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ABSTRACT 

 

 

Nowadays, many neurological conditions happen suddenly, such as stroke or spinal cord 

injury. This can cause chronic gait function impairment due to functional deficits in 

motor control. Current physiotherapy techniques such as functional electrical stimula t ion 

(FES) can be used to reconstruct some skills needed for movements of daily life. 

However, FES system provides only a limited degree of motor function recovery and has 

no mechanism for reflecting a patient’s motor intentions, hence requires novel therapies. 

Brain-Computer Interfaces (BCI) provides the means to decode mental states and activate 

devices according to user intentions. However, conventional BCI cannot be used fully, 

due to the lack of accuracy, and need some improvement. In addition to that, the 

integration of BCI with lower extremity FES systems has received less attention 

compared to the BCI-FES systems with upper extremity. The discussion of this thesis 

was divided into two parts, which were the BCI part as input and the functional electrical 

stimulator (FES) controller part as the output for this system. For BCI part, the main 

processes involved are brainwave signals classification and mapping process. Here the 

signal has been classed will be applied to match the appropriate rehabilitation exercise. 

Whereas for the FES part, the signal from the mapping system will be controlled by the 

controller to ensure that the target knee angle is achieved to make the rehabilita t ion 

process more effective. As a conclusion, patients can be classified into two classes based 

on their alpha and beta signals status and these must undergone rehabilitation sessions 

according to their post-stroke level. So the results proved that the ANN model developed 

was able to classify the post-stroke severity. Also, the result had proven that the BCI 

fuzzy-based mapping system in this study was able to work perfectly into mapping the 

post-stroke patient with a suitable exercise according to their post-stroke level. 
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ABSTRAK 

 

 

Pada masa kini, banyak keadaan neurologi berlaku secara tiba-tiba, seperti strok atau 

kecederaan saraf tunjang. Ini boleh menyebabkan kerosakan yang kronik pada fungs i 

pergerakan anggota badan disebabkan oleh penurunan fungsi kawalan motor. Pada masa 

kini teknik fisioterapi seperti stimulasil elektrik fungsional (FES) boleh digunakan untuk 

membina semula beberapa fungsi anggota badan yang terjejas. Walau bagaimanap un, 

sistem FES hanya memberikan tahap pemulihan fungsi motor yang terhad, oleh itu proses 

pemulihan memerlukan terapi yang baru atau novel. Antaramuka otak dan computer 

(BCI) menyediakan cara untuk menyahkodkan keadaan mental pesakit dan berupaya 

mengaktifkan peralatan hanya berpandukan keinginan pengguna.  Walau bagaimanapun, 

BCI konvensional tidak boleh digunakan sepenuhnya, kerana tahap ketepatan, yang 

kurang dan memerlukan peningkatan . Di samping itu, integrasi BCI dengan sistem FES 

pada bahagian bawah tubuh manusia adalah kurang mendapat perhatian berbanding 

dengan bahagian atas tubuh. Perbincangan thesis ini dibahagikan kepada dua bahagian, 

iaitu bahagian BCI sebagai input dan bahagian stimulasil elektrik fungsi (FES) berfungs i 

sebagai output untuk sistem ini. Bagi bahagian BCI, proses utama yang terlibat adalah 

proses klasifikasi dan pemetaan isyarat otak. Di sini isyarat yang telah dikelaskan akan 

digunakan untuk menyesuaikan dengan latihan pemulihan yang sesuai. Sedangkan untuk 

bahagian FES, isyarat dari sistem pemetaan akan dikendalikan oleh pengawal untuk 

memastikan bahawa sudut yang dikehendaki oleh gerakan lutut dicapai untuk membuat 

proses pemulihan lebih berkesan. Sebagai kesimpulan, pesakit boleh diklasifikasikan ke 

dalam dua kelas berdasarkan status isyarat alfa dan beta mereka dan ini mesti menjalani 

sesi pemulihan mengikut tahap pasca-strok mereka. Jadi hasilnya membuktikan bahawa 

sistem yang dibangunkan dapat mengklasifikasikan keparahan pasca-strok. Juga 

membuktikan bahawa sistem pemetaan berasaskan Fuzzy-BCI dalam kajian ini dapat 

berfungsi dengan sempurna dalam pemetaan pesakit pasca-strok dengan latihan 

pemulihan yang sesuai mengikut tahap pasca-strok mereka.

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



vii 

  

   

 

 

 

 

CONTENTS 

 

   

TITLE  i 

DECLARATION ii 

 

           DEDICATION             iii 

ACKNOWLEDGEMENT iv 

ABSTRACT v 

ABSTRAK vi 

                                 LIST OF TABLES      xiv 

                                 LIST OF FIGURES       xv 

                                 LIST OF SYMBOLS AND ABBREVIATIONS      xix 

                                 LIST OF APPENDICES     xxii 

CHAPTER 1          INTRODUCTION  1 

1.1 Introduction 1 

1.2 Background of Stroke 2 

1.3 Problem Statement 3 

1.4 Aim and Objectives 4 

1.5 Scopes of Research 5 

1.6 Significant Of Study  5 

1.7 Thesis Outline 5 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



viii 
 

 

 

CHAPTER 2          LITERATURE REEVIEW  7 

2.1 Introduction 7 

2.1 BCI and Recent Works 8 

2.2 Challenges on Physiotherapy among Patient 9 

2.3 Stroke 10 

2.3.1 Types of Strokes         13 

2.4 Stroke Rehabilitation 15 

2.4.1 The Rehabilitation Process        15 

2.4.2 Rehabilitation of Stroke        15 

2.4.3 Stroke Rehabilitation challenges       16 

2.4.4 Stroke Rehabilitation Methods        16 

2.4.4.1 Functional Electrical Stimulation       17 

2.5 Human Brain 18 

2.5.1 Function of Human Brain        20 

2.5.2 Brain signal          21 

2.5.3 EEG              22 

2.5.4 Brainwave pattern          24 

2.5.5 Focused Brainwave         27 

2.6 Signal Pre Processing  27 

2.6.1 Data Transformation         28 

2.6.2 Features Extraction         29 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



ix 
 

 

 

2.7 Classification Technique  29 

2.8 Fuzzy Logic 31 

2.8.1 Basic Concept of a Fuzzy Set        31 

2.8.2 Fuzzy Union (Or)         31 

2.8.3 Fuzzy Intersection (And)        32 

2.8.4 Fuzzy Decision Making Concept       33 

2.9 Fuzzy Logic Controller 36 

2.9.1 Fuzzy Closed-loop System        36 

2.9.2 Membership Function         38 

2.9.3 Fuzzy Rules          40 

2.9.4 De-fuzzification         40 

2.10 Controller 41 

2.10.1 Control System          41 

2.10.2 Control strategy         44 

2.11 Modelling 46 

2.11.1 Body Segmental Dynamics        47 

2.11.2 Muscle Model          49 

2.11.3 Full Musculoskeletal Models        51 

2.12 Functional Electrical Stimulation (FES) 52 

2.12.1 Neural prostheses         55 

2.12.2 FES electrodes          56 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



x 
 

 

 

2.12.3 Surface electrodes         57 

2.13 Brain Computer Interface  58 

2.13.1 Neuroimaging Approaches in BCIs       60 

2.13.2 Brain Computer Interface (BCI) Mapping      62 

2.14 Summary 63 

CHAPTER 3          METHODOLOGY  65 

3.1 Introduction 65 

3.2 Clinical Preparation and Procedure  68 

3.2.1 Patient Detail Sheet (PDS)        69 

3.2.2 Permission Form         69 

3.2.3 Survey Design          70 

3.3 Data Collection 70 

3.3.1 Experiment Setup         70 

3.3.2 NeuroSky Mindwave         71 

3.3.3 Subject Selection         71 

3.3.5 Setup for EEG recording        72 

3.4 EEG Signal Pre-processing 76 

3.4.1 EEG NeuroSky Data Processing       78 

3.5 eSense Meter 82 

3.6 Artificial Neural Network (Ann) 84 

3.6.1 Multilayer Feedforward Network       84 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xi 
 

 

 

3.7 Mapping System 85 

3.7.1 Fuzzy logic for decision making       86 

3.7.2 Mapping Input          87 

3.7.3 Output Mapping System        88 

3.8 Control System 89 

3.8.1 Passive Pendulum test         89 

3.9 Control Strategy 92 

3.9.1 Cycle to Cycle Control Strategy       92 

3.9.2 Flexion and Extension Detector       92 

3.9.3 Activation switch         94 

3.9.4 Burst           94 

3.9.5 Fuzzy Controller Design        94 

3.10 Functional Electrical Stimulation  95 

3.10.1 FES Parameter          96 

3.10.2 FES Frequency          97 

3.10.3 FES Surface Electrode Placement       97 

3.11 Muscle Model 98 

3.11.1 Ferrarin’s model for the FES-stimulated knee joint 

            100 

3.11.2 Model identification       102 

3.11.3 Implementation of Ferrarin’s active muscle model 

            103 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xii 
 

 

 

3.11.4 Full Musculoskeletal Models      105 

3.12 Performance In Simulation Environment 107 

3.13 Full System Setup  107 

3.13.1 Electrical Stimulation Leg Test     108 

3.14 Experimental Works 111 

3.15 Summary 112 

CHAPTER 4          RESULT AND DISCUSSION  115 

4.1 Introduction 115 

4.2 Stroke Demographic Analysis 116 

4.3 Power Spectrum Density       116 

4.4 Classification 118 

4.4.1 Determine Number of Hidden Neurons    119 

4.4.2 K-Fold Cross Validation      121 

4.5 Equipment Validation 121 

4.6 Fuzzy based Mapping System (AG & EG) 126 

4.6.1 Attention (Beta)       127 

4.6.2 Meditation (Alpha)       128 

4.7 Fuzzy based Mapping System (UG & LG) 130 

4.8 Electrical Stimulation Leg Test 133 

4.8.1 Results         133 

4.9 Cycle to cycle control strategy 134 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xiii 
 

 

 

4.10 Fuzzy Controller Design 135 

4.10.1 Fuzzy Controller Membership      136 

4.10.2 The Tuning of Scaling Factors      138 

4.11 Controllers’ Performance in Simulation 139 

4.11.1 Full BCI-FES Control System      139 

4.11.2 Full Knee Extension       139 

4.11.3 Target Extension Angle      140 

4.12 Controllers’ Performance in Experimental 141 

4.13 Summary 144 

CHAPTER 5          CONCLUSION AND FUTURE WORK  147 

5.1 Conclusion 147 

5.2 Future Work 149 

REFERENCES  150 

APPENDICES    173 

 Error! Bookmark not defined.  

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xiv 

  

1LIST OF TABLES 

 

 
 

 
2.1 Summary For Bci Researches 1 8 

2.2 Categories Of Problems Recorded 2 9 

2.3 Types And Description Of Paralysis 3 12 

2.4 Lobes Of The Brain 4 21 

2.5 Type Of Brainwave Signals 5 22 

2.6 Classes Of Neuro Prosthesis (And There Main Indications) 6 55 

2.7   Summary Of Neuroimaging Method 7 62 

3.1   Evaluation Score For Stroke Severity 1 72 

3.2   Eeg Meter Range2 85 

3.3   Fuzzy Logic Rule For Controller3 95 

3.4   Fes Parameters For Modelling4 97 

3.5   Application Specific Stimulation Frequency5 97 

3.6   Ferrarin’s Muscle Model Parameters6 103 

3.7   Fes Parameters For Modelling Purpose7 111 

3.8   List Of Subjects Involve8 112 

4.1   Distribution Of The Subjects For Stroke Severity1 116 

4.2   Training & Testing Performance2 119 

4.3   Correlation Coefficient Values Of Fft Results3 123 

4.4   Component In Bci And Controller Groups. 4 126 

4.5   The Estimation For Brainwave Range For Each Patient Group5 130 

4.6   Subject Average Range For Attention6 132 

4.7   Subject Average Range For Meditation7 132 

4.8   Fuzzy Logic Rule For Controller8 136 

4.9 Scaling Factor Of Fuzzy Logic9 138 

4.10 Fes Parameter For Lg10 143 

4.11   Fes Parameter For Ug11 144  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xv 
 

 

2LIST OF FIGURES 

 

 

 

 

 

1.1 Percentage Of Causes For Total Death In Malaysia [14] 3 

2.1 Topography Of Circle Of Willis For Human [27] 10 

2.2 Stroke Statistic For 2017 [28] 2 11 

2.3 Ischemic Stroke [28]3 14 

2.4 Hemorrhagic Stroke [28]4 14 

2.5 Stroke Rehabilitation Techniques5 17 

2.6 Function Of Right And Left Brain [63]6 18 

2.7 Physical Deficit After Stroke [67] 7 19 

2.8 Main Parts Of The Human Brain [69]8 20 

2.9 Location And Function Of Human Brain [74]. 9 21 

2.10 The 10-20 International System Of Electrode Placement [81]. 10 23 

2.11 Alpha Band Brainwave Signal [91]11 25 

2.12 Beta Band Brainwave Signal [94]12 25 

2.13 Delta Band Brainwave Signal [89]13 26 

2.14 Theta Band Brainwave Signal [90]14 26 

2.15 Gamma Band Brainwave Signal [98]15 26 

2.16 Union Membership Function16 32 

2.17 Intersection Membership Function17 33 

2.18 Fuzzy Decision Making For Multi-Criteria Optimization [170] 18 36 

2.19 Closed Loop System With Fuzzy Logic [171]19 36 

2.20 General Block Diagram Of Fuzzy Logic Controller [172]20 37 

2.21 Point For Membership Function21 39 

2.22 Trapezoidal And Triangular Membership Function Shapes22 39 

2.23 Block Diagram Of The Control Strategy [179]23 43 

2.24 A Freely Swinging Leg With Fes On The Quadriceps Muscle  24 43 

2.25 Strategy For Cycle To Cycle Control Of Foot Balance [191] 25 45 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xvi 
 

 

2.26 Lower Limb Segment [196]26 47 

2.27 Hill Based Muscle Model [204]27 50 

2.28 The Fes Technique [208]28 53 

2.29 Surface Electrodes Applied On A Subject [214]29 57 

2.30 Several Types Of Surface Electrodes [215]30 58 

3.1 Illustration Of The Entire Project. 1 65 

3.2 Flow Chart Of The Research Work2 67 

3.3 Neurosky Mindwave Structure3 71 

3.4 Arduino Uno Interface4 73 

3.5 Bluesmirf Interface5 73 

3.7 Subject And The Placement Of Neurosky Mindwave Device.6 74 

3.8 The Position Of The Electrode Using Neurosky Mindwave [227]7 75 

3.9 The Timeline For First Attempt. 8 75 

3.10 The Timeline For Second Attempt.9 76 

3.11 The Communications Protocol10 78 

3.12 Raw Eeg Signals Of Neurosky And Biopac System 11 83 

3.13 Architecture Of Mlp In Ann Predictive Model [238]12 85 

3.14 New Group Strategic Hierarchic Decision Criteria. 13 86 

3.15 Block Structure Of Fuzzy System For Decision Making14 87 

3.16 Illustration For The Mapping System15 87 

3.17 Input Of The Mapping System16 88 

3.18 Output Side For The Mapping System17 88 

3.19 Rotary Encoder Sensor 18 90 

3.20 Oscillation Of Limb During The Test Of Pendulum 19 90 

3.21 Oscillation Of Limb With 90ᵒ20 91 

3.22 Oscillation Of Limb With 45ᵒ21 91 

3.23 Cycle To Cycle Control System22 92 

3.24 Lower Limb Model23 93 

3.25 The Maximum Values For The Extension And Flexion Stages24 93 

3.26 The Basic Electrical Stimulation System For Lower Limb 25 96 

3.27 Placement Of The Surface Electrode For The Knee Joint 

Movement26 98 

3.28 Basic Muscle Model Structure  27 99 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH

file:///F:/Hantar%20Dr/full%20correctionv1%20ref%20dh%20siap%20Dr%20dh%20update%20latest2.docx%23_Toc32460615


xvii 
 

 

3.29 Schematic Representation Of A Free Swinging Leg, With Surface 

Stimulation 28 101 

3.30 Ferrarin’s Muscle Model Input (A) The Input Is A Train Of Pulses 

 With Variable Pulse Width, (B) The Input Is The Value Of The 

Stimulation Pulse Width29 104 

3.31 Simulink Design Where Different Types Of Inputs Were Implemented 

And The Output Was Recorded By The Scope. 30 104 

3.32 Scle Model Responses To Both Input Types31 105 

3.33 Discrete-Time Fuzzy Control Based Cycle-To-Cycle Controller32 107 

3.34 The Equipment Setup Of This Study33 108 

3.35 Schematic Representation Of Lower Limb With Surface Stimulation 

Of The Quadriceps Muscle 34 109 

3.36 Arduino Mega 2560 And Usb Cable35 110 

3.37 Fes Device 36 110 

3.38 Surface Electrodes37 111 

4.2 The Sample #1 Of The Raw Eeg Signal In The Time Domain1. 117 

4.3 The Spectrum Of The Frequency Components For The Sample #1. 

2 117 

4.4 The Alpha Wave For The Sample #1 In The Time Domain. 3 118 

4.5 The Architecture Of Mlp In Ann Predictive Model4 118 

4.6 Comparative Analysis Of Training And Testing Performances For 

Different 𝑁𝑁ℎ5 120 

4.7 The Neural Network Misclassified Percentage6 120 

4.8 K-Fold Validation Test7 121 

4.9r Aw Eeg Signals During The Resting State8 122 

4.10 The Raw Eeg Signal For The Neurosky System And The Biopac 

System.9 124 

4.11 The Power Density Graph For The Neurosky System And The Biopac 

System10 124 

4.12 The Raw Eeg Signal For The Neurosky System And The Biopac 

System (16~17 Second) 11 125 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xviii 
 

 

4.13 The Power Density Graph For The Neurosky System And The Biopac 

System (16~17 Second) 12 125 

4.14 Schematic Representation Of The Fuzzy Based Mapping Mechanism 

System (Mms) 13 126 

4.15 Attention Brainwave Between Normal And Stroke Patient (Eg)14 128 

4.16 Attention Brainwave Between Normal And Stroke Patient (Ag)15 128 

4.17 Meditation Brainwave Between Normal And Stroke Patient 

(Eg)16 129 

4.18 Meditation Brainwave Between Normal And Stroke Patient 

(Ag)17 129 

4.19 Reading From Fuzzy Mapping Taken From Stroke Patient (Eg) 18 130 

4.20 Signals From Mapping System Taken From Stroke Patient (Eg) 19 131 

4.21 Reading From Fuzzy Mapping Taken From Normal Subject20 131 

4.22 Signal From Mapping System Taken From Normal Subject21 132 

4.25 Angle And Pulse Width Signal In Matlab22 134 

4.26 Cycle To Cycle Control System Simulation23 135 

4.27 (A1 & A2) Input Membership Functions (B1) Output Membership 

Functions24 137 

4.28 Scaling Factor Of Fuzzy Logic25 138 

4.30 Controlled Swinging Leg For Desired Angle In Range 65° (Full 

Extension) 26 140 

4.31 Controlled Swinging Leg For Desired Angle In Range 20° (Target 

Angle)27 141 

4.32 Waveform For The Knee Joint Angle For Lg Patient28 142 

4.33 Waveform For The Fes Pulse Width For Lg Patient29 142 

4.34 Waveform For The Knee Joint Angle For Ug Patient30 143 

4.35 Waveform For The Fes Pulse Width For Ug Patient31 144 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xix 

  
 

3LIST OF SYMBOLS AND ABBREVIATIONS 

 

 

 

 
ABI  - Acquired Brain Injury 

ABCD  - Age, Blood Pressure, Clinical Features and Duration 

ADL  - Activities of Daily Living 

AG  - Advance Group 

AL  - Alpha Left 

ANN  - Artificial Neural Network 

AR  - Alpha Right 

BL  - Beta Left 

BR  - Beta Right 

Brain  - Biomaker Rapid Assesment in Ischemic Injury 

CCS  - Causative classification system 

CI  - Confident Interval 

CISS  - Chinese Ischemic stroke sub classification 

CT  - Computed tomography 

CVA  - Cerebrovascular accident 

CVD  - Cerebrovascular damage 

df  - Degree of freedom 

DFA  - Discriminant Function Analysis 

DFT  - Discrete Fourier transform 

DL  - Delta Left 

DR  - Delta Right 

DOF  - Degree of freedom 

ECG  - Electrocardiogram 

EEG  - Electroenceplogram 

EG  - Early Group 

FES  - Functional electrical stimulation  

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xx 
 
 

FFT  - Fast Fourier Transform 

FN  - False Negative 

FP  - False Positive 

FAST  - Face Arm Speech Test 

FLC  - Fuzzy logic control 

GA  - Genetic algorithm 

H  - Hemorrhage 

I  - Infarction 

IG  - Intermediate Group 

KNN  - K Nearest Neighbors 

LAC  - Lacunar Stroke 

LM  - Levenberg-Marquardt 

MLP  - Multilayer Perceptron 

MOU  - Memorandum of Understanding 

MRI  - Magnetic Resonance Imaging 

ms  - Means Squares 

MSE  - Mean Square Error 

NASAM - National Stroke Association of Malaysia 

NN  - Neural Network 

OCSP  - Oxfordshire Community Stroke Project 

OE  - Open Eye 

PAC  - Partial Anterior Circulation Stroke 

PCA  - Principal component Analysis 

PET  - Positron Emission Tomography 

PID  - Proportional- integral-derivative 

PIS  - Patient Information Sheet 

PD  - Proportional-derivative 

PL  - power left 

POC  - Posterior Circulation Stroke 

PR  - power right 

PSD  - Power spectrum density 

QEEG  - Quantitative EEG 

ROC  - Receiver Operating Characteristic 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xxi 
 
 

 

ROSIER - Recognition of stroke in the Emergency Room 

RPR  - Relative Power Ratio 

S  - Syndrome 

SS  - sum of square 

SS  - sum of square 

SSB  - between groups sum of squares 

SST  - total of squares 

SSW  - within groups sum of squares 

TAC  - Total Anterior Circulation Stroke 

TDC  - Transcranial Doppler (), 

TL  - Theta Left 

TN  - True Negative 

TP  - True Positive 

TR  - Theta Right 

UM  - Universiti Malaya 

WHO  - World Health Organisation

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xxii 

  
 

4LIST OF APPENDICES 

 

 

 

APPENDIX 

 

 

 

        TITLE 

  

 

 

PAGE 

A 

B 

C 

D 

E 

         Permission Form 

         Patient Detail Sheet 

          Anthropometric Dimensional Data 

        Survey Form 

        Ethical Approval 

 173 

174 

176 

177 

178 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



1 

 

 

 

 

 

5CHAPTER 1 

 

 
 

INTRODUCTION 

 
 

 

1.1 Introduction 

The brain is the most complex organ in the human body and is the center of the nervous 

system. It produces every human thought, action, and feeling. It also controls all 

actions done by human body by sending some specific signal to that part of human 

body [1]. Therefore, if the signal transmission is interrupted, it will cause a certain 

disruption in that part of human body. Normally, the interruption of signal transmiss ion 

process is due to the occurrence of damage to the blood vessels in the human brain. 

This situation will lead to a worse scenario such as stroke [2]. 

In some cases of stroke, the impact on the life of the survivor may be minimal, 

such as weakness in a hand or an arm, but in other cases the impact may be devastating, 

such as losing the ability to speak or to understand speech, severe behavioral or 

memory problems, or complete paralysis of one or more limbs [3]. Every year around 

the world, approximately 10,000 people are admitted to hospital following a stroke, 

while approximately 30,000 stroke survivors live with the lasting effects [3]. 

Nowadays, people with stroke, spinal cord injury (SCI) and who are paralyzed 

have increasingly applied electronic assistive devices to improve their ability to 

perform certain essential functions. Electronic equipment, which has been modified to 

benefit people with disabilities include communication and daily activity devices [3]. 

A wide range of interfaces is available between the user and the device. These 

interfaces can be an enlarged like computer keyboard or a complex system that allows 

the user to operate or control a movement using aid such as a mouth stick, an eye  
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imaged input system, electroencephalogram (EEG) signals and an infrared or, a 

functional electrical stimulation (FES), which uses short electrical pulses to generate 

contractions in paralyzed muscles. These contractions can be coordinated to actuate 

joints by stimulating one or more muscles that exert torques about the joint [4]. 

Recent advances in biomedical technology, however, give hope that those 

lasting effects following a stroke may soon be eradicated. While those lasting effects 

of stroke are varied, one of them - weakness and paralysis of the upper/lower limb - 

has a potential remedy in the use of Brain-Computer Interface (BCI) systems [5]. 

These BCI systems and the exploration, development, and improvement of their 

application as a tool for post-stroke rehabilitation are the subjects of this thesis. A BCI 

is a system that measures and analyses brain activity and then translates that activity 

into control of another system. Brain signal acquisition systems for the brain such as 

electroencephalography (EEG) or functional Near-Infrared Spectroscopy (fNIRS) 

recording data signals which may be processed by a BCI in real-time to determine 

control over a computer or machine [6]. 

Besides the weakness and paralysis of the limb, stroke also leads to 

susceptibility to the inactivity related diseases such as obesity, insulin resistance, and 

coronary heart disease [7]. Physical exercise including the use of electrical stimula t ion 

devices, in this group of patients is essential to prevent diseases associated with 

physical inactivity [8]. Furthermore, exercise is very beneficial to the muscle by 

strengthening the muscles and increasing their efficiency [9], [10]. Therefore, this 

thesis discussed in detail about the combination between the FES area and BCI area 

and its benefit, especially in stroke rehabilitation. 

1.2 Background of Stroke 

World Health Organization (WHO) defined stroke as a clinical syndrome 

characterized by rapidly developing clinical signs of focal disturbance of cerebral 

function, with symptoms lasting more than 24 hours or longer or leading to death, with 

no apparent cause other than vascular origin [11], [12]. Stroke is a challenging disease 

for healthcare providers, patients and the community [13]. It has been found to be a 

leading cause of morbidity and the third leading cause of death in developing country 

[14].  
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Every year, 15 million people worldwide suffer a stroke. Of these, five million 

died and another five million are left permanently disable. It is among the top four 

leading causes of death in ASEAN countries, with the crude death rate ranging from 

0.0109% in Thailand to 0.0542% in Singapore [14]. In Malaysia, stroke was the second 

leading cause of death according to the Malaysian National Burden of Diseases Study 

and study on vital registry system in 2016. In comparison, using empirical data from 

vital registry systems in 2016, stroke was reported as the leading cause of death in 

Indonesia, Myanmar, Vietnam and Thailand. Stroke is the third leading cause of 

mortality for males in Malaysia, after Ischaemic heart disease and pneumonia, while 

it ranked second for females after Ischaemic heart disease [15]. Figure 1.1 shows the 

percentage of causes for total death in Malaysia for 2016. 

 

 
Figure 1.1: Percentage of causes for total death in Malaysia [14] 

1.3 Problem Statement 

Many neurological conditions, such as stroke, spinal cord injury, and traumatic brain 

injury, can cause chronic gait function impairment due to functional deficits in motor 

control. Current physiotherapy techniques such as functional electrical stimula t ion 

(FES) can be used to reconstruct some skills needed for movements of daily life, such 
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