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DESIGN AND DEVELOPMENT OF A BRAIN COMPUTER INTERFACE 

CONTROLLED ROBOTIC ARM  

 

 

ABSTRACT 

 

 

An electroencephalogram (EEG) signal is a brain signal recorded from human scalp 

by using electrodes. Brain computer interface (BCI) is a system that allows human to 

communicate with electronic device by using brain signal. The aim of this project is 

to design and develop a BCI controlled robotic arm using EEG signal. In this project 

an EPOC (a headset consists of 14 electrodes) is used to detect and collect EEG 

signal from human scalp. Every facial expression made by human beings generates a 

specific EEG signal, the BCI robotic arm is designed to be controlled by human 

expressions. The robotic arm created in this project is able to make 4 moves (Make a 

fist, release fist, flexion of elbow and extension of elbow). Each move is controlled 

by one expression (Left smirk, right smirk, raise brow, and look left/ right). The 

performance of the BCI robotic arm is determined by testing it on 10 subjects. The 

average accuracy of the system is above 92%. We have analyzed the effect of 

decreasing the number of electrodes on the proposed BCI system. It has been 

concluded that 7 electrodes are ehough to control the robotic arm. The accuracy of 

the BCI system with reduced number of electrodes (7 only) for 10 subjects is above 

90%.  
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CHAPTER 1 

 

 

 

1 INTRODUCTION  

 

 

 

1.1 Background 

 

The human brain consists of billions of neurons (brain cells). When they are working 

or active, they produced current flow. These neurons cause a current flow when 

active. The neurons are electrically charged or are polarized by membrane that 

transport protein which pumps ions (Na+, K+, Ca++, and Cl-) through channels in 

neuron membranes. This electrical activity is recordable on the scalp surface is 

known as electroencephalogram (EEG).  

 

Hence EEG signal is defined as the electrical activity along the scalp which appears 

in the form of a brain wave. To acquire EEG signal, several small and flat metal 

discs called electrodes are attached to the scalp. As the neuron current has to 

penetrate through skin, skull, and several other layers, the electrical signals are very 

weak on surface so the signals detected by the scalp electrodes are amplified and 

then transmitted to a computer, and then displayed a graph of brain wave. These 

EEG recordings can be classified into several frequency bands: Delta (0.5~4Hz), 

Theta (4~8Hz), Alpha (8~11.5Hz), Beta1 (11.5~15Hz), Beta2 (15~35Hz), and 

Gamma (30~100Hz).  EEG is widely used in medical area nowadays, for example 

like diagnosing epilepsy, checking for problem with loss of consciousness, studying 

sleep disorder and etc. EEG can play an important role in enhancing human life 

quality using the brain signal for Brain Computer Interface (BCI) controlled devices. 

Because the brain signals are different according to the activities of a human, BCI 
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allows people to communicate with a computer using their mind. By utilizing BCI, it 

is possible that user can have dexterous artificial limbs, control of a movable device, 

ability to operate computer system, better gaming experience and etc.  

 

In this project, the objective is to design and develop a BCI controlled robotic arm 

using EEG signal. In fact, this BCI controlled arm is similar to artificial arm which is 

a big contribution for those who lost their limbs. Although EEG signal is weaker than 

Electrocorticography (ECoG) and Stereoelectroencephalography (SEEG) but it is 

non-invasive which means the user do not need to implant it within human head. To 

create a BCI controlled arm, the identification and collection of brain signals is 

necessary. By using these sampled signals, it can be used to program the action of the 

arm. The higher the mobility of the BCI arm the more signals need to be sampled.   

 

 

 

1.2 Problem Statements 

 

In this century, there are plenty of artificial limbs but most of them are either 

not controllable or the mobility is limited. So, disabled people cannot have a 

dexterous artificial limbs and not able to respond to their mind very well. To solve 

this problem, an artificial limb controlled by BCI will do.   

 

 

 

1.3 Aims and Objectives 

 

The objectives of the thesis are shown as following: 

i) To control a robotic arm using EEG signal. 

ii)  To design and develop a BCI robotic arm that is able to make 4 moves. 

iii)  To determine the minimum number of electrodes that are required by the BCI 

system. 
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CHAPTER 2 

 

 

 

2 LITERATURE REVIEW  

 

 

 

2.1 Electroencephalography (EEG) 

 

The nerve signals in brain travel through the paths called axons that are covered by 

myelin. Even for the paths covered by myelin, there are some of the electric signals 

escape from the path and they are detectable. The EEG is a process to detect and 

measure this electrical activity resulting from ionic current flows within the neurons 

of the brain by attaching some electrodes along the scalp. In 1875, Richard Caton 

(1842-1926), a physician discovered the existence of electrical phenomena of brain 

from animals. in 1925, Hans Berger (1873-1941), a German physiologist and 

psychiatrist recorded the first EEG from human beings (La Vaque, 1999). Because 

EEG is a non-invasive (not necessary to implant any device within human body) test 

so the electrical signals from brain to electrodes are weak due to the multiple layers 

(skin, skull, and etc.) between them. Therefore, a computer will amplify the collected 

signals and filter out the noise. In the end, a brain wave will be displayed on 

computer screen.  

 

 

Figure 2.1: EEG system 
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In recent days, EEG is commonly used for medical application. Basically, it is used 

to evaluate people who are having brain function problem like confusion, coma, 

tumors, long-term difficulties with thinking, and etc. However, the EEG is also used 

to develop BCI applications which has a big potential on enhancing human life. 

 

 

 

2.2 Neuron Activities 

 

The brain is an electrochemical organ which is filled with approximately 100 

billion neurons (nerve cells). A neuron consists of three parts. The first part is cell 

body, it is a main component of the cell and it contains nucleus, endoplasmic 

reticulum and ribosomes (components that build protein) and mitochondria 

(component that make energy). The second part of neuron is called axon. It is a long 

and cable-like component of the cell that carries the electrochemical message along 

the length of the cell. The transmission speed is higher if the diameter of axon is 

larger. Some types of neurons have a thin layer of myelin sheath covering the axon 

like an insulated electrical wire. The function of myelin is to speed up the 

transmission of nerve impulse down a long axon. The myelinated neurons can be 

found in the peripheral nerves (sensory and motor neurons) while non-myelinated 

neurons are found in the brain and spinal cord. The third part of neuron is dendrites. 

They are small, branch-like components that are located on one or both ends of the 

cell. The dendrites make connection to other cells and allow neurons to interact with 

other cells. 
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Figure 2.2: Neuron structure 

 

 

 The electrical activities are caused by electrically charged or polarized 

neurons. There are sodium ions (Na+), potassium ions (K+), calcium ions (Ca++), 

and chloride ions (Cl-) inside and outside of the neurons. They have their own 

specific channel in cell membrane which allows them to move in and out of neurons. 

In addition, there are large proteins within the cell that gives the inside of the cell a 

negative electrical charge compared to the outside. The charge is about 70 to 80 mV. 

In addition, there are sodium-potassium pumps located in the membrane. This pump 

uses energy (Adenosine triphosphate) to pump K+ from the outside to the inside and 

Na+ from the inside to the outside. Because K+ and Na+ are positively charged, so 

they can carry tiny electrical currents when they move across the cell membrane. 

When there is sufficient number of ions move across the membrane, the electrical 

current is measurable (Freudenrich and Boyd, 1998).   

 

 

2.3 Brain Wave 

 

After the EEG signal is processed by EEG system, a filtered brain wave will be 

produced. The produced brain wave can be categorized according to their frequency. 

Generally, the brain wave can be categorized into four types (Beta, Alpha, Theta, and 

Delta) and each type is representing the activity of a particular form (Canadian 

Electroacoustic Community, 2012).  
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The Beta wave has relatively low amplitude but it is the fastest among all. The 

frequency of beta wave ranges from 12.5 to 30Hz but it can be separated into three 

ranges: Low Beta (12.5-16Hz), Beta (16.5-20Hz), and High Beta (20.5-28Hz). This 

ófastô wave represented arousal and is a characteristic of a strongly engaged mind, it 

happens when people are busily engaged in activities and conversation.  

 

 

Figure 2.3: Beta wave (Cvijetic, 2013) 

 

 

 

The Alpha wave is also known as Bergerôs wave because it was identified by Hans 

Berger. This wave represents non-arousal. It has a slower brainwave but higher in 

amplitude compared with Beta wave. The Alpha wave frequency ranges from 7.5 to 

12.5Hz. In addition, in this state the mind is relaxed and in normal resting state. This 

wave occurs when people listen to music, watching TV or meditating. 

 

 

Figure 2.4: Alpha wave (Cvijetic, 2013) 
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The next brain wave category in order of frequency is Theta wave. The Theta 

wave has even greater amplitude and slower frequency compared to Alpha wave. 

The frequency of Theta wave normally ranges from 4 to 7.5Hz. People are in Theta 

state they are in a pre-sleep or semi-awake situation which is also called hypnoidal 

state.  

 

 

Figure 2.5: Theta wave (Cvijetic, 2013) 

 

 

 The last brainwave state is Delta wave. The Delta wave has greatest 

amplitude and slowest frequency. Typically, the frequency of Delta wave ranges 

from 0.5 to 3.5Hz. It is the deepest brainwave level associated with dreamless sleep. 

Besides, it is also important for restoration of health and immune system. The Delta 

wave can be found in babies normally.  

 

 

Figure 2.6: Delta wave (Cvijetic 2013) 

 

 

However, there are still two categories of wave beyond those stated above: 

gamma and Mu wave. The frequency of Gamma wave is range from 25 and 100Hz, 

typically is 40Hz. It usually happens when the mental is excited state which is also 
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great for learning. The Mu wave has same frequency with Alpha wave (7.5 to 

12.5Hz) but unlike alpha wave, it can be found at sensorimotor cortex only and 

shows the rest state motor neurons.   

 

 

Figure 2.7: Gamma wave (Cvijetic 2013) 

 

 

Table 2.1 Summary of brain waves 

Waveform Frequency 

(Hz) 

Location Mental State Activities 

Gamma 25 ï 100+ - Somatosensory cortex Excited - Concentration 

- Higher 

learning 

Beta 12.5 ï 30 - Both side of brain 

- Symmetrical distributon 

- Most evident frontally 

Active - Awake 

- Thinking 

- Talking 

Alpha 7.5 ï 12.5 -Posterior regions of 

head 

- Central sites (C3-C4) at 

rest 

Relaxed - Listening 

music 

-Watching TV 

- Meditating 

Theta 4 ï 7.5 - Where not related to 

task of hand 

Drowsy - Pre-sleep/ 

Semi-awake 

Delta 0.5 ï 3.5 - Frontally in adults 

- Posteriorly in children 

Sleep - Sleep 

- Healing 

Mu 7.5 ï 12.5 - Sensorimotor cortex Relaxed - Resting of 

motor neurons 
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2.4 Brain Computer Interface (BCI)  

 

The history of Brain Computer Interface (BCI) began with Hans Bergerôs discovery 

of EEG. After that, the research on BCI was begun in the 1970s at the University of 

California Los Angeles. The BCI allows human to communicate with computer 

system using brain. The concept of BCI is to process the input brain signal and 

generate output signal for device. Each action of a man generates a different 

electrical signal and this is why computer can react to human brain.  

  

 

Figure 2.8: BCI system (Alomari, Samaha, & AlKamba 2013) 

 

 

 The easiest method to implement BCI is using EEG which is usually non-

invasive method that attaches a set of electrodes on the scalp surface. However, there 

are multiple layers (skull, skin, and etc.) blocking the brain signals toward the 

electrode causing the collected signals to be weak or distorted.  There is way to 

extract higher-resolution signal but the electrodes have to be implanted into the grey 

matter of the brain or on the surface of the brain which is an invasive way.  
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 One of the most interesting parts of BCI development is the devices can be 

controlled by user thoughts. It is a big contribution for disabled people like those 

who lost their limbs. Unfortunately, there is a difficulty on using brain signals to 

control a device, example someone who cannot physically move their arm trying to 

control a robotic arm. In this situation, the subject needs some training to use the 

device. By taking a BCI robotic hand as an example, the subject must visualize 

closing his or her hand. After that, the signals of this thought (hand-closing) will be 

collected or sampled and then programmed into the BCI system. So, when the 

subject has the thought of closing hand, the robotic hand should close (Nagavivek, 

2012). 

 

 Although BCI has many applications but may not work perfectly. This is 

because the brain is too complex that the signals of actions or thoughts are 

understatement or unclear. There are chemical processes involved in neuron 

activities but the EEG is not able to pick up. Moreover, the received signals by EEG 

electrodes are weak and prone to interference. Somehow a simple eyelids-blinking 

can generates a strong signal. But the refinements in EEG and implants may 

overcome this problem in the future.  

 

 

 

2.5 EEG Electrode 

 

The electrode is a necessary medium for transmitting brain signals to computer for 

EEG test or BCI device. There are two types of EEG electrodes: surface type and 

needle type. The surface electrode is flat disk with wire connected to the EEG system, 

it is an easy and commonly used way because the user needs to attach this electrode 

on the scalp surface only while needle electrode needs to be placed under the skin. 

 

The placement of electrodes are usually follows the international 10-20 electrode 

system. The ñ10ò and ñ20ò are refer to the distance between adjacent electrodes 

which are either 10% or 20%. This measurement technique is based on standard skull 

landmarks. The first measurement line starts from the nasion to the inion. The line is 

then divided into five separate areas like in Figure 2.9. 



11 

 

 

Figure 2.9: Side view and top view of electrode positions 

(Jamison, Madoff, Rohmann & Woods 2005) 

 

 

Furthermore, the line is labeled Fp, F, C, P, and O, each of them represent the front 

polar, frontal, central, parietal, and occipital areas respectively. After that, a second 

measurement line is placed from left preauricular through the C vertex mark to the 

right preauricular point and then separates it like in Figure 2.10. The label T 

represents temporal area. Then, a landmark (Figure 2.12) of standard electrodes 

position is formed (Klem, et al.,1986) 

 

 

Figure 2.10: Front view of electrode positions (Jamison, Madoff, Rohmann & Woods 

2005) 

 

mailto:kwj5@cornell.edu
mailto:madoff@gmail.com
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mailto:vmw3@cornell.edu
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mailto:madoff@gmail.com
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Figure 2.11: Standard electrode positions (Jamison, Madoff, Rohmann & Woods 

2005) 

 

 

 

Figure 2.12: Modified combinatorial nomenclature (Jamison, Madoff, Rohmann 

& Woods 2005) 
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2.6 Emotiv EPOC 

 

 

The Emotiv EPOC is a wireless headset that is able to receive EEG signals from 

human scalp. It is a product developed by a company called Emotiv Systems which 

is an Australian electronic company that focus on BCI and EEG relevant technology. 

Furthermore, this headset consists of sixteen electrodes but only fourteen of them are 

EEG channels, the rest electrodes are used as references offering optimal positioning 

for accurate spatial resolution.  

 

 

Figure 2.13: Emotiv EPOC 

 

 

The EEG channel names of this headset are based on the international 10-20 

electrode location system (AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, 

and AF4). The advantages of EPOC compared to conventional EEG system are it is 

easy to set up and it is portable. Besides, the Emotiv Systems provide software for 

EPOC. With the aid of the software, EPOC users are able to study and observe EEG 

signals. In fact, software also allow users to apply EEG on other technologies, such 

as robotic and control system (Reder, EE et al 2014).  
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Table 2.2: Emotiv EPOC specifications (Emotiv EPOC 2014) 

 EEG HEADSET 

Number of channels 14 (plus CMS/DRL references, P3/P4 locations) 

Channel names (International 

10-20 locations) 

AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, 

F4, F8, AF4 

Sampling method Sequential sampling. Single ADC 

Sampling rate 128 SPS (2048Hz internal) 

Resolution 14 bits 1 LSB = 0.51 ɛV (16 bit ADC, 2 bits 

instrumental noise floor discarded) 

Bandwidth 0.2 ï 45Hz, digital notch filters at 50Hz and 60Hz 

Filtering Built in digital 5
th
 order Sinc filter 

Dynamic range (input referred) 8400 ɛV (pp) 

Coupling mode AC coupled 

Connectivity Proprietary wireless, 2.4GHz band 

Power LiPoly 

Battery life (typical) 12 hours 

Impedance Measurement  Real-time quality using patented system 

 

 

 

2.7 Emotiv Software Development Kit (SDK) 

 

The Emotiv SDK is a package of software that is provided by Emotiv Systems. This 

software package contains Emotiv Control Panel, EmoComposer, Emokey, and 

TestBench. EPOC user can interact with these by using their headset.  

 

 

 

2.7.1 Emotiv Control Panel 

The Emotiv Control Panel shows the headset setup and its mapping as well as the 

signal strength of each channel. It aids user to locate the electrodes on optimal 
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positions. Besides, it also provides three suits: Expressiv Suite, Affectiv Suite, and 

Cognitiv Suite. 

 

 

Figure 2.14: Interface of Emotiv Control Panel 

 

 

 The Expressiv Suite is a suite that can detect EPOC userôs facial expression 

according to user EEG signals and uses an animated figure (face) to display user 

current expression. It can recognize 12 types of expressions.  Besides showing the 

user expression, it also allows user to adjust the sensitivity of the signals. Moreover, 

these expression signals are possible to be applied on other applications. The 

interface of Expressiv Suite is shown in Figure 2.15. 

 

 

Figure 2.15: Interface of Expressiv Suite 
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The Affectiv Suite displays the current mental situation of the EPOC user. There are 

two graphs that display the level of each situation. Each situation has its own color. 

The interface of Affetiv Suite is shown in Figure 2.16. 

 

 

Figure 2.16: Interface of Affectiv Suite 

 

 

 In Cognitiv Suite, there is a 3D platform that contains a flowing cube and this 

cube can be controlled by user EEG signals. EPOC user can use it to sample EEG 

signals for each command on the cube movement. The sampling process will take 8 

seconds, user is required to maintain same thought within this 8 seconds. After the 

sampling process, user is able to moves the cube by using the same thought he/she 

sampled. In addition, this suite can sample and store many types of EEG signal, user 

can utilize this on other applications like BCI system too. 

 

 

Figure 2.17: Interface of Cognitiv Suite 
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2.7.2 EmoKey 

 

 

The EmoKey is a program that allows user to define keystrokes for sampled EEG 

signals. This program must be connected to either Emotiv Control Panel or 

EmoComposer. EPOC user can define what signal(s) will generate a keystroke and 

what keystroke is it. In short, it is like using human thought to do some typing some 

typing on computer. It is possible to use EmoKey to navigate and operate a computer 

or device. After defining the keystroke, user can save the key mapping for future use. 

 

 

Figure 2.18: Interface of EmoKey 

 

 

 

2.7.3 TestBench 

 

The TestBench is a program that displays a graph of real-time raw EEG signals. It is 

used for observing and studying the EEG signals. The raw EEG signals are able to be 

recorded and saved for future playback by using TestBench. Moreover, this program 

also allows user to observe the magnitude of Fast Fourier Transform (FFT) and Delta, 

Theta, Alpha, and Beta signals.  












































































































































