction == Set Direction ==
Clockwise [Counter Clockwise

Move Motor with Move Mator with
Set Speed Set Speed

Figure3.25. Manual MotorRotationControl
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If the signal does not matahockwise and counterclockwisetation
the third condition proceeds to check fo
functions, as illustrated in Figure 3.26. If tlecodedsignal matches th&FP
command, the linear actuator extends upwardilarly, if the signal matches
the DOWN' command, the actuator retracts downward. If neither signal is
matched, the system continues to the next condition check.

If IR Code
== DOWN

Yes

Move Linear Move Linear
Actuator Up Actuator Down

Figure3.26. ManualLinear ActuatorControl

The next condition check determines the rehabilitation mode of the
system, identifying whether it is intended for the forearm or the shank. Modes
1, 2, and 3 are predefined for forearm rehabilitation, while Modes 4 and 5 are
designated for the shank. Ortbe received signal matches a specific mode, the
stepper motor moves to the ready position, allowing the user to secure either the
forearm or shank on the support structure for proper sensor attachment and
calibration. Figure 3.27 illustrates the flowchdetailing the condition check

for each rehabilitation mode.



53

Move to Ready Move to Ready Move to Ready
Position Position Paosition

| !

i Print "Mode 1 Ready" / i' Print "Mode 2 Ready” / ;_f Print "Mode 3 Ready" /
< < <

N N ~ /

kK
Y
Move to Ready Move to Ready
Position Position

Print "Mode 4 Ready” Print "Mode 5 Ready”

M
S

e
/

Figure3.27. RehabilitationMode Selection

If the decoded valid signal does not match any prior conditions, the

system proceeds to check for the 'Start' function, as illustrated in Figure 3.28.
Execution of this function requires an AND conditishich a rehabilitation

mode must already be in the ready state. If this condition is satisfied, the system
identifies the active mode. For instance, if Mode 1 is ready, the system initiates
the start function by toggling the motor between 20° and 90°, as shdviguire

3.29. Throughout each movement cydhe system continuously monitors the
stop button. If pressed, the motor stops immediately, and the system exits the

current loop, as depicted in Figure 3.30.



If IR Code No

No
If Mode1Ready

is true

If Mode2Ready

is true

Motor Toggle

(20°- 90°)

No

f Mode3Ready

Motor Toggle Is true
(20°- 120°)
Motor Toggle
{0°- 140°)
¥
Motor Toggle
Yes 0°- 85°
I Motor Toggle I
0°- 45°
A

Figure3.28. Start Ready Mode

Motor Toggle
(20°- 90°)

Motor Toggle
(20°- 120°})

Motor Toggle
(0°- 140%)

Motor Move Within
Range of Motion

Motor Move Within
Range of Moticn

Motor Move Within
Range of Moticn

Stop Function
Motor Toggle
(0°- 45%)

Mator Move Within
Range of Motion

Stop Function

Figure3.29: Motor ToggleFunction for Each Mode.

Stop Functicn

Stop Function

Motor Toggle
(0°- 85°)

Motor Move Within
Range of Motion

Stop Function
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Stop Functicon

Received Signal and
Decode Signal

Y

return

Stop All Moving
Motor

'

Print "Motor Stopped”

Figure3.30: Stop Function.

If the start button is not pressed, the system proceeds to check
additional conditions. The next condition involves the '‘Complete’ button, as
shown inFigure 3.31. If a valid complete signal is received, the system
commands the motor to return to the zero position from its current stopped

positionwhich essentially bringing it back to its original starting point.

No

If IR Code
== Complete

Return Motor to
Zero Position

Print "Return to
Zero Position”

N
Figure3.31: Return to Zero Position.

The final condition involves checking for a repeated code, which
corresponds to the loAgress function. This function is only applicable in
manual control mode, allowing the motor to turn continuously in either the
clockwise or counterclockwise directiowhen the user longresses a button

on the IR remote, a decoded repeat signal of 0x0 (hexadecimal) is received. If
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this signal is detected, the system then verifies whether the last valid code was
for clockwise or counterclockwise rotation. If it was neither, the repeated signal
is ignored. However, if the last valid code corresponds to clockwise rotation,
the motor wil continue moving in that direction. The same applies for
counterclockwise movement. The flow of this repeated signal process is
illustrated in Figure 3.32.

No

If IR Code
== Repeat

No
If Last Valid Code

No
If Last Valid Code
=CW

Continue Move Motor in
Clockwise Direction

Y
Ignore the Received
Signal

Continue Move Motor in
Counter Clockwise Direction

A 4
Print "Unknown Signal”

N
Figure3.32 Repeat Signal Control
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3.8 Cost of Material Used

Table 3.9 presents the costs of all materials uselweloping the stationary
upper and lower extremities rehabilitation system, with a total cost of RM
1,587.34, highlighting its costffectiveness

Table3.9: Material Costs foPrototype Development.

No. Iltem Name Quantity  Total Cost
(RM)
1. Nema 34Stepper Motod.5 Nm 1 190.00
2.  Stepper Motor DriveDM860H 1 54.84
3. Planetary Gear Reduction 1 212.00
4.  Linear Actuator 1 250.00
5. Aluminium Profile 1 232.00
6. L Bracket 24 95.04
7.  Caster Wheel 4 120.00
8. AC-DC 48V Power Supply 1 97.89
9. 8-60V to 136V Step Down Transforme 1 22.33
10. ESP32 2 50.00
11. ESP32 Base 1 8.90
12. RelayBoard 1 4.95
13. Rocker Switch 1 3.80
14. Emergency Stop 1 9.80
15. 3D Print 1 100.00
16. Mild SteelHollow Bar 1 8.24
17. Mild Steel Plate 1 29.03
18. Plywood 1 9.00
19. Hand Grip 1 6.99
20. Stainless Steel Rod 1 23.03
21. Velcro Strap 1 5.00
22. MPUG6050 Sensor 1 8.29
23. Mini Breadboard 1 1.29
24. IR Controller 1 5.90
25. LCD Screen 1 8.69
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Table 3.9 (Continued)

26. 3-pin Plug 1 1.65
27. 3-pin Wire 1 6.30
28. Jumper Wre 1 2.59
29. Soft Silicone Tinned Copper Wire 1 19.79

Grand Total Cost (RM) 1587.34

3.9 Calibration of Rotational Angle for Stepper Motor

The precise control of the rotational angle of the stepper motor is a crucial part
of therehabilitation activities. Any miscalculation of the motor steps may lead
to overflexion or overextension of the human limb, potentially causing injury.
Therefore, the rotational angle of the stepper motor is carefully determined
through both mathematibealculation and implementation in the Arduino code.
The stepper motor used in this project is a typical model NEMA 34, which has
a default step angle of 1.8°. This means that withoutnaieyo steppingthe
number of steps needed to complete one fulbltdion of 360 degrees is
calculated by dividing 360° by 1.8°, resultingdf0 full steps per revolution.
However, the motor driver (DM860H) supponscro steppinga method that
divides each full step into smallericro stepdor smoother and more precise
control. With 1/8 micro steppingenabled, each full step is divided intongcro

steps This increases the total number of steps per revolutib®d0 micro steps.

This is where the 1600 steps per revolution value originates. In this
setupalthough the motor itself requires 1600 steps to complete one full rotation,
a 50:1 gear system is attached. This means that the output shaft of the motor
completes one full rotation only after the motor itself has rotated 50 times.
Therefore, the total maber of steps required to achieve a full 2B@ree
rotation at the output shaft&,000 steps per quit shaft revolution.

To determine how many steps are needed for one degree of rotation at the output
shaft, the total number of ste@9,000 is divided by 360 degrees, which gives
222.22steps per degreblsing this stepperdegree value, the number of steps
needed for common rotation angles can becpteulatedas in Table 3.1@nd

implemented in the code.
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Table3.10: Stepsperdegree Required to Achieve the Rotational Angle.

Angle (°) Steps Required

30 6666.®

40 8888.80

45 9999.90

50 11111.00

70 15555.40
85 18888.70
90 19999.80
100 22222.00
140 31110.80

The precalculated step valuesre integrated into the program and
utilized when selecting specific movement modes via an IR remote control.
Each mode commands the stepper motor to rotate a defined number of steps in
either the clockwise or counterclockwise direction to achieve a desingle.

Figure 3.33 illustrates the manual calibration process for the stepper motor angle.
The structural support is first adjusted to the position shown in Figure 3.33(b),
and a levelling measurement app on a smartphone is used to ensure the surface
is parallel to the floor. This position is then defined as the zero reference point
in the Arduino IDE code. All subsequent rotations are performed relative to th

zero position.

(b)
Figure3.33: Manual Adjusmentof Zero Positior(a) Top View (b) Front View
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3.10 Functionality Test and Data Analysis

Functionality testing is a crucial phase in validating the performance of the
developed prototype. This process involves assessing the accuracy of the
accelerometer and gyroscope modul#P(U6050 sensorby comparing its
measurements with those of the embedded IMU in the Trigno EMG sensor.
Range of motion (ROM) data from the MPUG6050 are cretsrenced with the
Trigno IMU to evaluate measurement consistency and ensure reliable motion
tracking throughoutac h r ehabi | i tati on cyablite. Subseqtl
to capture limb ROM, acceleration, and angular velocity is analyzed under
varying speeds and ROM conditions to assess biomechanical performance and
sensor accuracy.

A total of eight healthy participants (four males and four females), with

a mean age of 23.4 £ 0.69 years and a BMI distribution of 5:2:1 across normal,
underweight, and overweight categories, were recruited. Inclusion criteria
required no history of upper lower limb injuries or neurological disorders. All
tests were conducted on the participants' right limbs and were carefully
supervised to ensure safety. An emergency stop button was incorporated into
the system to allow immediate shutdown in the egédiscomfort, malfunction,

or other unforeseen issues. The testing protocol was desigmatowto ensure

both accurate data acquisition and participant-eihg.

) Mode 1 is selected using the remote control. The support
structure automatically moves to the ready position, with the
rotation speed preset to 13.5°/s.

(i) The participant is seated on a chair, ensuring the elbow joint is
aligned parallel to the pivot point of the support structure.

(i) The participantds forearm is secur
the hand is positioned on the handle.

(v, The MPU6050 is attached to the par
along the same axis as the Trigno EMG sensor, which is also
placed on the forearm.

(v)  The calibration button on the MPUG6050 is pressed to calibrate

the sensor.
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(vi)  The recording button on the serial monitor is pressed to begin
data collection. The Trigno EMG system automatically
calibrates at the start of recording.

(vii)  The support structure passively moves the forearm through 3
full cycles of flexion and extension.

(viii)  Upon completion, the stop button on the remote control is
pressed to end data recording.

(ix)  The complete button on the remote control is pressed to return
the support structure to the starting position.

(x)  Steps (ij (ix) are repeated for Mode 2 and Mode 3, each with
a different range of motion.

(xi)  After all 3 modes are completed at 13.5°/s, the experiment is
repeated with the next preset speed of 29.25°/s.

(xii)  After the upper extremity tests are completed,ekgeriment
is continued with the lower extremities (Mode 4 and Mode 5),

ensuring the knee joint is aligned parallel to the pivot point.

TheFigure 3.34llustrates both the upper and lower extremities during
testing, showing the positioning and setup for data collection. It describes how
each limb is securely fastened to the support structure using adjustable Velcro
straps to ensure stability and prevemwanted movement. For the upper
extremity, the forearm is strapped to the support with the hand firmly positioned
on the handle. For the lower extremity, the leg is secured with the knee joint
aligned parallel to the pivot point of the gt structure to ensure accurate
joint movement tracking.The sensor placement is also explained. The
MPUG050 is attached directly to the limb segment being moved, positioned on
the forearm for upper extremity tests and on the lower leg for lower extremity
tests. The Trigno EMG sensor is placed along the samseaaxhe MPU6050,
targeting the primary muscle group responsible for the movement, to ensure

synchronized kinematic and muscle activity data collection.
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Velcro Strap

Trigno EMG

Sensor

MPU6050

Sensor

(b)
Figure3.34: Limb Secureon Developed Prototype. (a) Upper Extremit{e$

Lower Extremities.

Additionally, theTable 3.11provides a clear description of each mode,
specifying the movement type, range of motion, and the corresponding limb for
each mode tested. Meanwhile, Figure 3.35 illustrates the zero position of the

support structure.

Figure3.35. Zero Position oBupport Structure.



Table3.11: Range of Motion (ROM) of Each Mode.

Human Limb Mode Range of Motion
(ROM)

20°-70°
20°-120°
0°-140°

Forearm

0°-45°
0°-85°

Shank

gl |l W N P
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CHAPTER 4

RESULTS AND DISCUSSION
4.1 Introduction
This section provides a comprehensive discussion of the developed prototype of
the stationary upper and lower extremities rehabilitation system. It includes a
detailed description of the prototype, accompanied by labelled diagrams and a
demonstration of # user interface. A user manual is also provided to guide
system operation. Functionality tests were conducted to validate the
accelerometer and gyroscope modi¥’(U605Q sensoyras well as the stepper
motor. Performance was evaluated by analysing selasaicollected in various
operating modes from eight healthy individuals. Furthermore, safety features
and the systemds relevance to the Sustair
discussed.

4.2 Complete Prototype

Figure 4.1 shows the front view of the final completed prototype, weighing
approximately 32.76 kilograms. The design features a-@WGcated support
structure that is securely connected to a stepper motor vigoaided coupler.

The motor is mounted on a robustild steel platform, which is further
reinforced with a wooden plate to enhance stability and support. For mobility
and ease of handling, the prototype is equipped with four caster wheels, each
capable of supporting up to 100 kilogramaell abovethe total weight of the
system. The electronic circuit board is neatly enclosed within the aluminium
profile frame to ensure protection and organization. Additionally, two linear
actuators are installed beneath the platform to provide support and @assist i
maintaining the alignment of the motor assenthlying rehabilitation activity
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Limb Support
Connector Structure

Linear Actuator

Base Connector

Aluminum Profile Circuit Platform

Caster Wheel

Figure4.1: Compkte PrototypéFront View)

The circuit connection is illustrated in the accompanyiigures 4.2
and 4.3 The ESP32 microcontroller is powered stable 5V supply. The main
power supply delivers energy to both the stepper motor and the linear actuators.
A stepdown transformer is used to reduce the 48V input from the power supply
to 12V, which matches the operating voltage of the linear actuatoxsckér
switch is integrated to control the flow of electricity from the main socket to the
power supply. For safety, an emergency stop button is also included, allowing
the system to be halted immediately in case of any malfuncios.stepper
motor is ©ontrolled via a motor relay, which is linked to the ESP32 and managed
through the developed software. Additional relays are used to control the
upward and downward motion of the linear actuators. An IR receiver is
connected to the ESP32, enabling remotarob of the entire system. Lastly,

an LCD screen is used to display the current operational status of the system.

Power

supply

Step Down

Transformer

Figure4.2: Circuit Connectioron PlywoodPlatform
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Motor Driver

Stepper Motor
IR Remote
ool Emergency Stop
Rocker Switch Button
LCD Screen IR Receiver

Figure4.3: Circuit Connectioron Mild Steel Ratform.

Figures 4.4 and 4.5 illustrate thecelerometer and gyroscope module
(MPUB6050Q sensorwhich is enclosed in a custedesigned 3Eprinted casing.
The ESP32nicrocontroller is mounted on the top cover of the casing, while a

Velcro strap is sewn onto the enclosure to ensure secure attachment during use.

ESP32

Velcro

3D-printed
Strap

Casing

MPU6050

Figure4.5: Accelerometer and Gyroscope ModuldRU6050Q Sensorwith
Casing.
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User Interface Design

A user interface has been developed to displagsurediata to the user in a

clear and organizechanner. Figuré .6 illustrates the sigiup and login pages

of the interface, which are designed to ensure that only authorized users can

access the system. This feature enhances data privacy and security by restricting

access to personal rehabilitation records.

-
??REHABMYO ‘){\REHABMYO
Signup Login Signup Login
= =
Email...
Email
Password.. »

Password... &
Confirm Password.. ‘ ‘

. L
; 1 Builtin £

Figure4.6: Signup and Login Page.

The Figure 4.7further illustrates the main interface of the developed

user interface which consists of a Summary Page and an Account Page. The

Summary Page includes two icons and selecting either one displays the

corresponding results of the rehabilitation activigyrieved from databases

shown in theFigure 4.8 Three graphs are presented to visualize the data,

including Range of Motion (ROM), acceleration, and gyroscope measurements.

The Account Page displays the user's personal information such as profile

picture,name, email, weight, height, and date of birth.
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e
“#'REHABMYO Sign Out ;:REHABMYO

Good Evening, Bernard MANAGE ACCOUNT

Summary "‘%

Monday, May §

me  Edit >
Elbow Joint > Knee Joint > Bernard

Emal Edit >

yinghang020318; il.com

Body Height  Edit >
180.0 cm

Body Weight  Edit >
50.0 kg

Birthday  Edit>
22/2/2025

ih — il

Accoun Summar; y
Buittin £
—

Figure4.7: Summary and\ccountPage.
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Figure4.8: Result Page

4.4 User Manual

In this section, aletailed description of the overall functional process of the
rehabilitation system is presented in Table 4.1, outlining the rehabilitation
activities for both the upper and lower extremities. This serves as a general user

manual for operating the systeAdditionally, Figure 4.9 illustratethe button
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layout and corresponding functions of the IR remote control used to interact

with the system

Elbow
Rehabilitation Mode 2

Elbow

Elbow
Rehabilitation Mode 1 o

o Knee i Rehabilitation Mode 3
Rehabilitation Mode 4 Knee
Rehabilitation Mode 5

Turn Counterclockwise 0 @ Turn Clockwise

@ Move Down

Figure4.9: IR Remote Control Button Layout and Labels

Table4.1: User Manual.

Activity Instruction
Perform 1. Press to select Rehabilitation Activity 1.
Rehabilitation 2. Wait for the support structure to movetie ready

Activity 1: Elbow position.

Extension and| 3. Sit beside the machine and ensure your elbow |

Flexion (20°- 90°) is aligned with the pivot point of the suppc
structure.

4. Secure your forearm onto the support structure
shown in theFigure 4.10 (a)

5. Press to begin the rehabilitation session.
Press to stop the rehabilitation session at ¢
time.

6. Carefully remove your forearm from the supp
structure.

7. Press to return the support structure to the z

position, as shown in the Figure 4.11.
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Perform
Rehabilitation
Activity 2: Elbow
Extension and

Flexion (20°- 90°)

1.
2.

6. Press

Press to select Rehabilitation Activity 2.
Wait for the support structure to move to the re.
position.

Sit beside the machine and ensure your elbow |
is aligned with the pivotpoint of the suppor
structure.

Secure your forearm onto the support structure
shown in theFigure 4.10 (a)

Press to begin the rehabilitation session.

to stop the rehabilitation session at ¢
time.

Carefully remove your forearm from the supp
structure.

Press to return the support structure to the z

position, as shown in theigure 4.11

Perform
Rehabilitation
Activity 3: Elbow
Extension and

Flexion (0°- 140°)

Press to select Rehabilitation Activity 3.
Wait for the support structure to move to the re.
position.

Sit beside the machine and ensure your elbow |
is aligned with the pivot point of the suppc
structure.

Secure your forearm onto the support structure
shown in theFigure 4.10 (a)

Press to begin the rehabilitation session.
Press to stop the rehabilitation session at ¢
time.

Carefully remove your forearm from the supp
structure.

Press to return the support structure to the z

position, as shown in the Figure 4.11.
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Perform
Rehabilitation
Activity 3: Knee
Extension and

Flexion (0°- 45°)

1.
2.

6. Press

Press to select Rehabilitation Activity 4.
Wait for the support structure to move to the re.
position.

Sit beside the machine and ensure your knee
is aligned with the pivot point of the suppc
structure.

Secure your shank onto the support structure
shown in theFigure 4.10I).

Press to begin the rehabilitation session.

to stop the rehabilitation session at ¢
time.

Carefully remove your shank from the supp
structure.

Press to return the support structure to the z

position, as shown in theigure 4.11.

Perform
Rehabilitation
Activity 5: Knee
Extension and

Flexion (0°- 85°)

Press to select Rehabilitation Activity 5.
Wait for the support structure to move to the re.
position.

Sit beside the machine and ensure your ko
is aligned with the pivot point of the suppc
structure.

Secure your shank onto the support structure
shown in theFigure 4.10 (h)

Press to begin the rehabilitation session.
Press to stop the rehabilitation session at ¢
time.

Carefully remove your shank from the supp
structure.

Press to return the support structure to the z

position, as shown in theigure 4.11.
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Table 4.1 (Continued)

Move up or down| 1. Press to move up the support structure.

of support | 2. Press to move down the support structure.
structure.

Turn clockwise or | 1. Press to move the support structu
counterclockwise counterclockwise.

of support | 2. Press to move the support structure clockwis
structure.

(b)
Figure4.10: ProperLimb Positioning on the Support Structyeg Forearm (b)

Shank.

E 2
@
9
»
.
s |
o
®
' -
.
{
L
L4
=

Figure4.11: Zero Position of Support Structure.
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4.5 Functionalities and Performance Evaluation of Completed

Prototype.
This section presents the results of assessments conducted to evaluate the
prototypeds ability to perform el bow and
flexion and extension across various ranges of motion (ROM). Tests were
carried out on the rigigide limbs of subjects with different BMI levels to
examine the syst elablesd.2sardnaapzesatheiattivitiesy . The
completed during functionality testing. Additionally, the accuracy of the

accelerometer, gyroscope, and motor speed was analysed t@atevalystem

performance.
Table4.2: FunctionalityTestActivities.
Activities Range of Motion, ROM (°)
Elbow Extension and Flexion 20°-90°
20°-120°
0°-140°
Knee Extension and Flexion 0°-45°
0°-85°

45.1 Validation of Accelerometer and GyroscopéModule Sensor

Table 43 and the accompanyinigigures4.12 and4.13 presentthe validation
results of theaccelerometer and gyroscope moduiéP(U6050Q sensorby
comparing its performance with the embedded IMU in the Trigno EMG sensor.
Data were collected from eight participants performing elbow and knee flexion
and extension movements across specified ranges of motion.For each activity,
the mean and standardveiion of the recorded range of motion values were
calculated for both sensors. As shown in Table 4.2, the MPUG6050 consistently
recorded lower range of motiomies compared to the Trigno IMU across all
tasks. The largest percentage error, 15.73 percent, was observed during knee
flexion in the OY 45° range, highlighting reduced accuracy in detecting smaller
joint movements. In contrast, the smallest error, p@&%ent, occurred during

the 07 85° knee range of motion task, indicating improved agreement in larger

flexion activities. For elbow joint movements, the error ranged from 6.54
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percent to 8.89 percent, suggesting moderate accuta®yall, the average
percentage error across all measured activities was 8.79 percent, indicating that
the MPU6050 delivers reasonably accurate joint movement data, although its

precision varies depending on the joint and the range of motion involved.

Table4.3: Percentage Erraf MPUG6050 Sensor.

Extension and Range of Motion, ROM (°) Percentage
Flexion MPUG6050 Trigno (IMU) Error (%)
Mean STD Mean STD

Elbow 20°-90° 61.32 +3.53 67.30 +5.17 8.89
Joint 20°-120° 90.93 +4.37 9837 16.32 7.56
0°-140° 120.08 +6.74 128.48 +10.06 6.54

Knee 0°-45° 49.44 +3.83 4272 *4.17 15.73
Joint 0°-85° 7444 +6.48 78.56 +5.39 5.25
Overall Percentage Error (%): 8.79

Figures4.12and4.13provide visual comparisons of the ROM profiles
captured by both sensors over normalized time. In the forearm analysis, three
elbow flexion activities werexaminedwhich are20% 90°, 209 120°, and O°
140°. Across all these conditions, the MPU6050 consistently underestimated
range of motion compared to the Trigno IMU. This underestimation became
more pronounced in larger range of motion tasks. However, the motion
t r aj e cshaper anc snong remained closely aligned between the two
sensors, indicating #t while the MPU6050 reported lower amplitude values, it

effectively captured the overall motion pattern.
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Comparison of MPU6050 and Trigno IMU (Forearm)
[ IMPUB050 Std (20°-90°)
——MPUB050 Mean (20°-90°)
{1 Trigno IMU Std (20°-90°)
~ = Trigno IMU Mean (20°-90°)
MPUB6050 Std (20°-120°)
——MPUB050 Mean (20°-120°)
Trigno IMU Std (20°-120°)
~ = Trigno IMU Mean (20°-120°)|
MPUB050 Std (0°-140°)
MPUB050 Mean (0°-140°)
< Trigno IMU Std (0°-140°)
R Trigno IMU Mean (0°-140°) |

150

-
o
o

\

Range of Motion (°)
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L

0 10 20 30 40 50 60 70 80 90 100
Normalized Time (%)

Figure4.12. Comparison oElbow ROM Captured by MPU6050 and Trigno
IMU Over Normalized Time

For the lower limb analysis, shown in Figutel3 two knee flexion
tasks were assessed:185° and 0F85°. Similar to the elbow results, the
MPUG6050 underreported range of motion, particularly in the smaliet50°
condition where the deviation from the Trigno IMU was more significant. In

contrast, th@°i 85° task showed much closer alignment between the sensors.

Comparison of MPU6050 and Trigno IMU (Shank)

100 ¢
[ IMPUB050 Std (0°-45°)
——MPUB050 Mean (0°-45°)
L Trigno IMU Std (0°-45°)
so- e = = Trigno IMU Mean (0°-45°)
—_ [ IMPUB050 Std (0°-85°)
= ——MPUB050 Mean (0°-85°)
S 60 000 rigno IMU Std (0°-85°)
= - - Trigno IMU Mean (0°-85°)
=
EO ........
= 40 0 S
s}
S
c 20~
©
1
0
-20

0 10 20 30 40 50 60 70 80 9 100
Normalized Time (%)
Figure4.13: Comparison ofKnee ROM Captured by MPU6050 and Trigno

IMU Over Normalized Time
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Several factors may contribute to the discrepancies observed, including
the influence of gravitational forces at higher flexion angles, especially in the
forearm, as well as sensor attachment stability, vibrations, and potential
electromagnetic interfereacThese elements may disproportionately affect the
accuracy of the MPU605M summary, the validation results demonstrate that
the MPUG050 is capable of capturing joint movement profiles with acceptable
accuracy for many applications. While it tends tederestimate range of
motion, especially in smaller movement ranges, it remains suitable for
functional joint monitoring in rehabilitation settings. Incorporating calibration
or compensation techniques may further enhance its performance, particularly

in contexts that demand higher measurement precision.

4.5.2 Validation of Stepper Motor Setting

Proper configuration of the stepper motor is a crucial aspect in the development

of this rehabilitation prototype, as it functions as the primary actuator

responsible for driving controlled movement in both the upper and lower limbs.

One of the key configurable parameters of the stepper motor is its rotational

speed. In this systenwo rotational speeds were implemen2® . 25 A/ s as hi g
speed and 13. 5Theséltliesreticabspekeds werespgranded in

the Arduino microcontroller by specifying a fixed number of steps per second,

with detailed calculations provided in tAppendixE. To evaluate the accuracy

of the implemented speeds, actual neasients weretaken using the

accelerometer and gyroscope modulPU6050 sensor The comparison

revealed percentage errors of 2.22% and %.4@r high and low speeds,

respectively, with an overall error of 2.828% shown in Tabld.4. These small
deviations confirm the systembs capabil il

and consistently.
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Table4.4: Comparison of Theoretical and Measured Rotational Speeds of the
Stepper Motar

Theoretical Practical Percentage
Speed(°/s) Speed(°/s) Error (%)
High Speed 29.25 28.60+ 0.11 2.22
Low Speed 13.50 13.04+£0.12 3.41
Overall Percentage Error (%) 2.82

Beyond speed accuracy, it is essential to assess the consistency of the
mo t o pedosmance across different operational conditions. A primary
consideration in rehabilitation is ensuring that the range of motion (ROM)
remains stable, regardless of changes in motor speed. Consistent ROM ensures
that therapeutic exercises are deliversafely and effectively, avoiding
unintended variations that could compromise the rehabilitation process or
increase the risk of injuryTo evaluate this, Tabld.5 presents the ROM
achieved at both speed settings across several elbow and knee movéheents
results show relatively small differences in ROM between high and low speeds,
with an overall percentage difference of 4.75%. This indicates that the motor
maintains a consistent output despite speed changes. For example, the elbow
joint over a 0P 140° ange shows only a 3.73% difference, while the knee joint
over a 0785° range exhibits just a 1.45% difference. The largest observed
discrepancy is 8.72% for the knee joint at a smaller ROV4@&P), likely due
to mechanical loading effects or reduced aagulesolution at smaller
movements. Nevertheless, these results support the conclusion that the motor

delivers repeatable and stable joint motion across a range of functional speeds.
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Table4.5: Percentage Difference in Range of Motion (ROM) Between Two

Rotational Speeds for the Same Activity

Extension and Range of Motion(°) Percentage
Flexion High Speed Low Speed Difference
(29.25 °/s) (13.5°/s) (%)

Mean STD Mean STD
Elbow  20°90° 61.32 +3.53 5946 £1.51 3.08
Joint 20°-120° 90.93 +4.37 8499 1.70 6.75
0°-140° 120.08 +6.74 115.68 *6.29 3.73

Knee 0°-45°  49.44 +3.83 4531 +4.65 8.72
Joint 0°-85° 74.44  +6.48 75.53 16.61 1.45
Overall Percentage Difference (%): 4.75

I n addition to evaluating speed and c
achieve precise rotational control was also assessed by comparing the preset
ROM values with the actual angles measured by abeelerometer and
gyroscope moduleMPU605Q sensor Theoverall percentage error across all
tested motions was found to be 11.7&8%shown in Tabld.6. The highest
individual error occurred in the elbow joint for ai @40° ROM (15.70%),
potentially due to sensor drift or accumulated error over a larger angular range.
In contrast, the lowest error (5.69%) was recorded at the knee joint fio#%°0°
ROM, where motions more constrained and predictabléese discrepancies
highlight the influence of external factors such as sensor placement, human limb
movement, and dynamic instability. Unlike a fixed mechanical setup, attaching
the sensor to a human limb introducesafaility through motion artifacts and
potential misalignment, which may reduce measurement acéugzanyicularly
during wider or more dynamic movements. These findings emphasize the
importance of not only programming accurate motor angles but also wajidat

reattime sensor feedback to ensure safety and precision.
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Table4.6: Percentage Error in Range of Motion (ROM) Between Measured
MPUG6050 Values and Programmed Preset Values

Extension and Range of Motion(°) Percentage
Flexion MPUG050 Stepper Motor  Error (%)
[Average = SD] Preset ROM

Elbow  20°-90° 60.46:2.93 70 13.63
Joint 20°-120° 87.88:4.49 100 12.12
0°-140° 118.036.89 140 15.70

Knee 0°-45° 47.56:4.65 45 5.69
Joint 0°-85° 7498+6.37 85 11.79
Overall PercentageError (%): 11.78

In conclusion, the stepper motor demonstrated reliable speed control,
ROM consistency, and reasonable rotational accuracy, all of which are essential
for effective rehabilitation therapy. Whikeinor deviations were observed, they
fall within acceptable limits for functional use, reinforcing the motor's
suitability for clinical or athome rehabilitation systems. Ongoing calibration
and improvements in sensor placement and signal processing rther fu

enhance system precision and user safety.

4.5.3 Accelerometer Data

Acceleration is one of the dynamic parameters that can be obtained from the
accelerometer and gyroscope module (MPU6050) selrigiure4.14shows the
three axes of the accelerometer, clearly illustrating how the module defines
directional orientation. Each axis, X, Y, and Z, corresponds to a specific
direction, allowing the sensor to detect changes in movement and position.
Figure4.15demonstrates the response of the MPUG6050 to acceleration during
various ranges of motiomn this setup, the sensor is aligned with the sagittal
plane. The Z axis is facing upward while the Y axis is positioned perpendicular
to it. The acceleration detected ajoeach axis is measured in units of
gravitational force, commonly referred to as G. When the module is in its initial
upright position, the Z axis reads approximately 1 G due to the effect of gravity.
As the module rotates around the X axis, the Z axisevaehanges relative to its
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orientation with gravity. It decreases from 1 G to 0 G and eventually reaches
negative 1 G as it turns upside down.

For the Y axis, when the Z axis is facing upward, it is perpendicular to
the direction of gravity and initially shows a reading of approximately 0 G. As
the module rotates clockwise, the Y axis reading decreases from O G to negative
1 G before returning t6 G. In contrast, during counterclockwise rotation, the
Y axis value increases from 0 G to 1 G and then returns tdug motion
in the sagittal plane, the X axis is not the primary direction of movement.
Therefore, changes in acceleration alongXhexis are usually minimal. Any
small variations are likely caused by motion artifacts, slight disturbances, or
improper sensor attachment due to the sensor not being securely fastened to the

limb.

+Y

Vg Ye G w

Figure4.15: Orientation of Y and Z Axes Relatite Gravity.

The Figure 4.16 presents accelerometer data recorded during elbow
flexion-extension movements. For elbow motion, forearm moves from

approximately 20° to 90° in aounteclockwise direction. This motion is



81

reflected in the Yaxis acceleration, which increasesfrem G t o O G durin
fl exion, and theln G edwrrinreg faxtneMsiG nt.o Si n
axis acceleration begins at approxi matel.y
peak flexion,andder eases back to aroundax®@. 5 G duri
acceleration remains close to zero throughout the movement, indicating minimal

lateral deviation and confirming that the motion occurs primarily within the

sagittal plane.

Elbow ROM (20°-90°)

Acceleration X
Acceleration Y
—Acceleration Z

Acceleration (G)

Flexion Extension
20%-90° | 90°-20°
‘ ‘ Tin':e (s) 1 ' '

Figure4.16. Acceleration vs. Time for X, Y, and Z Axes During Elbow Flexion

and Extension

Similar to the elbow flexiomextension, the knee extensifiexion
movementas depicted in Figuret.17 exhibits a consistent trend in the
accelerometer data. The-akis and Zaxis accelerations form a balhaped
curve, indicating smooth and controlled motion throughout the range of
movement. These trendsrther support the reliability and stability of the
system. Additionally, the >axis acceleration remains close to zero during the
entire movement, reinforcing that the motion is primarily constrainetheo

sagittal plane with minimal lateral displacement.
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Knee ROM (0°-85°)
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Figure4.17: Acceleration vs. Time for X, Y, and Z Axes DuriKgeeFlexion

and Extension

The data presented in tRégure 4.18emonstrate that across varying
speeds, the peak acceleration or G force remains relatively consistent. However,
the time required to complete one full movement cycle, whether elbow
extension followed by flexion or flexion followed by extension, varies
depending on the speed setting. Higher speeds result in shorter cycle durations,
while lower speeds correspond to longer cycle times. This observation confirms
that the system operates with stable functionality under different rotational

speeds, indicatingeliable performance across a range of motion dynamics.

Y-Axis Accelerometer Response for Different Joint ROM Conditions

Elbow ROM (20°-90%) Elbow ROM (20°-120%) Elbow ROM (0°-140%)
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Figure4.18: Accelerationvs. Time for Y-Axis at Varying Speeds During
Elbowand Kned-lexion and Extension
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The Figure 4.19 illustrate the peako-peak mean acceleration
measured in Gorce along the Yaxis and Zaxis for both the forearm and shank
during flexionextension movements at two different angular speeds (13.5°/s
and 29.25°/s) and various ranges of motion (ROM). ther forearmwhich
described in the left chait,is evident that increasing the ROM from P90°
to 0%140° results in a noticeable rise in paalpeak mean acceleration,
particularly along the Yaxis. This trend is attributed to both the greater angular
displacement and the associated changes in gravitational influence on the
MPUG050 as the sensor undergoes a wider arc. The acceleration along the Z
axis remains relatively stable across ROMs and speeds, suggesting a more
consistent vertical component obrement or less variation in that axis.

In contrast, the shank dages in right charshows a less dramatic
increase in acceleration with increased ROM. While higher ROMBEY) does
lead to greater pedak-peak values compared to the lower ROM @5°), the
difference is not as pronounced as in the forearm. Additionally, varying the
spee between 13.5°/s and 29.25°/s does not significantly impact toec&
readings in either segment. This observation supports the idea that acceleration
peaks are more sensitive to changes in ROM than to mowemeed, especially
when the movement is smooth and consis@werall, the data demonstrate that
greater ROM contributes to higher acceleration peaks due to larger motion arcs
and increased gravitational effects on MieU605Q while speed changes have

a comparatively smaller effect under controlled movement conditions.
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Figure4.19: Comparison of Peato-Peak Mean Acceleration for Forearm and

Shank at Different Ranges of Motion and Speeds

4.5.4  Angular Velocity

The Figure 4.20demonstrates how the rotation of thecelerometer and
gyroscope module (MPU6050) senaffiects the data collected along each axis.

As the sensor is placed on the limb, as shown previously, movements within the
sagittal plane such as elbow flexion and extension and knee flexion and
extension primarily influence the-xxis rotation. During thee movements, the
angular velocity along the -#xis increases and decreases in response to
clockwise and counterclockwise rotations. These variatioasgular velocity
correspond to the rotational @kisanges
capturing the most significant data fluctuations due to the nature of the sagittal

plane movement

Figure4.20. MPUG050 Gyroscope Axis Rotation
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TheFigure 4.21presents gyroscope data captured along the X, Y, and
Z axes during elbow flexion and extension. Since elbow flexion and extension
occur on the sagittal plane, theaXis is particularly significant, exhibiting the
most prominent changes and clearly rdftegthe primary rotational movement
of the elbow joint during the rehabilitation cycle. A transition from positive to
negative values in the -Axis curve is observed, indicating a change in the
direction of rotation as the movement shidetween flexion and extensiolm.
contrast, the Zxis shows only minor variations, suggesting that slight
rotational deviations occur around this axis, possibly due to natural arm
adjustments or minor compensatory motions during the exercise. -BHxé&sY
readings remain close to zer@dahghout the movement, indicating minimal or
no rotation in that direction. This stability along theaXis supports the
consistency and controlled nature of the system, confirming that the motion is
primarily constrained tthe sagittal plane.

Similar results were observed in knee joint extension and flexion, as
shown in Figuret.22 Like the elbow, the axis exhibits the most significant
changes, reflecting the primary rotational movement of the knee joint in the
sagittal plane, with minimal variations in the Y and Z axes.

Elbow ROM (20°-90°)

T
o o — ' ——Gyroscope X
Gyroscope Y
' i — Gyroscope Z
; Extension Yroscope £J|

\ i 90°20°

Gyroscope (°/s)

o /
Flexion

o 20°90° _//// |

Time (s)

Figure4.21: Gyroscopevs. Time for X, Y, and Z Axes Duringlbow Flexion

and Extension
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Knee ROM (0°-85°)
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Figure4.22: GyroscopeReadingvs. Time for X, Y, and Z Axes Duringnee

Flexion and Extensian

The Figure 4.23illustrates the gyroscope -Xxis readings across
different rotation speeds. As anticipated, higbgeed rotations produce greater
gyroscope Xaxis values compared to lowspeed movements. Although both
movements cover the same range of motion (ROM)]awer-speed motion
requires a longer duration to complete a full cycle. Quantitatively, the high
speed motion is approximately twice as fast as thesloged counterpart.
Further details are provided in thable 4.7 which presents the angulalocity
of the X-axis under different motion conditions. Notably, flexion and extension
demonstrate comparable peak angular velocities, despite one being assisted by
gravity and the other performed against it. The percentage difference between
these motins is minimal, at just 1.07%, indicating consistent system
performance. A similar observation is made at lower speeds, with a percentage

difference of 3.68%. These findings suggest that the system maintains a high



87

degree of stability and reliability in generating controlled rotational movements,
regardless of speed or gravitational influence.

Gyroscope X-Axis Response for Different Joint ROM Conditions
Elbow ROM (20°-80°) Elbow ROM (20°-120°) Elbow ROM (0°-140°)
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Figure4.23. Gyroscope Readings vs. Time for-A%is at Varying Speeds
During Elbowand KneeFlexion and Extensian

Table4.7: Comparison of Gyroscope-Axis Peak Angular Velocities During

Elbow and Knee Flexion and Extension at Different Speeds

Gyroscope X (°/s)

High Speed Low Speed
Flexion Peak  Extension | Flexion Peak  Extension
Peak Peak
Mean STD Mean STD |Mean STD Mean STD
Mode Peak Peak Peak Peak

1 28.64 0.14 -27.16 0.06 | 13.04 0.10 -12.10 0.48
2 26.92 0.16 -26.49 0.08 | 12.01 0.07 -12.10 0.05
3 2578 0.05 -26.70 0.03 | 11.73 0.05 -12.09 0.05
4 31.35 0.05 -31.13 0.08 | 1541 0.21 -13.30 0.11
5 31.10 0.07 -30.78 0.18 | 14.21 0.10 -14.41 0.07

Average 28.76 -28.45 13.28 -12.80
Percentage Percentage
Difference (o) 1.07 Difference 3.68

(%)
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4.6 Safety considerations

The stationary upper and lower extremities rehabilitation system has been
engineered with comprehensive safety considerations, covering electrical,
mechanical, and software domains to ensure secure operation, especially in
homebased settings. In the electlisgstem, a 48V 12.5A main power supply

is used to drive both the stepper motor and the linear actuators. The stepper
motor, requiring 48V and rated at 6A, results in a safety factor of approximately
2.08, confirming the power supply's adequacy. For teal actuators, power

is delivered through a 200W DC to DC buck converter rated for 8 to 60V input
and 1 to 36V output at up to 15A. The actuators operate at 12V and 1A each,
totaling 2A for both actuators. With the buck converter capable of delivering up
to 15A at 12V, the electrical safety factor is 7.5, meaning the converter can
handle over seven times the load required. Although the converter is rated for
higher current than the power supply's 12.5A output, it only draws the amount
of current needed, drthus no overloading occurs. This configuration not only
ensures reliable actuator operation but also protects against overcurrent and
thermal overload. All wiring is properly sealed with highality insulators to
minimize the risk of shorts or conta@4ards. A physical emergency stop button

is provided to immediately disable all actuators and motors during malfunction
or user distress, serving as a crucial safety feature.

To ensure robust mechanical safety, the calculated torque required to
lift the limb and support structures is 21.78 Nm, representing the highest
anticipated load. To meet this requirement, a stepper motor with a rating of 4.5
Nm is paired with a planetargear featuring a 50:1 reduction ratio. This
configuration produces an output torque of approximately 220 Nm, resulting in
a mechanical safety factor of 10.1. This ensures the system can effectively
handle unexpected loads, patient variability, or misalgms without risk of
failure. The total weight of the upper assembly, including the motor, support
structure, and control components, is approximately 9 kg, generating a
combined load of around 88.3 N. Each linear actuator is capable of supporting
up to 6@ N, providing a combined load capacity of 1200 N. This gives a safety
factor of 13.6, indicating that the actuators are operating well within their
mechanical limits, even under dynamic or shifting loads. The high safety margin

enhances system reliabilignd ensures safe operation during rehabilitation.
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Software Safety Measures further enhance the reliability and safety of
the system. A dedicated user interface displaystimaal data and progress
tracking, while an infrared remote control enables contactless control for added
convenience and safety. Tal@nce user experience, the interface is designed
to be intuitive and provide immediate feedback on limb movements, allowing
users to track their rehabilitation progress. Data Privacy is a top priority for the
system. Any sensitive information stored Idgalr in databases is encrypted to
protect it from unauthorized access. User authentication is implemented to
ensure that only authorized users can access their personal data, witsetle
access control allowing restricted access to sensitive datd basgser roles
such as medical professionals and patielitssummary, the rehabilitation
system incorporates a robust miétyered safety approach. The electrical
system includes safety factors of 2.08 for the motor and 7.5 for the actuators.
Mechanicdly, the system offers safety factors of 10.1 for torque requirements
and 13.6 for linear actuator support. These are further supported by intelligent
software safeguards and an emergency stop mechanism, making the system safe,

reliable, and welbuited foruse in both home and clinical environments

4.7 Sustainable Development Goals
The developed stationary upper and lower extremities rehabilitation system
aligns with several United Nations Sustainable Development Goals (SDGSs),
particularly in the areas of health, innovation, and equality. Firstly, the system
supports SDG 3: Good Hd¢lal and Wellbeing by enabling targeted
rehabilitation for users suffering from joint problems, whether due to physical
injury or neurological conditions. Designed specifically for knee and elbow
joints, the system facilitates controlled, repeatable thesapsions that enhance
recovery and improve functional mobility. Key features such as adjustable range
of motion, reaitime monitoring using accelerometer and gyroscope sensors, and
a user interface for data logging help ensure effective rehabilitaticoroas.
The inclusion of an emergency stop mechanism further enhances user safety
during unsupervised or hor@ased use.

The project also contributes to SDG 9: Industry, Innovation and
Infrastructure by demonstrating the integration of modern technologies such as

the ESP32 microcontroller, motion sensors, anddRed control systems into



90

a practical healthcare solution. Its design emphasizes adaptability and
modularity, with customizable limb supports suitable for different limb weights
and lengths, and an adjustable frame to accommodate various user postures. The
mobile design using castevheels enhances usability in home settings,
especially for users who cannot easily access clinical rehabilitation services. In
alignment with SDG 10: Reduced Inequalities, the system is developed as a low
cost solution (approximately RM1600) to increaseessibility for individuals

in low-resource or rural environments. Its affordability and ease of use reduce
barriers to rehabilitation, allowing more patients to undergo consistent therapy
in the comfort of their own homes. This helps bridge the gagattticare access

and supports inclusive rehabilitation practices.
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CHAPTER 5

CONCLUSION SAND RECOMMENDATION S
The development of a stationary upper and lower extremities rehabilitation

system has been successfully achieved, resulting in a functional prototype

capabl e of delivering controlled rehabi

incorporates stepper motofsr reliable speed control, crucial for consistent
therapeutic movement. Validation of the motor's rotational speed showed an
overall error of only 2.82% at high (29.25 °/s) and low (13.50 °/s) speeds. Range
of motion assessments also confirmed the systexpeatability, with an overall
percentage difference of 4.75% across different spdéwsintegration of the
MPUG6050 sensor enables effective monitoring and interpretation of limb
movements through acceleration and angular velocity measurements.
Validation against a Trigno IMU revealed an average percentage error of 8.79%,
indicating reasoable accuracy in joint motion tracking, though slight variations
occurred depending on the specific movement and rdbgerall, the system
demonstrates significantopential to provide controlled, quantifiable, and
monitored rehabilitation therapy for both upper and lower extremities. The
validation of key components, including motor speed and sensor accuracy,
supports the feasibility of this design for assisting bbdhation.

Despite the promising results, several limitations were identified
during the development and testing phases of the rehabilitation system. One
significant limitation is the durability of 3printed components. The
mechanical parts, printed with standardAPinaterial, showed signs of wear
after approximately 100 hours of continuous operation, indicating that the
prototype's lifespan may be limited, especially under H@mgn or high
frequency use. Additionally, while the system includes wireless data lqdging
currently lacks a robust communication platform to facilitate efficient
interaction between healthcare providers and users. This means that therapists
cannot remotely monitor progress or adjust settings during home rehabilitation
sessions, limiting # effectiveness of the system for continuous therapy.
Another limitation is the limited sensor suite. While the system uses the
MPUG050 sensor to monitor limb movements, the addition of more advanced
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sensors, such as muscle sensors (EMG), would provide more detailed insights
into muscle activity and fatigue, improving the precision of rehabilitation
monitoring and therapy customization.

To address these | imitations and
several improvements are recommended. First, to improve durability, the 3D
printed parts should be replaced with more robust materials, such as aluminum
or carbon fiber composites. This wdusignificantly extend the system's
lifespan and reliability, especially for lofigrm or highfrequency use.
Additionally, to improve the communication between healthcare providers and
users, it is recommended to develop a more integrated system thiasaea
time data sharing and remote adjustments. A dedicated platform for therapists
to monitor user progress, provide feedback, and modify settings would enhance
the overall therapy process, ensuring more personalized and efficient treatment.
Another mportant enhancement would be the integration of muscle sensors
(EMG). These sensors would enable the system to track muscle effort, fatigue,
and recovery, providing more detailed data that could inform-tireal
adjustments to the rehabilitation prograrastly, to further enhance data access,
the system should allow therapists to easily review and analyze user data,
ensuring that treatment plans can be continually adapted based on user progress

and specific needs.

enha
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AppendixB: Arduino Code for Sensor Data Collection and Firebase Data

Storage.

FEITEEELTTEEE LI LT LT E T R E T
// Libraries
TIHETEIEEETEETEL LTI T LT L TR LT TE T i iriiiii
#include <Wire.h>

#include <I2Cdev.h>

#include <MPU6@50@_light.h>

#include <WiFi.h>

#include <Firebase ESP_Client.h>

#include <NTPClient.h>

#include <WiFiudp.h>

#include "addons/TokenHelper.h"

#include "addons/RTDBHelper.h"

FHTHELETTETE R TR F LTI i i 1

// Wi-Fi & Firebase Credentials

FHHLEL TR TR FE LT R T 1

#define WIFI SSID "YH iPhone"

#define WIFT_PASSWORD "chonge2e318"

#define API_KEY "AIzaSyBDPIMOboyU-whWriw9WBnkVoqg3uvJw3ky8"

#define DATABASE URL "https://medical-74468-default-rtdb.asia-southeastl.firebasedatabase.app/"
#define PROJECT_ID "medical-74468"

#define USER_EMAIL "yinghange2e318@gmail.com”

#define USER_PASSWORD “chongo2e318"

FHTERELT TR P LT LT

// Global variables

FEITTELTTEE LT LT DT TR
FirebaseData fhdo;

Firebaseauth auth;

FirebaseConfig config;

WiFiUDP ntpUDP;

NTPClient timeClient(ntpuDP, "pool.ntp.org", 8 * 3600, 6@000); // GMI+8

MPUEB5® mpu(Wire);

String userid = "";

bool dataRetrieved = false;

bool newSession = true;

unsigned long lastSendMillis = @;
unsigned long lastTimestamp = @;

String currentSession = "";
FIHEEETEEET LRI ET T LT LT LT i i ]
// Setup

PHETTEEETLLER T LT LT DT i
void setup() {

Serial.begin(115268);

delay(500);

// Connect to Wi-Fi
WiFi.begin(WIFT_SSID, WIFT_PASSWORD);
Serial.print("Connecting to Wi-Fi");
while (WiFi.status() != WL_CONMECTED) {
Serial.print(".");
delay(3e0);

Serial.println("\nConnected with IP: " + WiFi.localIP().toString());

// Firebase config

config.api_key = API_KEY;

config.database url = DATABASE_URL;

auth.user.email = USER_EMAIL;

auth.user.password = USER_PASSWORD;
config.token_status_callback = tokenStatusCallback;

Firebase.begin(&config, &auth);
Firebase.reconnectWifFi(true);

// Time Client
timeclient.begin();
timeClient.update();
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// MPUG@5@

Wire.begin();

byte status = mpu.begin();

Serial.print(F("MPUGR5® status: "));

Serial.println(status);

while (status l=@) { }

Serial.println(F("Calculating offsets, do not move MPUBBS®™));
mpu.calcoffsets();

serial.println("offset Done!\n");

// Get user ID from Firestore
getUserID();

¥

HTELEELEEELEET T T TR I
// Get User ID from Firestore
THLELTIIEL L EE T LT EEE LTI TR LT
void getUserID() {

if (!Firebase.ready()) return;

String path = "DocumentID/updatecurrentID”;

if (Firebase.Firestore.getDocument(&fbdo, PROJECT_ID, "", path.c_str())) {
Firebaselson json;
json.setJsonData(fbdo.payload());
FirebaselsonData jsonData;

if (json.get(jsonData, "fields/userid/stringvalue")) {
userid = jsonData.stringvalue;

Serial.println("User ID: " + userid);
dataRetrieved = true;
} else {
serial.println("User ID field not found!");
¥
} else {
Serial.println("Error retrieving document: " + fbdo.errorReason());

¥

h
LHTEIEERT T LT TEEEEF LT EL LA TR T LT
// Main Loop
LHTETEEETECL LT EEEEET LT E LT IR R LT
void loop() {

mpu.update();

timeClient.update();

// Monitor heap and stack
Serial.print("Free Heap: ");
Serial.println(ESP.getFreeHeap());

if (ldataRetrieved || !Firebase.ready() || userid.length() == @) return;
// start new session if flagged
if (newSession) {

time_t rawTime = timeClient.getEpochTime();

struct tm *timeinfo = localtime(&rawTime);

char datestr[29];
strftime(datestr, sizeof(datestr), "%y%m#d", timeinfo);

char timestr[7];
strftime(timeStr, sizeof(timeStr), "%HiMXS", timeinfo);

currentSession = "users/" + userid + "/Sensor/" + String(dateStr) + "/Time" + String(timeStr);
newSession = false;

serial.println("New session: " + currentSession);



¥

// send data every 2 seconds
if (millis() - lastSendmillis > 2ee@) {
lastsendMillis = millis();
float rom = mpu.getAccAngleX();
float accy = mpu.getAccy();
float gyrox = mpu.getGyrox();

if (lisnan(rom)) {
unsigned long currentTimestamp = millis();
if (currentTimestamp <= lastTimestamp)
currentTimestamp = lastTimestamp + 1;
lastTimestamp = currentTimestamp;

string docPath = currentsSession + "/" + String(currentTimestamp);
FirebaseJson content;

content, set("fields/ROM/doublevalue”, round(rom * 100.0) / 1€0.0);
content.set("fields/accY/doublevalue”, round(rom * 100.0) / 100.8);
content.set("fields/gyrox/doublevalue”, round(rom * 100.0) / 100.0);
content.set("fields/Time/integervalue”, currentTimestamp);

114

if (Firebase.Firestore.patchbocument(&fbdo, PROJECT_ID, "(default)”, docPath.c_str(), content.raw(), "ROM,accY,gyroX,Time")) {

Serial.println("Data uploaded™);
} else {
serial.println("Upload failed
}
}
i

+ fbdo.errorreason());



AppendixC: Arduino Codefor Main System

#include <IRremote.hpp>
#include <AccelStepper.h>
#include <Wire.h>

#include <LiquidCrystal T12C.h>

#define
#define
#define
#define
#define
#define
#define
#define

IR_RECEIVER_PIN 32 // IR receiver pin

STEP PIN 14 // step pin for DM86@H
DIR_PIN 13 // Direction pin
ENABLE_PIN 27 // Enable pin (optional)
LTN_1 4

LIN 2 5

ESTOP_PIN 15
MOTOR_PIN 25

// Define HEX codes for IR remote (Replace with actual values)

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

#define
#define
#define
#define
//Hand

IR CODE MODE1 ©XBA4SFF@8 //
TR_CODE MODE2 ©XB9AGFFE® //
IR_CODE_MODE2 ©xB847FF0® //
IR_CODE_MODE4 ©XBBAAFF@® //
IR_CODE_MODES @xBF4QFF0@
IR_CODE_MODE6 ©XBCA3FF0@
TR_CODE_MODE7 ©XF8B7FF0@
TR_CODE_MODES OXEA1S5FF@@

TR _CODE_MODE9 OXF6BOFFOa
TR_CODE_START OXE619FF0@ //
IR_CODE_STOP ©xF20DFFee //
IR CODE UP OxE718FF@® //
IR_CODE_DOWN ®©xAD52FFe@ //

IR CODE CW ©xAS55AFFee //

IR _CODE_CCW ©xF7e8FFee //

IR CODE COMPLETE ©xE916FF@@ //

IR CODE_COMPLETE OXE916FF0@ //

IR_REPEAT  ©xe // IR repeat signal

STEPS_PER_REV 1600 // Steps per revolution (based on driver setting)

GEAR_RATTO 50
OUTPUT STEPS PER REV (STEPS PER REV * GEAR RATTO)
STEPS PER DEGREE (OUTPUT STEPS PER REV / 360.0)

long steps%@ = 90 * STEPS_PER_DEGREE;
long steps85 = 85 * STEPS_PER_DEGREE;

long steps7e = 70
long steps3e = 30
long steps4e = 48
long steps5e = 50

STEPS_PER_DEGREE;
STEPS_PER_DEGREE;
STEPS_PER_DEGREE;

%
%
%
* STEPS_PER_DEGREE;

long stepsiee = 10@ * STEPS_PER_DEGREE;
long steps14e = 148 * STEPS_PER_DEGREE;

//leg

long stepsa5 = 45 * STEPS_PER_DEGREE;

IRData receivedData;
AccelStepper stepper(AccelStepper::DRIVER, STEP_PIN, DIR_PIN);
LiquidCrystal I2C lcd(@x27, 16, 2); // Set the LCD address to @x27 for a 16x2 display
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// Stepper Control variables

bool isMoving = false;

bool isClockwise = true;

bool modelActive = false;

bool modelReady = false;

bool mode2Active = false;

bool mode2Ready = false;

bool mode3Active = false;

bool mode3Ready = false;

bool modedActive = false;

bool mode4Ready = false;

bool modeSActive = false;

bool mode5Ready = false;

unsigned long lastSignalTime = 0;
const unsigned long timeout = 300;
uint32_t lastvalidCode = 0;

long initialPosition = @; // Stores initial position

static bool movingTo45 = true;
static bool movingTo7@ = true;
static bool movingTolee = true;
static bool movingTolde = true;
bool systemLocked = false;

bool isLinMoving = false;
uint32_t linLastCode = @;
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