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DESIGN AND DEVELOPMENT OF A BRAIN COMPUTER INTERFACE
CONTROLLED ROBOTIC ARM

ABSTRACT

An electroencephalografEEG) signal is a brain signal recorded from human scalp

by using electrode®rain computer interfac@BCl) 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 corited 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 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, raisew, 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 syitdras 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

INTRODUCTION

1.1 Background

The human brain consists of billions of neurons (brain cells). When they are working
or active, they prodred 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 @@fough channels in
neuron membranes. This electrical aityivis 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 cded 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 transmittd 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), Betal (11.5~15Hz), Beta2 (15~35Hz), and
Gamma (30~100Hz). EEG is widely usedmedical 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 tfdee (BCI) controlled devices.
Because the brain signals are different according to the activities of a human, BCI



allows people to communicate with a computer using their mind. By utilizing BCI, it
is possible that user can have dexterous artificialdinabntrol 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 tdieial arm which is

a big contribution for those who lost their limbs. Although EEG signal is weaker than
Electrocorticography(ECoG) andStereoelectroencephalograpf$EEG) but it is
norrinvasive which means the user do not need to implant it withirmhumead. 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 torij#esh

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 andot able to respond to their ndrvery well. To solve
this problem an artificial limb controlledy 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.
i) To desgn and develop a BCI robotic arm that is ablenake 4 moves.
iii) To determine the minimum number of electrodes that are required by the BCI

system.



CHAPTER 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 ly attaching some electrodes along the scalp. In 1875, Richard Caton
(18421926), a physician discovered the existence of electrical phenomena of brain
from animals. in 1925, Hans Berger (18/®41), a German physiologist and
psychiatrist recorded the fire]BEG from human beingd 4 Vaque 1999). Because

EEG is a nofinvasive (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 theiherefore, a computer will amplify the collected
signals and filter out the noise. In the end, a brain wave will be displayed on

computer screen.

Electrode

- Amplifier - Filter - Display

Figure2.1: EEG system



In recent days, EEG is commonlgad for medical application. Basically, it is used
to evaluate people who are having brain function problem like confusion, coma,
tumors, longterm difficulties with thinking, and etc. However, the EEG is also used

to develop BCI applications which hasig 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 dhe 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 cabldike component of the cell that carridsetelectrochemical 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 mgelis © speed up the
transmission oherve impulse down a long axon. The myelinated neurons can be
found in the peripheral nerves (sensory and motor neurons) whilenpeimated
neurons are found in the brain and spinal cord. The third part of neurendstds.

They are small, branelike 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.



Cell Body

Nucleus A

Dendrtes /

Axon Myelin
Hillock  Sheath Syrapses

Figure2.2: Neuron structure

The electrical activities are caused by electrically charged or polarized
neurons. There are sodium ions (Na+), potassium ions (K+), calcium ions (Cat+),
and chloride ions (G) inside and outside of the neurons. They have their own
spedfic 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 sodiupotassium 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 cay 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 b¥E& 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 #gtiof 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 (12-56Hz), Beta (16.20Hz), and High Beta (20-38Hz). This
0fastd wave represented arousal and i s

happens when people are busily engaged in activities and conversation.

0.0 0.2 0.4 0.6 0.8 1.0

Figure2.3: Beta wave Cvijetic, 2013

The Al pha wave is also known as Berger 6s

Berger. This wave represents pamousal. It has a slower brainwave but higher in
amplitude compared with Beta wave. Theld 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.

0.0 0.2 0.4 0.6 0.8 1.0

Figure2.4: Alpha wave(Cvijetic, 2013



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. Paopl@ Theta
state they are in a psdeep or semawake situation which is also called hypnoidal

State.

0.0 0.2 0.4 0.6 0.8 1.0

Figure2.5: Theta waveQvijetic, 2013

The last brainwave state is Delta wave. The Delta wagedgneatest
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 systene€ltae

wave can be found in babies normally.

R

0.0 0.2 0.4 0.6 0.8 1.0

Figure2.6: Delta wave Cvijetic 2013

However, there are still two categories of wave beyond those stated above:
gamma and Mu wave. The frequency of Gammaena range from 25 and 100Hz,
typically is 40Hz. It usually happens when the mental is excited state which is also



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 sensorimatdex only and

shows the rest state motor neurons.

0.0 0.2 0.4 0.6 0.8 1.0
Figure2.7: Gamma waveQvijetic 2013
Table 2.1 Summary of brain waves
Waveform | Frequency | Location Mental State | Activities
(Hz)

Gamma 257 100+ | - Somatosensory cortex | Excited - Concentration
- Higher
learning

Beta 12.57 30 | - Both side of brain Active - Awake

- Symmetrical distributor - Thinking

- Most evident frontally - Talking
Alpha 7.51 12.5 | -Posteior regions of Relaxed - Listening

head music

- Central sites (C&4) at -Watching TV

rest - Meditating

Theta 471 7.5 - Where not related to | Drowsy - Presleep/

task of hand Semiawake

Delta 0.51 3.5 - Frontally in adults Sleg - Sleep

- Posteriorly in children - Healing

Mu 7.57 12.5 | - Sensorimotor cortex | Relaxed - Resting of

motor neurons




2.4 Brain Computer Interface (BCI)

The history of Brain Computer I nterface
of EEG. After that, the research on BCI was beguthe 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 processirtpet brain signal and
generate output signal for devic&ach action of a man generatesdifferent

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

Signal Processing

Signal Digitized Preprocessing | Feature | o |cjassification
Acquisition | Signa Extraction

1

1

1 Commands
|

BCI Application

Figure2.8: BCI system Alomari, Samaha, & AlKkamba 2013)

The easiest method to implement BCI is using EEG which is ysoait
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 signeisbe weak or distorted. There is way to
extracthigherresolution 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
controlledby user thoughts. It is a big contribution for disabpeople 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 robat 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 ¢bimsthg) will be
collected or samptke and then programmed into the BCI system. So, when the
subject has the thought of closing hand, the robotic hand should blagavvek,
2012)

Although BCI has many applications botay not work perfectly. This is
because the brain is too complex thhe 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. Somelsmpde eyelidsblinking
can generates a strong signal. But the refinements in EEG and implants may

overcome this problem in the future.

25 EEG Electrode

The electrode is a necessary medium for transmitting brain signals to computer for
EEG test or BCI dvice. There are two types of EEG electdrirface 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 uses teatlactthis electrode

on the scalp surfacenty while needle electrode nesih be placed under the skin.

The placement of electrodes are usually follows the internation201€lectrode
system. The fA100 and A200 are refer t o
which are &her 10% or 20%. Tie measurement technique is based on standard skull
landmarls. The first measurement liséars from the nasion to the inion. The line is

then divided into five separate areas like in Figlig2
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Figure2.9: Side view and top view of electrode positions
(JamisonMadoff, Rohmann& Woods2005

Furthermore, the line is labeled Fp, F, C, P, and &heof 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 Figud® The label T
represents temporal area. Then, a landmark (Figut® of standard electrodes

position is formedKlem, et al.,1986)

Figure2.10: Front view of electrode positiondgmisonMadoff, Rohmann% Woods
2005
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Figure2.11: Standard electrode positionka(nisonMadoff, Rohmann& Woods
2009

Figure2.12: Modified combinatorial nomenclatur@gmisonMadoff, Rohmann
& Wo0ds2005
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2.6 Emotiv EPOC

The Emotiv EPOC is a wireless headset ikaible to receive EEG signals from
human scalp. It is a product developed by a company called Emotiv Systems which
is an Australia electronic company that focus on BCl and EEG relevant technolog
Furthermore, this headsednsiss of sixteen electrodes but only fourteen of them are
EEG channels, the rest electrodes arel asereferences offering optimal positioning

for accurate satial resolution.

Figure2.13. Emotiv EPOC

The EEG channatames of this headset are based on the internatioriz0 10
electrode location system (AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8,
ard AF4). The advantages of EPOC compare conventional EEG system are it is
easy to set up and it is portable. Bles, the Emotiv Systems providdtware for
EPOC. With the ai@f the software, EPOC users are able to study and obS&@Ge
signals. In fat, 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

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

Channel names (Internationa| AF3, F7, F3, FC5, T7, P7, O1, 02, P8, T8, FC6,

10-20 locations) F4, F8, AF4

Sampling method Sequential sampling. Single ADC

Sampling rate 128 SPS (2048Hz internal)

Resolution 14 bits1LSB=05¢V (16 bit AD
instrumental noise floor discarded)

Bandwidth 0.27 45Hz, digital notch filters at 50Hz and 60HZ

Filtering Built in digital 5" order Sinc filter

Dynamic range (input referre( 8400 V. ( p p)

Coupling mode AC coupled

Connectivity Proprietary wireless, 2.4GHz band

Power LiPoly

Battery life (typical) 12 hours

Impedance Measurement Realtime quality using patented system

2.7 Emotiv Software Development Kit (SDK)

The Emotiv SDK is a package of software tisgorovided by Emotiv $stems. This
software package contains Emotiv Control Panel, EmoComposer, Emokey, and

TestBench. EPOC user can interaath these by using their headset.

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

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

Cognitiv Suite.

e - -—

Headset Setup Guide

inserting into the headset, or, alternatively, use a medicine dropper to carefully moisten the pads
while already in place.

Step 2 Swiitch on the Emotiv headset and verify that the buit-in battery is charged and is
|providing power by looking for the blue LED located near the power switch at the back of the

|plug the headset into the Emotiv battery charger using the mini-USB cable provided with the
. . |headset. Allow the headset battery to charge for at least 15 minutes before trying again.

Step 3 Verify that the Wiireless Signal reception is reported s Good by looking at the En e
ke serted

remove the dongle from the compu! 3 or den
|physical obstructions located near the donde or (he headset and move e awa‘{ from any pows erfu\
sources of interference, such high-

|transmitters.

Step 4 Put on the Emotiv headset by gently pulling apart the headband and lowering the sensor

[arms onto your head from the top down, near the rear of the skull. Next, slide the headset

forward until the sensor sdosestﬂalheheadsetwolpo ts are Io(ateddlecﬂ‘/abo ve your eas
d s close to vour hairling

25 posshle, Adiust the fit so that the rectanaular

Step 1 Before putting on the Emotiv headset, ensure that each of the 16 electrode recesses are
fitted with a moist felt pad. If the pads are not already moist, wet them with saline solution before

. . |headset. If the headset battery needs charging then set the power switch to the off position and

Figure2.14: Interface of Emotiv Control Panel

The Expressiv @ite is a suite that can detdetP OC user 6s

faci al

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

current expression. It can recognize 12 types of expressiBasides 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 appicdinen

interface of Expressiv Suite is shown in Figure 2.15.

motiv Control Panel 1.0.0.5-PREMIUM (=1

Application  Connect  Help

| enemestaTus USER STATUS
Emotiv Engine is ready
639.479

Good

High

Right Smirk U

Left Smirk 8]

Sensitivity | Training
Blink 0]
Right Wink O
teftwink
Look Right/Left R )—
Raise Brow "H ‘D‘HH‘
Furrow Brow b :

Laugh "7-‘ -

® 0 ®0 060 060 6 6 6

Figure2.15: Interface of Expressiv Suite



16

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 nterface of Affetiv Suite is shown in Figure 2.16.

T
[ " = = ]
Emotiy Control Panel 1.0/ . - =

HeadsetSetup | Expressiv Suite | Affectv Suite | Cognitiv Suite

Status: Signal is noisy!l Affectiv detections deactivated... R D

Show Color Detecton Name

@ [ed  ~]EngagementBoredom

[bue v |Frustaton

[oreen < ]meditaton

[ [plack | Instantaneous Excitement
-l e

RIVSSE.

Display Length 30 Seconds

B
8

Color Detection Name
red v | Engagement/Boredom
blue v | Frustration
T
black v | Instantaneous Excitement
— [P

L1
JJEED§

50 100 150 200 250 300 Display Length 300 Seconds

Figure2.16: Interface of Affectiv Suite

In Cognitiv Suite, there is a 3D platfortimat contains a flowing cube and this
cube can be contied by userEEG 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 movesctitee by using the same thought he/she
sampled. In addition, this suite can sample and store manyd/=G signal, user

can utilize this on other applicatishke BCI system too.

[ Emotiv Control Panel 1.0.05-

Action

Training v
Action Control
Current Action push

Detection Status Active
Difficuty Level Easy
owerlsdiratog 0 0%

Trained? Action Skl Rating il

L4 Push 0 0% )|

<= Add == Remove £ edit

You are now ready to control the cube with your mind! Each action skil rating
refiects how well you can do the acton. More training would increase your
cognitive abilty.

Figure2.17: Interfae of Cognitiv Suite
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2.7.2 EmoKey

The EmoKey is a pgram that allows user to defikeystroks for sampled EEG
signals. This program must be connected to either Emotiv Control Panel or
EmoComposer. EPOC user can defimeat signal(s) will generate a keysteoknd

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 fa tistr

Figure2.18: Interface of EmoKey

2.7.3 TestBench

The TestBench is a program that displays a graph ctirealraw EEG signals. It is
usedfor observing and studying the EEG signals. The raw EEGIsigna 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.


















































































































































































































