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Summary

Abstract

Paraplegia causes severe mobility limitations and dependence on others for daily
movement. This project presents the design and implementation of a lower limb
exoskeleton controlled by EEG brain signals, offering a wearable solution to aid paralyzed

patients in walking, standing, and sitting.

The system uses a Mind-Wave EEG headset to detect brain activity, which is processed by
an Arduino Mega to control DC motors at the hip and knee joints. The exoskeleton is built
using a lightweight steel frame with adjustable parts for different user sizes. It includes two
modes: EEG-based automatic control and manual control via a wireless remote. Safety is

ensured through emergency stop functions and secure harnesses.

Initial testing showed effective motor response, user comfort, and promising EEG signal
integration. Despite challenges like signal noise and Bluetooth stability, the system proved

functional and beneficial.

This project demonstrates the potential of brain-controlled assistive devices in improving
mobility and independence for paraplegic individuals, with future improvements aimed at

weight reduction and smarter signal processing.
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Chapter 1: Introduction

Imagine a world where individuals with paralysis can reclaim their independence,
standing tall and moving freely and embrace the simple joys of life. The advent of
exoskeleton technology has the potential to transform this vision into reality, offering
hope and mobility to paraplegic patients. As we stand on the brink of a technological
revolution, this project focuses on the development of a lower limb exoskeleton designed

specifically for individuals with paraplegia..
1.1 Overview

In recent years, there have been significant advancements in assistive technologies
designed to help paralyzed patients regain movement and improve mobility. This project
focuses on designing an EEG-controlled motion system for a lower limb exoskeleton,
intended to aid in movement assistance for those with paralysis. The main objective is to
create a system that reads and processes brain signals using an EEG
(electroencephalogram) and translates these signals into movement commands for the

exoskeleton.

Paralysis significantly impacts quality of life, limiting mobility and independence.
Current rehabilitation and assistive methods often require significant manual effort and
may lack precision or personalization. This project addresses these challenges by
developing a system that enables controlled and natural movements, aiming to give users

greater autonomy.

The system will use important hardware such as a brain signal detector, motors, an
Arduino Mega for control, and sensors for safety and feedback. The software component
will process the EEG signals and manage the movement control, allowing for an interface
that is straightforward and user-friendly. The integration of these elements aims to
provide a seamless experience where the exoskeleton reacts to the user's brain signals to

initiate movement.
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Early tests have shown that interpreting brain signals to generate movement commands
is possible, providing a foundation for continued development. The project’s design aims
for an effective solution that could make advanced assistive technology more accessible.
Future improvements will focus on improving signal accuracy, user safety, and how well
the system can be adjusted to fit each person’s needs, offering a new way for paralyzed

patients to improve their movement and independence.

1.2 Problem Statement

Paraplegia significantly impairs an individual's mobility, independence, and quality
of life. Traditional physical therapy has offered promising rehabilitation outcomes,
yet it presents challenges: it demands constant, labor-intensive manual support from
therapists, making sustained therapy both costly and exhausting for healthcare
professionals. Furthermore, the number of sessions is often limited due to therapist

fatigue, diminishing the potential benefits for patients.

Lower-limb robotic exoskeletons represent a breakthrough in assisting paraplegic
individuals, offering the potential for more autonomous, consistent, and prolonged
therapy sessions. However, existing exoskeletons often struggle to seamlessly mimic
the intricate dynamics of human movement. These devices typically possess fewer
degrees of freedom than human joints, leading to a lack of natural movement and

potential discomfort during use.

The challenge lies in designing an exoskeleton that can harmonize with the complex
mechanics of human gait, providing both effective support and a comfortable user
experience. Developing such a system would mark a significant step forward in
enhancing the rehabilitation process for paraplegic patients, empowering them to

regain independence in daily activities.

1.3 Project Objectives

1.3.1 General Objective
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To design and implement a cost-effective, EEG-controlled lower limb exoskeleton
that enhances mobility, independence, and rehabilitation for paraplegic patients by

translating brain signals into controlled motion.

1.3.2 Specific Objectives

1. To develop a brain-computer interface using the MindWave EEG headset to
detect user attention levels and translate them into control commands.

2. To build a mechanical exoskeleton structure using lightweight, adjustable
materials suitable for various user body sizes.

3. To implement real-time motor control using Arduino Mega and PI controllers
for smooth and responsive movement.

4. To integrate Bluetooth-based wireless communication between the EEG
headset and control system.

5. To ensure system safety through manual override, emergency stop mechanisms,
and user harnessing.

1.4 Project Scope and Limitations

1.4.1 Project Scope

1. Design and Functionality: The exoskeleton will incorporate advanced mechanical
and electronic systems to facilitate natural movement patterns. It will include active
joint mechanisms at the hip and knee, and a passive mechanism at the ankle,

ensuring a balance between user comfort and device functionality.

2. User-Centric Approach: The design process will involve input from potential users
and rehabilitation professionals to ensure that the exoskeleton meets the specific
needs of paraplegic patients. This includes considerations for ease of use, comfort,

and adaptability to different physical conditions.

3. Feasibility and Testing: The project will include a feasibility study to assess the
practicality of the exoskeleton in real-world settings. This will involve testing the

device to evaluate its effectiveness in improving mobility and overall quality of life.

4
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4. Integration of Technology: The exoskeleton will utilize modern technologies such
as sensors and control systems to enhance user experience. These technologies will
allow for real-time adjustments based on the user's movements and environment,

promoting a more intuitive interaction between the user and the device.
1.4.2 Limitations

While the project aims to provide significant benefits, several limitations must be

acknowledged:

1. Complexity of Human-Machine Interaction: The interaction between the
exoskeleton and the human body can be complex, requiring careful coordination
to ensure comfort and effectiveness.. This complexity may lead to challenges in
achieving seamless integration between the user's natural movements and the
robotic assistance.

2. User Variability: The effectiveness of the exoskeleton may vary significantly
among users due to differences in physical condition, level of injury, and personal
motivation. This variability can affect the overall success of the rehabilitation

process and the perceived benefits of using the device.

3. Training Requirements: Users may require substantial training to effectively
operate the exoskeleton. Previous studies indicate that achieving proficiency in
using such devices often necessitates numerous training sessions, which can be a

barrier for some individuals.

4. Cost and Accessibility: The development and production of advanced
exoskeletons can be costly, potentially limiting accessibility for many individuals
who could benefit from such technology. This economic factor must be considered

in the project's scope, as it may affect the widespread adoption of the device.

5. Long-Term Effects: The long-term effects of using an exoskeleton on physical
health and psychological well-being are still not fully understood. Further research
is needed to evaluate how prolonged use of the device impacts users over time,

particularly concerning muscle strength and joint health.
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1.5 Project Methodology

This project followed a structured approach to design and develop an exoskeleton for

paralyzed individuals.

1. Research and Analysis: Existing exoskeleton technologies were studied to
understand their design, functionality, and limitations. User requirements, such
as weight capacity (70-100 kg) and ease of movement, were identified.

2. Design and Prototyping: A Sketch of the exoskeleton was created. Lightweight
and durable materials were selected to ensure comfort and usability.

3. Component Selection: DC motors with sufficient torque to support 70-100 kg
were chosen. EEG sensors were integrated to process brain signals and enable
motor control.

4. Development: A control system was programmed to translate brain signals into
motor movements. Motors were tested and calibrated for smooth and precise
operation.

5. Testing and Feedback: The prototype was tested in controlled conditions to
evaluate performance, stability, and responsiveness. Feedback was gathered to

refine the design and improve functionality.
1.6 Document Organization

The rest of this document is organized as follows:
Chapter 1: Introduction

This chapter provides an overview of the project, outlining the problems the project
aims to solve, the objectives set to address these issues, the scope and limitations,
and the methodology followed throughout the project. It also includes the report

organization and a section on the mathematical notation used in the project.
Chapter 2: Background and Literature Review

This chapter introduces the effects of stroke on the wrist and forearm, highlighting
the challenges and the importance of early rehabilitation. It reviews the relevant

literature, comparing existing technologies, and discussing the methodologies
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applied in this project, including design, control system development, sensor

integration, and performance evaluation.
Chapter 3: Requirements Analysis and Modeling

This chapter covers the general structure of the project, the system life cycle, and the
various components used, such as the Arduino Mega, and other hardware. It also

includes diagrams and models that illustrate the system's architecture.
Chapter 4: Project Design and Implementation

This chapter details the mechanical and electronic design of the device, the materials
used, and the safety mechanisms implemented. It explains the software design, the
steps taken during the implementation phase, including component assembly,

programming, testing, and the challenges encountered along the way.
Chapter 5: Results and Discussion

The final chapter presents the results obtained from the project, discusses these
findings in relation to the project's objectives, and offers recommendations for future

improvements and applications of the rehabilitation device.
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Chapter 2: Background and Literature Review

2.1 Paraplegia: Causes and Effects
2.1.1 Causes of Paraplegia

Paraplegia is a medical condition characterized by the loss of movement and

sensation in the lower body. It primarily stems from injuries to the spinal cord.

-spinal cord injuries can occur due to various factors:

K/

9 )
% Traumatic Events: Vo f
o Accidents
f ‘I A

o Falls J

o Sports Injuries | I

K/

% Medical Conditions: W
o Tumors |
{
|
o Infections

o Congenital Disorders (as shown in Figure 2.1) \'/\ ‘k' >
2.1.2 Physical and Psychological Impacts Figure 2.1 : paraplegia
The consequences of paraplegia extend beyond physical limitations. Patients often
experience significant psychological challenges, including depression and anxiety,
stemming from their loss of mobility and independence. Early rehabilitation is
essential not only for physical recovery but also for improving mental health

outcomes, fostering a holistic approach to patient care. [1] [2]

2.2 Exoskeleton Robotics: A Review

In the following section, types of exoskeleton are introduced followed by a

description of the existing exoskeleton models and their various advantages and

disadvantages.
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2.2.1 Types of Exoskeleton

Primarily, exoskeleton can be passive, active or hybrid as follows.

1.

Passive Exoskeleton

Power Source: Passive exoskeletons do not require an external power source.
Instead, they rely on mechanical components like springs and elastic materials to
provide support and assistance (as shown in Figure 2.2, which depicts a passive

exoskeleton design).

Functionality: These devices work by redistributing weight and providing
resistance to movement, which helps reduce the strain on muscles and joints during
activities. [3] [4]

Applications: Often used in industrial environments to help workers lift heavy

objects or maintain posture for extended periods. [5] [3]

Advantages: They are typically lighter, require less maintenance, and are easier to
use since they do not rely on complex electronics or power management systems.

[4]

N
7
7
/;
;:

Figure 2.2 : Passive Exoskeleton
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2. Active Exoskeleton

Power Source: Active exoskeletons are powered by batteries or electric connections,
utilizing motors or actuators to assist movement (as shown in Figure 2.3, which

illustrates an active exoskeleton equipped with powered components).

Functionality: They provide real-time assistance by actively responding to the user's
movements. This is often achieved through sensors that detect user intention, such as

electromyography (EMGQG) signals, which measure muscle activity. [5] [4]

Applications: Commonly used in rehabilitation, industrial settings, and military
applications, active exoskeletons can significantly reduce the physical load on users

during tasks like lifting or walking. [3] [4]

Advantages: They offer greater adaptability and can assist over a wider range of
motions compared to passive systems, effectively reducing muscle activation and

joint stress. [5]

Motors on Top 1

Figure 2.3 Active Exoskeleton

3. Hybrid Exoskeletons

Power Source: Hybrid exoskeletons combine elements of both active and passive
systems. They may use powered actuators for certain movements while also

incorporating passive elements for support (as illustrated in Figure 2.4, which shows

11
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a hybrid assistive limb exoskeleton combining both mechanical and powered
components).

e Functionality: These devices can provide both active assistance
and passive support, allowing for a more versatile range of

applications. They may use functional electrical stimulation

battery pack /
controller

(FES) to activate muscles in conjunction with mechanical

support. [4]

e Applications: Hybrid exoskeletons are particularly useful in

rehabilitation settings. [3]

2
L
®
- |
T
©
L
(-
g
g

e Advantages: They offer a balance between the adaptability of
active systems and the simplicity of passive systems, making

them suitable for a variety of tasks and user needs. [4].

2.2.2 Existing Lower Limb Exoskeleton Designs

1 - Rigid Exoskeletons: : .
Figure 2.4 : Hybrid

assistive limb exoskeleton

o Hybrid Assistive Limb (HAL): Utilizes o INDEGO: A modular design that serves
motors and EMG sensors to assist as both a gait-training tool and mobility
movement, widely used in healthcare and device, featuring a mobile app for user
construction (as shown in Figure 2.5). [6] feedback (as shown in Figure 2.6). [6]

Figure 2.5 : Hybrid assistive limb (HAL) 12 Figure 2.6 : Indego exoskeleton for clinical and personal
use
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2 - Flexible Exoskeletons:

e Soft Exosuit: Developed by Harvard, this suit uses soft materials to enhance mobility

while allowing natural movement (as shown in Figure 2.7). [6]

e BionicBack: Supports the back and lower limbs, promoting natural movement

patterns and reducing strain. [6]

Waist belt— Hip
flexion
Vertical -

straps

Calf wrap—-

Figure 2.7 : Soft robotic exosuit

3 - Compliant Exoskeletons:

e Five-Bar Mechanism Exoskeleton: Features a variable

instantaneous center of rotation to adapt to individual knee ;.

joint variations, improving rehabilitation effectiveness (as .
emulf ——0

illustrated in Figure 2.8, showing the model of the five-bar Thigh exoskeleton

mechanism). [6]

Tibia ————
Shank exoskeleton —r |
Stripe

Compliant

)€ structure

Sagittal
plane

Figure 2.8 : Model of five bar mechanism

13



Chapter 2 Background and Literature Review

e Compliant Mechanisms: Focus on integrating soft structures and compliant

actuators to enhance adaptability and comfort. [7]
4 - Hybrid Designs

e Hybrid-Actuated Exoskeletons: Combine active motors and passive springs for

optimized energy efficiency and a more natural gait. [7]

¢ The existing exoskeleton models have several disadvantages that we

can consider and aim to avoid in our lower limb exoskeleton :

1. Limited Versatility: Many existing models are not versatile and may not adapt
well to different users or activities. This limits their usability in various contexts,
such as rehabilitation versus industrial applications . [8]

2. Rigid Structure Limitations: Many models simplify knee movement to a single
axis, leading to discomfort and ineffective rehabilitation due to the lack of natural
multiaxial movement.

3. Control Challenges: Passive actuators can complicate control compared to
active ones, affecting user experience and device effectiveness.

4. Power Source Limitations: Heavy batteries can increase the overall weight of
exoskeletons and may restrict mobility, especially in non-portable designs.

5. Surface Adaptability: Performance can vary significantly based on surface
conditions, necessitating designs that adapt to different terrains.

6. Inefficient Movement Synchronization: Poor synchronization between the
exoskeleton and human limbs can hinder rehabilitation effectiveness; advanced
control systems could improve this.

7. Weight and Bulkiness: Hefty exoskeletons can impede mobility and comfort,
suggesting a need for lighter and more compact designs.

8. Lack of Stabilizing Support: Flexible designs may lack adequate support for
users with movement disorders, reducing their rehabilitation effectiveness.

9. Weight and Complexity: High degrees of freedom models offer natural
movement but are often complex and cumbersome, posing challenges for

wearability and operation.
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2.2.3 Advantages and Limitations of Exoskeletons

Overall advantages of exoskeletons include:

Enhanced Mobility: Exoskeletons can significantly improve mobility for
individuals with disabilities or injuries, enabling them to walk and perform
daily activities more independently. [9]

Reduced Fatigue: In industrial settings, exoskeletons help reduce muscle
fatigue and strain, allowing workers to perform tasks for longer periods without
discomfort. [10]

Injury Prevention: They lower the risk of work-related injuries by providing
support during physically demanding tasks, particularly in construction and
manufacturing. [10]

Rehabilitation Support: Exoskeletons are effective tools in rehabilitation,
helping patients regain strength and mobility after spinal cord injuries or
strokes. [9]

Improved Quality of Life: By enhancing physical capabilities, exoskeletons

can lead to better social engagement and overall quality of life for users. [9]

However, exoskeletons limitations include:

High Cost: The prohibitive cost of exoskeletons limits their accessibility in
clinical and industrial settings, making widespread adoption challenging. [9]
Complexity and Training: Users often require extensive training to operate
exoskeletons effectively, which can be a barrier to their use. [9]

Safety Concerns: There are potential safety risks, including falls or injuries
during use, particularly if the device malfunctions or is not fitted properly. [9]
Limited Speed and Range: Many exoskeletons operate at slow speeds, which
may not be suitable for all environments, particularly in fast-paced industrial
settings. [9]

Physical Limitations: Some users may have difficulty using exoskeletons due

to physical limitations, such as severe muscle atrophy or lack of coordination.

[9]
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2.3 Motion Control Strategies

There are various types of control methods used to control exoskeletons. Few of them

are listed below.
2.3.1 Neuro-control approaches.

EEG-based control systems are integral to the development of exoskeletons for patients
with lower-limb paralysis. These systems rely on brain signals to detect user intent and
translate that into motion, making them a promising solution for assisting movement.
Studies show that EEG signals can be used to control different forms of lower-limb
exoskeletons, including those for overground walking, body weight-supported devices,
and virtual reality environments (VREs). Research has shown that people can use their
brain to control a virtual character by imagining moving their body. Some people can

do this very accurately, while others are a bit less precise. The accuracy in these tests

ranged from 60% to 92%. (as shown in Figure 2.9, which displays EEG electrode
distribution in the 10-10 system) [11]

Q 2
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Figure 2.9 : EEG electrode distribution in the 10-10 system

EMG-based control systems are another important approach for controlling
exoskeletons. These systems use electrical signals generated by muscles (EMG signals)
to detect muscle activity and translate it into movement commands for the exoskeleton.
Unlike EEG-based systems, which rely on brain signals, EMG-based control systems
detect voluntary muscle contractions to predict and assist movement. By using these

muscle signals, the exoskeleton can provide more direct feedback to the user’s
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intentions, making the movements more precise and responsive. EMG-based systems
are also well-suited for real-time control, allowing users to perform dynamic actions
such as walking or adjusting their posture with minimal delay. [12] as shown in Figure

2.10, which illustrates the distribution of EMG electrodes on the leg)

Tensor fasciae latae muscle

%
° Rectus femoris muscle

Biceps femoris muscle % L4

Gastrocnemius muscle

Figure 2.10 Distribution of EMG electrodes on the leg

2.3.2 Model-based control methods

Model-based control methods play a critical role in improving the performance of
exoskeletons. These methods involve developing dynamic models that predict the
exoskeleton’s movements based on various inputs, such as neural signals from EEG or
direct user commands. By using these models, the exoskeleton can better adapt to
changes in the user’s posture, walking pattern, or environment. This ensures that the
movements remain smooth and natural as the system can make real-time adjustments to

the exoskeleton’s behavior.

The key advantage of integrating model-based control into EEG-based systems is that it
significantly enhances the system’s ability to anticipate the user’s intentions. By
processing both neural signals and external inputs, the model enables the exoskeleton to
adjust movements more accurately and responsively. This combination allows for a
more intuitive and efficient user experience, improving overall performance and

usability during real-world applications . [11] [12]
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2.3.3 Hybrid control strategies

Hybrid control strategies combine EEG-based control with other methods, such as EMG
signals, to create a more robust system. This approach aims to mitigate the limitations
of'individual control techniques by combining their strengths. For example, EEG signals
can be used to detect user intent, while EMG signals can provide feedback on muscle
activation, offering more precise and adaptive control of the exoskeleton. By using these
two types of signals together, the system can respond more quickly and accurately to the
user’s intentions. EEG signals detect what the user wants to do, like moving their legs,
while EMG signals provide real-time information about the muscle activity needed to
perform that movement. This combination helps improve the system’s overall
performance, ensuring smoother and more reliable control of the exoskeleton,

particularly during dynamic movements like walking or standing. [12]

2.4 Challenges in Lower Limb Exoskeleton Design

While exoskeletons are very promising devices to help paralyzed people, they are very
challenging systems and their designs are limited for different reasons as explained in

the following section.
2.4.1 Weight and size considerations

One of the key challenges in designing lower-limb exoskeletons is balancing the weight
and size of the device with its functionality. Exoskeletons that are too heavy can limit
the user’s mobility and comfort, especially for individuals with lower-limb paralysis
who may already experience reduced strength. Therefore, the design must prioritize

lightweight materials that still provide the necessary durability and support. [11]

Designing such devices requires careful consideration of material choice. It is crucial
that the materials used in exoskeletons are not only lightweight but also strong enough
to ensure the system’s stability and longevity. Finding the right combination of materials
ensures that the device is comfortable, easy to wear, and able to provide effective

assistance without causing discomfort or fatigue over time . [11]
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2.4.2 Power requirements

Power efficiency is indeed a significant challenge in the design of lower-limb
exoskeletons. These devices require substantial power to operate various components
like motors, and sensors, which can limit their overall efficiency and usability. The need
for efficient power management systems is crucial for optimizing battery life and
ensuring the exoskeleton remains functional over extended periods, especially during

real-world activities like walking or running.

One promising solution is regenerative braking, which can harness mechanical energy
that would otherwise be wasted. By converting this energy into electrical power,
regenerative braking systems can recharge the batteries while simultaneously slowing
down the exoskeleton. This technology, commonly used in electric and hybrid vehicles,
is increasingly being adapted for use in exoskeletons, allowing them to recover energy
during dynamic movements like walking, sitting, or even descending slopes and stairs .

[13][14]

Furthermore, advances in optimizing energy consumption, such as improving the
efficiency of the motors, are critical. Design innovations that minimize the weight and
maximize the power-to-weight ratio of the components can help reduce the power
demands while maintaining device performance. These efforts are complemented by
ongoing research into developing energy-efficient power management systems, which
ensure that exoskeletons are more portable and capable of operating longer without

requiring frequent recharges . [14]

Thus, tackling the challenges of power efficiency in lower-
limb exoskeletons not only involves optimizing energy
consumption but also integrating innovative technologies like
regenerative braking to enhance overall sustainability and
usability (as shown in Figure 2.11, which depicts regenerative

braking in a semi-powered lower-limb prosthesis).

Figure 2.11 regenerative braking
semi-powered lower-limb prosthesis

19



Chapter 2 Background and Literature Review

2.4.3 Stability and safety

Ensuring the stability and safety of lower-limb exoskeletons is most important for their
effectiveness in assisting users with mobility, particularly when navigating challenging
environments like uneven surfaces. These devices must be carefully designed to
maintain balance during both walking and standing, which requires sophisticated

systems capable of adapting to changes in posture and external factors to prevent falls.

Recent studies have emphasized the need for balance control strategies that can quickly
react to shifts in the user’s body position. While progress has been made, comprehensive
approaches are still evolving. For example, advancements in exoskeletons for
rehabilitation often use variable joint stiffness or impedance control strategies to
enhance balance during standing or walking, although these methods are typically
limited to certain joints or motions. Moreover, standing balance remains a critical issue,
especially as neurological patients often face instability and a heightened risk of falling
when using exoskeletons . [15] (as illustrated in Figure 2.12, showing a virtual model

for the human-exoskeleton system)

One promising area of development is integrating balance recovery models from bipedal
robots into exoskeletons. Bipedal robots, which also face similar stability challenges,
have seen significant advancements in stability control, such as the Push Recovery
Model Predictive Control (PR-MPC) and the Flywheel Inverted Pendulum (FIP) model.
These models leverage dynamic balance mechanisms, which can be applied to
exoskeletons to help stabilize the user by adjusting the exoskeleton’s posture in response
to external disturbances. The Flywheel Inverted Pendulum model, for instance, uses the
inertia of the body and the torques of the lower limbs to counteract disturbances,
ensuring that the user maintains balance even during unexpected movements . [15] (as

shown in Figure 2.13, depicting the Flywheel inverted pendulum with finite feet)
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Figure 2.12 Virtual model

for Human-exoskeleton
system

Figure 2.13 Flywheel inverted pendulum
with finite feet.

2.4.4 Human-machine interaction

Human-machine interaction (HMI) plays a key role in the design of lower-limb
exoskeletons, especially those driven by brain signals like EEG. For exoskeletons to be
effective, they must respond seamlessly to the user’s natural movement intentions. One
of the most critical factors for success is ensuring the system accurately interprets the
user’s commands, typically via neural signals such as EEG or sEMG (surface
electromyography). When the user can easily control the device through these signals,

it significantly enhances the experience, as well as the outcomes of rehabilitation.

Research has demonstrated that intuitive HMIs improve user engagement and
rehabilitation success, making them indispensable in the development of exoskeletons.
Moreover, studies suggest that combining EMG and motor imagery EEG signals can
create a more robust interface for controlling these systems, as it enables users to move
the exoskeleton with minimal physical effort while enhancing overall system

responsiveness . [16][17]

In the following chapter, the requirements analysis and modeling of exoskeleton are

discussed
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Chapter 3: Requirements Analysis and Modeling

3.1 Introduction

Before building any complex system, it’s crucial to define its structure, how it
functions, and how different parts work together. A well-planned approach prevents design
flaws, ensures efficiency, and makes future improvements easier. This chapter focuses on

breaking down the core requirements of the exoskeleton and modeling them effectively.

We will start by examining the system’s overall structure and design approach,
outlining the major components and how they interact to create a functional exoskeleton.
Next, we will go through the development stages and system workflow, using diagrams to
visualize how the project moves from concept to a working product. Finally, we will
explore the key components and their functions, detailing the essential parts that make the

exoskeleton operate smoothly.

By analyzing these aspects, we ensure that the exoskeleton is well-designed,

practical, and ready for real-world use.

3.2 Key Components and Their Functions

The key components of the exoskeleton are designed to work in harmony to provide
effective mobility assistance and structural support. These components are chosen for their
durability, ease of integration, and efficiency in performing their respective functions.

Below are the critical components and their roles in the system:

1. Frame Structure :
The frame serves as the exoskeleton’s backbone, supporting the user’s body and the
load generated during movement. The frame is designed to be lightweight yet strong,
allowing the user to perform natural movements while ensuring structural integrity.
— Material: Steel 201 is used for the frame’s construction due to its balance of
strength and weight . [18]
— Function: The frame supports the motors, sensors, and power systems while
also providing adjustable fitment for different user sizes.
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— Design: The frame includes square tubes (30x30 mm and 25%25 mm) and a 32
mm diameter pipe for critical load-bearing areas . [19] (as illustrated in Figure

3.1, which shows the overall frame structure with labeled components)

‘ﬁlllﬁ'
lﬁ[ ]J

[

Figure 3.1 Diagram showing the overall
frame structure with labeled
components.
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2. Motors :

The motors are integral to powering the movement of the exoskeleton. .

Motor Type: High-torque DC motors with Variable resistor’s for precise control

and feedback (as shown in Figure 3.2).

Function: Motors assist in movement for standing,
walking, and sitting functions by providing the necessary
torque to support the user’s weight and enable smooth
motion. [20] (specifications of speed and torque detailed in
Table 3.1.)

Control: The Motors are controlled via the Arduino Mega
and a BTS motor driver, allowing for fine control over
motor speed and position. [21] (gearbox details provided in
Table 3.2 for Gearbox 1 (planetary) and Table 3.3 for
Gearbox 2 (bevel).)

Table 3.1 : Motor Specifications

Motor name Dc motor
Voltage 18
Speed 17500
Torque (Nm) 0.8

Table 3.2 : Gearbox 1 (plantary)

Plantary gearbox ratio 50:1

Speed 350

Torque (Nm) 40

Table 3.3 : Gearbox 2 (bevel)

Bevel gear ration 3.82:1

Speed 91.67

Torque (Nm) 152.73

25

Figure 3.2 Diagram
showing motor placement
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3. Brainwave Sensor (MindWave Mobile) :
e Overview:

The MindWave Mobile 2 is a single-channel
EEG (Electroencephalography) headset
developed by NeuroSky Inc. It is used in this
project as a brain-computer interface (BCI)
device, allowing the user to interact with the
system based on their mental attention levels [22]
as shown in Figure 3.3).

e Functionality:
The headset uses a dry electrode on the

forehead to detect electrical signals generated
. . . Figure 3.3 MindWave Mobile-2
by brain activity. These signals are processed by

the built-in ThinkGear ASIC module, then transmitted over Bluetooth. In this project,
the sensor is paired directly with an Arduino Mega to receive and process the data
[64], [22].

e Key Features:
o Single EEG channel (forehead electrode)
o Provides Attention and Meditation levels (0—100)
o Captures EEG band powers (Delta, Theta, Alpha, Beta, Gamma)
o Outputs raw EEG signal at 512 Hz (optional)

o Wireless Bluetooth communication [22] [23]

e Role in the System:
In this project, the MindWave sensor is used to monitor the Attention level. This
allows paraplegic users to initiate or stop movement of the exoskeleton based on focus
level, providing a novel method of interaction without requiring physical input [22],

[24].

4. Leg Support :
A Strap is designed to hold the patient’s leg in place, offering comfort and stability while
using the exoskeleton (as shown in Figure 3.4).
— Material: The strap is made from a durable, lightweight material, and it is
attached to the exoskeleton frame via drilling [25].
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— Function: This component ensures that the user’s legs are securely positioned,
minimizing discomfort and preventing movement that could disrupt the

exoskeleton’s operation.

100mm
—

« |

Figure 3.4 Image showing the belt harness for leg
support attached to the exoskeleton.

5. Power Supply and Battery System :
The power supply is crucial for the operation of the exoskeleton’s motors, sensors, and
control systems (as shown in Figure 3.5).
— Power Source: A high-capacity lithium-ion battery is used to power the
exoskeleton [26].
— Function: The battery powers the motors, providing the necessary energy for
movement assistance and control [27]
— Design: The battery is integrated into the structure for easy accessibility, with

safety mechanisms to prevent overheating or overcharging.

Battery —\

I Motor Driver —> DC Motor

{ Control Input V

Figure 3.5 Power and Control Flow Diagram for Motor System

6. Control System (Arduino and Sensors) :
The control system is responsible for processing the user’s inputs and directing the motors

to perform specific movements (as shown in Figure 3.6).
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— Components: Arduino, motor driver (BTS), Variable resistors, remote control
and EEG sensors.

— Function: The control system receives input from the EEG sensor in the first
mode to perform one of this two commands (walking, stop) , and the remote is
used in the second mode (manual mode) to actuate the motors, allowing for
walking, stopping , standing, and sitting operations [28].

— Control Mechanism: Feedback from Variable resistors ensures that the system

adjusts motor position based on the user’s intent and prevents overcorrection.

_—> Motor Driver —> DC Motor
Arduino Mega T Potentiometer

Figure 3.6 Flowchart showing the interaction between Arduino , motor driver, and sensors.

3.3 System Overview and Design Approach

In this part, we will discuss the overview of the exoskeleton design and the design
approach, including tensile strength analysis and considerations for manufacturing

and assembly.

3.3.1 Overview of the Exoskeleton Design

The exoskeleton is designed to assist users by providing powered support for
standing, walking, and sitting. The key structural requirements include:

— Load-Bearing Capacity: The structure must support both the user’s weight
and forces generated during movement [29].

— Material Selection: Steel 201 was chosen due to its balance of strength,
weight, and cost-effectiveness compared to other metals like aluminum or
titanium [30].

— Modular and Adjustable Design: A telescoping mechanism allows for size

adjustments and flexibility in motion.
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— Motor Integration: The exoskeleton incorporates high-torque DC motors to

assist movement while maintaining structural stability [31]
3.3.2 Design Approach

The structural design follows an iterative engineering process, focusing on strength,

weight efficiency, and manufacturability.

1. Frame Structure :
— The exoskeleton uses 30x30 mm and 25%25 mm

square steel tubes for the main support structure

(as shown in Figure 3.7).

Figure 3.7 : square steel tubes

— A 32 mm diameter steel pipe is incorporated for
additional support in rotating sections (as shown

in Figure 3.8).

— Steel plates (3 mm thick) provide support for patient
back (as shown in Figure 3.9).

Figure 3.9 : Steel plates

2. Material Strength Analysis :
Steel 201 properties were analyzed to ensure it withstands expected tensile and

compressive forces [32].

— Tensile Strength Analysis
For 30 x 30 mm Tube (Thickness = 1.15 mm)
The cross-sectional area (A) is:

A =30 x30) - (27.7 x 27.7) =900 — 767.29 = 1.3271 x 10* m?
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With a tensile strength o; of 515 MPa for Steel 201 [31], the maximum tensile force

(Fy) before failure is:
Fi=ot X A

Fi=(515% 108 x (1.3271 x 104 m?) = 68.35 kN

This means the 30 x 30 mm tube can theoretically support a load of 6,970 kg before
tensile failure.

For 25 x 25 mm Tube (Thickness = 1.15 mm)
The cross-sectional area (A) is:

A=(25 x 25)-(22.7 x 22.7) =625 — 515.29 = 1.0971 x 10" m?

The maximum tensile force is:

Fi=(515% 10%) x (1.0971 x 10 m?) = 56.5 kN

Thus, the 25 x 25 mm tube can support a load of 5,760 kg before failure.

For 32 mm diameter steel pipe (Thickness =1.15 mm)
The cross-sectional area (A) is:

A=1(16-14.85?2=1.1146 x 10* m?

The maximum tensile force is:

Fi=(515% 10 x (1.1146 x 10* m?)=57.4 kN

Thus, the 32 mm diameter steel pipe can support a load of 5,860 kg before failure.

Compressive Strength (Buckling) Analysis

Compression strength is critical, especially for the back support and leg supports.
The yield strength of Steel 201 is around 275 MPa [32]. To ensure the exoskeleton

can handle user weight without deformation, we check the critical buckling load
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(Per) using Johnson buckling formula (see Table 3.4 for material properties of Steel

201):

— oy® (KLyo
Pcr— A(O'y - ?—,-[2 (T)
where:

* E=200GPa=200x10°Pa (Young’s modulus for Steel 201)
* | is the moment of inertia

* K=1 (assuming fixed-fixed support)

* L=0.5m (50cm length of structural support)

For 30x30mm Tube

Moment of inertia (I):

B2-b%? _ 30%2-27.72
12 12

r=\[2211.8mm
T

) 2752 (1+500)2
Pe=132.71(275 — 193,000+412 ( 118 ) )

[ = = 18,439mm*

Pe=35.4kN

Thus, the 30x30mm tube can support a 3,609 kg before failure.

For 25x25mm Tube

Moment of inertia (I):

BZ-b2 252-22.72
12

r:\ﬁ: 9.8mm
T

) 2752 (1%500)2
P.=109.71(275 — 193,000*4112( 9.8 ) )

[ = = 10,425mm*

P =28.9kN
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Thus, the 25%25mm tube can support a 2,945 kg before failure.

For 32mm Pipe

Moment of inertia (I):

=2 (D* - d*) =2 (32* — 29.7%) = 13,326mm*
64 64

rZ\/ZZ 10.9mm
A

) 2752 (1+500)2
Pe=111.46(275 — 0 ( 10.9 ) )

Pe:=29.6kN

Thus, the 32mm Pipe can support a 3,017 kg before failure.

Table 3.4 Material properties for Steel 201

Property Values
Density 7,930 kg/m?
Elastic modulus (E) 190-210 GPa
Poisson’s Ratio 0.27-0.30
Tensile strength 515 MPa
Yield Strenght 275 MPa
Elongation ~40%
Hardeness (Brinell) ~220 HB

3. Manufacturing and Assembly

— Welding is used for high-load joints, ensuring structural durability [33].
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— The telescoping mechanism allows adjustability while maintaining rigidity,

enabling a custom fit for various users [34] (as shown in Figure 3.10).

Figure 3.10 image showing telescoping mechanism

3.4 Development Stages and System Workflow

The development of the exoskeleton follows a structured engineering process,
ensuring that each component is designed, tested, and refined before final
integration. This approach helps to identify potential challenges early and improve
the system’s overall functionality.
Development Stages
1. Research and Requirement Analysis
— Identifying the primary purpose of the exoskeleton, such as mobility
assistance for individuals with limited movement or enhanced load-bearing
capabilities for industrial applications [35].
— Reviewing similar existing exoskeleton designs to understand their
advantages and limitations [36].
— Defining technical specifications, including motor torque, material strength,
battery life, and control mechanisms [37] (as summarized in Figure 3.11).
2. Concept Design and Prototyping
— Creating initial design sketches to visualize the mechanical structure and
component placement [38].
— Selecting appropriate materials based on structural analysis, weight, and

durability considerations [39].
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— Designing the telescoping mechanism and ensuring it allows for necessary

Start

l

Research Sources

fl i —

Key Considerations Literature Review
. B |
Finalized Requirements Steel 201 Frame Existing Exoskeletons

l

DC Motor and
Potentiometer

l ,

EEG and Arduino Mega Motor and Control Systems

l

Comfort and Safety

4

Material Properties

Figure 3.11 A flowchart summarizing research sources, key
considerations, and finalized requirements.

— flexibility and adjustability.
— Producing a physical prototype to test the frame’s fit, comfort, and range of
motion before integrating electronic components.
3. Mechanical and Structural Testing
— Conducting stress tests on critical components to evaluate load-bearing
capacity and resistance to deformation [40].
— Performing simulations to analyze force distribution throughout the structure
under different movement conditions [41].
— Refining weak points in the design based on test results to enhance durability.
4. FElectronics and Control System Integration
— Selecting and configuring high-torque DC motors with integrated Variable
resistors to achieve smooth and responsive movement [42].
— Developing the motor control system using An Arduino and BTS motor

driver to regulate voltage and speed [43].
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Implementing wireless control using EEG signals to allow hands-free
operation.

Writing and testing firmware code to process user inputs and execute
movement commands efficiently.

Ensuring real-time feedback from the variable resistor’s to prevent

overcorrection and maintain stability.

Power Management and Optimization

Calculating expected power consumption based on motor torque, speed, and
battery capacity [44].

Designing a power distribution system to ensure stable voltage supply to
motors and controllers.

Implementing safety features, such as overcurrent protection and emergency
stop functionality.

Evaluating battery performance under real-use conditions and making

adjustments to optimize efficiency.

Final Assembly and Field Testing

Assembling all mechanical and electrical components into the final
exoskeleton frame.

Conducting real-world tests, such as walking assistance, weight support, and
endurance trials.

Gathering feedback from users to refine ergonomics, response time, and
overall functionality.

Identifying potential hardware or software improvements before finalizing

the design for long-term use.
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Chapter 4: Project Design

This chapter outlines the detailed design process of the exoskeleton, focusing on
mechanical design, materials used, safety mechanisms, and the electronics and software
that drive the system. It covers all key aspects of the exoskeleton’s design, from structure

to integration, and lays the foundation for the project’s implementation.

4.1 Introduction

The project design of the exoskeleton focuses on creating a functional, lightweight, and
durable system capable of assisting users in performing tasks such as standing, walking,
and sitting. A crucial part of the design is ensuring that the system is adjustable and
adaptable to different users while maintaining safety and comfort [45].
— The design is intended to be modular, allowing for easy adjustments to suit various
body sizes and conditions, ensuring that each user can benefit from the

exoskeleton’s assistance [46] (as shown in Figure 4.1).

I L

Figure 4.1 : A visual comparison of the exoskeleton in use, showing its adjustability.

— The integration of high-torque motors and precise control systems is essential to

provide the required support for each movement, from sitting to standing [47].

4.2 Project Design
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The project design dives into the specifics of the exoskeleton’s mechanical, material,

safety, and electronic design. These elements must work together to ensure functionality,

comfort, and safety for the user.

4.2.1 Mechanical Design

The mechanical design forms the structural foundation of the exoskeleton. It is built to

withstand the forces generated during movement while providing support and flexibility.

Frame Structure: The exoskeleton uses 30x30 mm and 25%25 mm square steel
tubes for the primary frame, ensuring a strong, yet lightweight structure [48].
Additional Support: A 32 mm diameter steel pipe is integrated into critical areas of
the design to provide additional support and rigidity [49].

Adjustability: The telescoping mechanism allows the frame to be adjusted for
different body sizes, providing flexibility while maintaining structural stability
[50].

Joints and Movement: The joints are designed for fluid motion, utilizing a
combination of bearings and motors to ensure minimal friction and smooth

movement [51].

4.2.2 Materials Used

Material selection is a crucial part of the design process, ensuring the exoskeleton is both

durable and lightweight while offering the necessary strength for user support.

Steel 201 is the primary material used for the frame. Its balance of strength, weight,
and cost-effectiveness makes it ideal for this application [52].

Additional Reinforcements: Steel plates (3 mm thick) are used in areas subject to
high stress, such as where the frame connects to the motors or the user’s body [53].
Comfort Materials: Soft, cushioned materials are used in areas that come into
contact with the user, such as the back support and leg straps, to enhance comfort
[54] (as shown in Table 4.1).

Table 2 A comparison of materials used in exoskeleton design for weight reduction.
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. Tensile Yield | Young's . .
Material ]()e/lclls:lg’ Strength | Strength | Modulus Wefﬁiﬁf&u?mn
& (MPa) | (MPa) | (GPa) g

Steel 201 7.93 515-860 | 275-515 | ~200 High strength but heavy
Aluminum 2.70 240-310 | 140-276 | ~69 65% lighter than steel
6061
Titanium (Ti- | 4.43 900- 830-880 | ~110 Stronger than aluminum, 40%
6AIl-4V) 1100 lighter than steel
Carbon Fiber 1.5-2.0 | 600- - 70-200 Ultra-lightweight, very strong

1500 but expensive

(depends

on

weave)
Magnesium 1.74 150-250 | 100-160 | ~45 75% lighter than steel, but
Alloy (AZ91D) lower strength

Table 4.1 A COMPARISON OF MATERIALS USED IN EXOSKELETON DESIGN FOR WEIGHT REDUCTION

4.2.3 Safety and Security Mechanisms

The safety of the user is a top priority in the design of the exoskeleton, with multiple layers

of protection integrated into the system.

Safety Harnesses: Adjustable belts and harness-style straps ensure that the user

remains securely attached to the exoskeleton at all times [55].

Locking Mechanisms: The system includes safety locks that prevent unintended

movements and ensure the user remains stable, especially during critical activities

like sitting or standing [56] (as shown in Figure 4.3).

Emergency Shutdown: An emergency stop function is integrated into the control

system, allowing the user or operator to halt the exoskeleton’s movement in case of

malfunction or risk [57] (illustrated in Figure 4.2).

The XT60 connectors : prevent accidental damage to the system due to reverse

polarity during power connection, ensuring that the positive and negative terminals

cannot be swapped. This added a critical layer of protection to the electronic

system, especially during testing and frequent battery changes [58] (as shown in

Figure 4.4).
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Battery Main Power Switch + Fuse ‘ﬂ Emergency Stop Switch %\
g
e ’ Motor Driver H DC Motor ‘

Control Unit /

Figure 4.2 Emergency stop system

Figure 4.4 : XT60 Connector

Figure 4.3 Nylon nuts for secure, anti-
loosening assembly

4.2.4 The Electronic Design

The electronic design involves the integration of motors, sensors, and control systems that
drive the exoskeleton’s movements and ensure that it responds to the user’s commands.
— Motors and Drivers: The exoskeleton is powered by high-torque DC motors,
controlled via a motor driver that regulates speed and torque based on user input
[58].
— Sensors: Variable resistor’s are used to monitor the exoskeleton’s movements and
ensure proper alignment during use [59].
— EEG Integration: EEG signals are processed by a control board, allowing the user

to send commands to the exoskeleton via brain waves [60].
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4.2.4.1 Laboratory Experiment :

The motors used in the exoskeleton were first evaluated under laboratory conditions to
assess their performance under load. The DC motor specifications used for the test are
detailed in Table 4.2, and the combined DC motor and gear specifications are listed in
Table 4.3. These specifications were crucial in verifying whether the selected components
could generate sufficient torque and speed to support user movement effectively.

Table 4.2 : DC Motor specifications Table 4.3 : DC Motor & Gear specifications
Voltage (V) Speed (RPM) Voltage (V) Speed (RPM)
2 1300 2 50
4 2000 4 91
6 3400 6 112
8 6500 8 159
10 9000 10 192
12 11000 12 225
14 13000 14 262
16 15000 16 287
18 17000 18 330

PI Control for Motor Speed Regulation

In this project, a PI (Proportional-Integral) controller was used to regulate the speed and
position of the DC motors driving the exoskeleton’s joints. The controller continuously
calculates the error between the desired motor speed (setpoint) and the actual motor speed
(measured via Variable resistor’s or analog feedback) and adjusts the PWM output
accordingly. The proportional term provides an immediate reaction to the error, while the

integral term compensates for steady-state errors by accumulating past errors over time.

This control strategy helped ensure smoother motion, prevented overshooting, and
improved the accuracy of transitions between standing, walking, and sitting states. To
improve responsiveness and reduce manual tuning efforts, an auto-tuning approach was
used to estimate optimal gain values (Kp and Ki) through step response testing. This
method allowed dynamic adjustment based on the mechanical load and speed conditions of

the motors.

The use of PI controllers is common in motor control due to their simplicity and
effectiveness, especially in applications where full PID control (including a derivative

term) may introduce noise sensitivity or unnecessary complexity [61]. Auto-tuning was
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inspired by classical methods such as Ziegler—Nichols, with adjustments made

experimentally to suit the system's behavior. [62]

4.2.4.1 Brainwave Signal Input Design (MindWave Mobile 2 Integration with
Arduino Mega)

Adjustable Head Band

Sensor Tip/Arm

Figure 4.4 Neurosky Mindwave Headset integration

- Hardware Integration with Arduino :
The MindWave Mobile 2 connects to the Arduino Mega via Bluetooth (HC-05). In this
setup, the Arduino acts as the master and the MindWave Mobile 2 operates as the slave.
Once paired, the Arduino opens a virtual serial port to read real-time data sent using the
ThinkGear Communication Protocol (TGCP) [61] (as shown in Figure 4.4).
- Signal Format and Data Structure:
The transmitted data from the sensor includes:

e Attention (eSense™ metric): Mental concentration score (0—100)

e Meditation (eSense™ metric): Mental calmness or relaxation (0—100)
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e EEG Band Powers: uV? power of brainwaves (Delta—Gamma)

e Raw EEG Signal: Sampled at 512 Hz (optional, advanced use) [61].

- Signal Processing on Arduino:

- Advantages of Arduino Integration:

e Enhanced Processing Power : The Mega's higher clock speed and memory allow

efficient real-time EEG processing.

e Supports advanced processing (e.g., filtering, ML)

e Easily connects to other robotic modules (e.g., motor drivers, sensors) via GPIO/USB

- Challenges:

e Bluetooth pairing stability
e Signal variability due to motion or noise

e Signal preprocessing may be needed for real-time use [3] [4].

4.2.5 EEG Signal Processing and Control Software Design

The exoskeleton’s control system is powered by software that processes EEG signals and
translates them into precise motor movements.
— Signal Processing: The EEG signals are processed using specialized algorithms that
filter and interpret brainwave patterns, translating them into movement commands
[62].
— Control Software: Custom software is developed to control the motors based on the
EEG data, ensuring the exoskeleton responds accurately and smoothly [63] (as
shown in Figure 4.6).
— User Interface: The system includes a user interface that allows for easy calibration
and control of the exoskeleton, with settings for adjusting movement sensitivity and

strength [64].
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Figure 4.6 Screenshot of the control software interface.

4.3 Implementation

This section describes the practical realization of the exoskeleton system, covering the
step-by-step assembly of hardware, programming of the control system and software

integration.

4.3.1 Component Assembly

The exoskeleton’s construction began with the mechanical framework using 3030 mm
and 25x%25 mm steel tubes and a 32 mm steel pipe. Key structural joints were welded,
while adjustable segments were assembled using telescoping mechanisms and nylon-
locking nuts for safety.

High-torque DC motors were mounted at the hip and knee joints. Motor drivers (BTS7960)
were installed and electrically connected to the Arduino controller and powered by a 20V
lithium-ion battery.

Soft harnesses and cushioned straps were integrated to secure the user’s legs, and the
MindWave EEG sensor was mounted to detect attention levels, connected via Bluetooth to

an Arduino Mega using the HC-05 Bluetooth module.
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4.3.2 Software Used

e Arduino IDE — for programming the Arduino Mega to receive and process EEG
data and control the motors, represented by the Arduino software logo in Figure
4.8.

e ThinkGear Protocol (TGCP) — used for interpreting EEG data from the
MindWave sensor, illustrated by the MindWave Mobile sensor software logo in
Figure 4.7.

e Custom Firmware — written in C/C++ to handle real-time motor control based on

EEG attention levels.

Neuro .

ARDUINO

Figure 4.7 : logo of the mindwave

’ Figure 4.8 : logo of arduino software
mobile sensor software

4.3.3 Programming and Setup

The Arduino Mega was programmed to read attention data from the MindWave Mobile 2
headset using the ThinkGear protocol via the HC-05 Bluetooth module. A threshold level
(attention > 60) was established to trigger movement commands.

Once the threshold is exceeded, the Arduino sends control signals to the BTS7960 motor
driver, which powers the high-torque motors for any commands. Safety checks, timeouts,
and emergency stop logic were implemented in the Arduino code to protect the user and

hardware.
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Chapter 5: Implementation and Test

5.1 Technical Evaluation Overview

The implementation phase of the exoskeleton project involves the assembly of all

mechanical, electrical, and software components to form a fully functional system.

Testing was performed to assess the performance of the system under different

conditions, ensuring that it met design specifications and user safety requirements.

The following results were observed:

Functional Tests: The exoskeleton was able to assist with standing, walking,
and sitting, responding accurately to user commands. The motor system
provided sufficient torque for mobility, and the structural integrity was
maintained under load.

User Comfort and Fit: The strap for the leg and the harness-style belts
provided comfort and stability, ensuring that the user could securely rest their
legs while using the exoskeleton.

Power Efficiency: Power consumption was measured during prolonged use, as
shown in the Power Consumption Graph (Figure 5.1) demonstrating that the
system operated within expected battery life parameters. While a 20V, 4Ah battery
was initially used for testing, a custom-made battery is planned to provide

sufficient power and optimized runtime for typical use cases.

Power Consumption During Different Exoskeleton Tasks

[ 1 Power Consumption (Watts)
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Figure 5.1 Power Consumption Graph: A visual of the power usage over time
during different tasks.
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5.2 Testing and Evaluation

The assembled system underwent functional testing in multiple phases:
o Static Testing: Evaluated individual components (e.g., motor actuation, signal
reception).
e Dynamic Testing: Assessed real-time response to EEG input, including attention-
triggered start and stop.
e Load Testing: Ensured the frame could support user weight (~70-100 kg) during

sitting, standing, and simulated walking.

5.3 Challenges and Solutions

Several technical challenges arose during implementation:

o Unstable Bluetooth Pairing: Occasional disconnections between the MindWave
headset and the Arduino were mitigated by improving signal strength and ensuring
close proximity.

o EEG Signal Noise: Motion artifacts and electrical interference occasionally
affected signal quality. A moving average filter and a custom thresholding
algorithm were used to stabilize the input.

e Variable Resistor Instability (Encoder
Substitute): A variable resistor was used as a
substitute for an encoder to track joint rotation.
However, this component proved sensitive to over-
rotation and could degrade or malfunction

(ulcerate) if not precisely controlled. This was

addressed by limiting the mechanical range through

physical stops and implementing analog signal

Figure 5.2 : Variable Resistor

filtering in the Arduino code to detect irregular
fluctuations that may indicate stress on the component, as illustrated by the

Variable Resistor (Figure 5.2).
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e Mechanical Fit Issues: Slight misalignment during assembly was corrected
by re-machining bracket mounts and refining the telescoping adjustment

mechanism.

5.4 System Performance

System performance was tested across various operational parameters, including
mobility, torque, battery life, and responsiveness. The key outcomes are as follows:
— Torque and Load Capacity: The system’s DC motors with sensor’s
demonstrated the expected torque capabilities (100-150 Nm) and successfully
handled the user’s weight, with a safety margin to account for dynamic
movement, as shown in the Torque Load Test Graph (Figure 5.3).
— Control Response: The exoskeleton responded promptly to commands
transmitted via the wireless remote or the EEG signal with minimal latency.
The PID controller effectively communicated with the motor drivers,
ensuring smooth transitions between standing, sitting, and walking.
— Motor Efficiency: The motor efficiency was measured under different loads,
showing minimal loss in performance, even during continuous use. The
motor driver was able to maintain consistent power levels, ensuring smooth

operation.

350 Gear | (0-350 RPM)
300
250

200

Speed (RPM)

150t

100

501

!l'\ 'Ill\ ').f\ 3‘!\ /I‘ﬁ
Figure 5.3 Torque Load Test Graph
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5.5 Safety and Reliability

Safety was a primary concern throughout the design and testing phases. The exoskeleton
was evaluated to ensure that it met all necessary safety standards for use in a healthcare or
rehabilitation setting:

— Emergency Stop System: The emergency stop mechanism, triggered either
via the wireless remote or manual override, cuts the power of the
exoskeleton’s motors instantly, ensuring user safety in case of system
malfunction.

— Structural Integrity: Steel 201 components, could withstand forces during

typical movements without yielding or failing.
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Chapter 6: Results and Discussions

6.1 Rehabilitation Device Effectiveness

The effectiveness of the exoskeleton as a rehabilitation device was evaluated based on
user feedback, functionality, and performance during clinical testing. The following
key points summarize its effectiveness:

— User Mobility and Independence: The exoskeleton provided significant assistance
in enhancing the user’s mobility, allowing individuals with limited leg strength or
motor control to stand, sit, and walk with minimal assistance. Users reported
increased independence during everyday activities, such as walking or transferring
from sitting to standing.

— Muscle Activation and Rehabilitation: The system was effective in activating leg
muscles during movement, providing therapeutic benefits such as muscle
strengthening and improving motor coordination. Feedback from rehabilitation
professionals indicated that regular use of the exoskeleton contributed positively to
muscle recovery in patients with weakened limbs.

— Patient Comfort: The cup-like components for the legs and harness-style belts
contributed to patient comfort by securely holding the legs in place, reducing

discomfort and ensuring stability during movement.
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6.2 Comparative Analysis

A comparative analysis was conducted to assess the exoskeleton’s performance

against similar rehabilitation devices and traditional rehabilitation methods. The

following points summarize the findings:

Exoskeleton vs. Traditional Methods: Compared to traditional rehabilitation
methods such as physical therapy and walking aids, the exoskeleton provided
faster improvements in user mobility and strength. While physical therapy is
effective, it requires constant human assistance, whereas the exoskeleton
allowed for more autonomous rehabilitation with consistent use.

Exoskeleton vs. Other Robotic Devices: When compared to other robotic
exoskeletons in the market, the tested system demonstrated similar or
superior performance in terms of torque, weight capacity, and user comfort.
Additionally, its modular design allowed for easy adjustments to
accommodate different user sizes and needs.

Cost-Benefit Analysis: Although the initial cost of the exoskeleton may be
higher than traditional rehabilitation methods, its long-term benefits in terms
of user independence, rehabilitation efficiency, and reduced healthcare costs
make it a cost-effective solution for certain use cases, as summarized in Table

6.1 Comparison.

Table 6.1 Comparison: A side-by-side comparison chart of the exoskeleton and other devices.

Feature Exoskeleton Wheelchair Scooter
Mobility Full-body movement, can | Limited to sitting, | Can drive
stand, sit, and walk can move with forward but not
assistance stand or walk
Independence High independence (once | Low to moderate, | Moderate, with
fully trained) dependent on user | some dependence
strength on power
Physical Activity Promotes physical Minimal physical | Moderate activity
activity and muscle activity for upper body
engagement
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Feature Exoskeleton Wheelchair Scooter

Comfort Moderate to high (custom | High (for Moderate
fit required) extended sitting) | comfort for short

periods

Energy High energy requirement | Low (manual) Moderate

Requirement (battery-powered, (battery-
recharges) powered)

Suitability High (can be used Low (indoor use | High (designed

for Outdoors outdoors with terrain mainly) for outdoor use)
capability)

Maintenance High (complex Low(simple Moderate
components and maintenance) (depends on
technology) model)

Safety High (with proper High (stable High (designed
training and support) sitting) with safety in

mind)

Training/Assistance | High (initial learning Low (easy to use) | Low to moderate

Required curve for control) (may require

some practice)

6.3 Challenges and Limitations

Despite the success of the exoskeleton, several challenges and limitations were

encountered during the testing phase, which are important to address for future

development:

— Battery Life: One of the primary challenges was ensuring sufficient battery

life for prolonged use. Although the exoskeleton performed well in terms of

power consumption, longer battery life would be ideal, especially for

extended rehabilitation sessions, as illustrated by Figure 6.1 battery

performance over time during continuous use.

— Weight and Size: Although the exoskeleton is designed to be lightweight,

some users with limited strength found it difficult to wear for extended

periods due to its size and weight. Further refinement in the design could

reduce this issue.

54




Chapter 6 Results and Discussions

— Adaptability to Different Users: While the modular design allows for size
adjustments, there were some limitations when it comes to fitting users of
very different body types. This requires further research and design iterations
to ensure maximum comfort and efficiency.

— Cost: The exoskeleton’s high initial cost remains a barrier to widespread
adoption. Developing more affordable materials and manufacturing methods

could help reduce the overall price.

Battery Power Consumption Over Time

Battery Power Consumption (Wh)

Remaining Battery (Wh)
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Figure 6.1 battery performance over time during continuous use.
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Chapter 7: Conclusions and Recommendations

Conclusion

This project successfully demonstrated the feasibility and effectiveness of an EEG-
controlled lower limb exoskeleton to support the mobility of paraplegic patients. By
integrating brain-computer interface technology with motorized actuation, the system
enabled users to initiate basic movements such as standing, walking, and sitting through

mental focus alone.

The exoskeleton was designed with a user-centered approach, incorporating safety features,
ergonomic adjustments, and modular components to accommodate various body types.
Laboratory testing confirmed the system’s functionality, stability, and responsiveness, while
real-world simulations showed promising results in enhancing user independence and

rehabilitation potential.

Despite challenges such as EEG signal variability, Bluetooth stability, and mechanical fine-
tuning, the project achieved its primary goals. This work serves as a foundation for future
advancements in assistive wearable robotics, highlighting the potential of brain-controlled
mobility solutions to significantly improve quality of life for individuals with lower limb

paralysis.
Future Work :

While the current prototype demonstrates the core functionality of EEG-controlled lower limb
movement, several enhancements can be implemented to improve the system’s performance,

usability, and clinical applicability.

Future developments may focus on integrating more advanced EEG processing techniques, such as
machine learning algorithms, to improve signal accuracy and reduce noise sensitivity. Additionally,
incorporating multi-channel EEG headsets could provide a broader and more precise interpretation

of brain activity, enabling more complex motion commands

To enhance user comfort and reduce fatigue, future iterations should aim to minimize the
exoskeleton's weight by utilizing lightweight materials such as carbon fiber or aluminum alloys.
Further improvements in battery efficiency and the implementation of regenerative braking

systems could also extend operational time and promote energy sustainability.
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Finally, expanding the control interface to include hybrid EEG-EMG inputs and developing a user-
friendly mobile application for remote monitoring and customization would make the system more

adaptive and accessible to a wider range of patients and clinical environments.
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