
I – Fundamentals of Electrooculography

Electrooculography  is,  simply  put,  the  science  of 
measuring  the  resting  potential  of  the  eye  and  its 
variations. The cornea is in fact positive relatively to the 
posterior part of the sclera which can be considered the 
front-most  and  rear-most  parts  of  the  eye  bulb 
respectively. This is called the corneo-retinal potential 
(CRP).

Although  in  1849  Du  Bois-Reymond[1] already 
discovered  the  existence  of  a  resting  potential 
throughout the eye, it was only during the second half 
of the 20th century that there was a visible  rise in the 
efforts  dedicated to  the  study  of  the  analysis  of  this 
potential. It is quite revealing that a paper published in 
1959 by B. Schackel was still being titled Pilot Study in 
Electrooculography[2]. Until the end of the 20th century 
its  most  widespread  use  had  been  in  the  field  of 
ophtalmological  diagnosis  and  varied  physiological 
research on fields as  different  as  sleep disorders  and 
neurodegenerative diseases[3][4][5]. Most recently, some of 
the  focus  has  switched  to  the  tracking  of  eye 
movements,  accompanying  the  evolution  of  the 
paradigm of multimedia and interface computation[6][7]

[8][9][10][11].

All cells have voltages across their plasma membranes. 
Voltage is electrical potential energy - a separation of 
opposite charges. The cytoplasm is negative in charge 
relative to the extracellular fluid because of an unequal 
distribution of anions and cations on opposite sides of 
the membrane. The voltage across a membrane, called a 
membrane  potential,  ranges  from  about  -50  to  -200 
millivolts.
Due to this phenomenon the eyeball  may actually be 
regarded as a small battery, with a positive pole in the 
cornea and a negative pole in the retina although it's 

mechanics are slightly more complex than in the case of 
a  single  cell,  neuron  or  muscle  fibre  as  has  been 
presented. In the eye most of the resting potential has 
been attributed to  the  retina  although some research 
has been done which proves the lens and maybe the 
cornea  also  play  important  roles.  The  corneoretinal 
potential is roughly aligned with the optic axis. Hence, 
it  rotates  with  the  direction  of  gaze.  Changes  in  the 
position of the eyeball cause changes in potential at the 
skin  surface  around  the  eye  socket  which  can  be 
measured  by  surface  electrodes  placed  on  the  skin 
around the eyes.

The extraocular muscles work together to achieve four 
basic types of eye movements: saccades, smooth pursuit 
movements, vergence movements, and vestibulo-ocular 
movements. Saccades are rapid, ballistic movements of 
the eyes that abruptly change the point of fixation and 
will be the ones truly relevant for the development of 
the current work.

EOG  is  a  technique  that  can  provide  very  solid  and 
powerful  results.  Yet  it  is  far  from  perfect  and  its 
limitations  should  be  understood.  Problems  like 
individual user calibration, long term variation of skin 
surface  potential,  head  movement,  midas  touch,  eye 
fatigue,  ambient  light  variations  and  electrode 
sensitivity had to be addressed during the course of this 
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work.

II – To whom it may be useful
The device being developed in this work is primarily 
directed towards people suffering from severe lack of 
motor and speech coordination. This set of disabilities 
can be brought upon by many different pathologies.

While  it  is  definitely  helpful  for  a  large  number  of 
disabled  people  to  be  able  to  access  basic  computer 
tools  through an eye based input  in extreme cases  it 
might actually be the only viable option. Although rare, 
Locked in Syndrome (LIS) is an extremely debilitating 
condition. It is the limit condition of lack of motor and 
speech coordination when a patient is not able to speak 
neither move any muscle in his (or her) body except for 
the extraocular muscles. It might be brought upon by 
spinal  cord  injury,  traumatic  brain  injury,  or  other 
physical  trauma,  neurological  conditions  including 
motor  neuron  disease  such  as  amyotrophic  lateral 
sclerosis, multiple sclerosis, Lesch Nyhan Syndrome, or 
cerebral palsy causing quadriplegia - and perhaps also 
loss of speech or vision. In most of this cases the only 
traditional  method  of  communication  is  through  a 
system of eye blinks.

On many cases the ability to communicate has a great 
relevance not only for the mental and social well-being 
of  the  patient  but  as  well  as  to  allow the  sharing  of 
symptoms which can lead to diagnosis. This provides 
the present technology with an inherently health-care 
quality.

Nevertheless,  the  possible  applications  permitted  by 
this  device span far  beyond that reach.  Controlling a 
computer or any other hardware with the eyes might be 
of use in many different situations such as:

• while  working  on  an  activity  that  involves 
permanent  use of  the  hands – in a medical  surgery 
setting you could give instructions to a video camera 
or control the illumination, while soldering, etc.

• extending the number of inputs in your daily 
use of an operative system - changing the desktop you 
are  working  on  (something  common  on  Linux's 
Gnome GUI) , browsing through a photo album, etc.

• gaming – recent years have definitely showed 
us  that  the  general  public  is  quite  eager  to  interact 
with gaming platforms in fresh and inventive ways.

• as  a  musical  controller  for  performance  -  a 
digital  drum  set  played  with  eye  movement  or 
changing  the  pitch  of  a  sound  with  the  position of 
your eyes,

• while  performing  physical  activity,  like 
skipping  a  song  or  controlling  the  volume  in  your 

music player while jogging.

Although the goal of assistive technology is of special 
interest to me, the ways a user can process and interact 
with  an uncharted and fairly  new input  are,  in  fact, 
pretty  much  endless.  They  depend  solely  upon  our 
imagination and will to implement.

III – State of the Art
Equivalent Assistive Technology
This  present  work,  as  has  been  mentioned  in  the 
previous chapter, is mainly geared towards people who 
suffer  from  severe  lack  of  speech  and  motor 
coordination, despite it's many potential uses. As such 
it  is  only  worthwhile  to  compare  eye  tracking  based 
HCI  assistive  systems  with  technology  directed 
towards this same disabilities.

The  only  technologies  directly  equivalent  to  eye 
tracking, regarding the fact that it requires absolutely 
no  voice  neither  movement  is  through 
electroencefalogram (EEG) which is the analysis of the 
electric  signal  produced  by  brain  wave  patterns  or 
electromyography (EMG) which is the analysis of the 
electric signal received by muscles from the brain.

Let  us  roughly compare the  main options  for  people 
who  suffer  from  severe  lack  of  speech  and  motor 
coordination. 

• Human  Assisted  Writing –  By  having  a 
trained human assistant repeat the whole alphabet to 
the patient and the patient blinking the eye when the 
desired  character  has  been  reached.  Although  the 
presence of a human assistant is certainly invaluable 
from a psychological point of view for the patient, the 
associated costs and level of dependency might not be 
supportable and/or desirable.

• Button  Triggers –  Similar  to  the  previous 
technique.  The  human  assistant  is  replaced  by  a 
computer  which  consecutively  selects   letters  in  a 
reorganized alphabet and the eye blink is replaced by 
a  physical  switch  for  patients  who  have  minimum 
muscle control.   It  is  still  a  very restrictive interface 
and not suited for people who suffer from real Locked 
In Syndrome.

• Brain-Computer  Interface –  A standard  BCI 
system was  evaluated in  comparison –  with  a  P300 
system.  Through  the  P300  BCI  system  you  take 
approximately 21seconds to  write  a single  character 
with  an  81%  accuracy  after  a  30minute  training 
session.
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• Electromyography –  No reliable data has been 
gathered  relatively  to  the  accuracy  and  stability  of 
EMG devices. Yet, the cost of the only widely available 
EMG assistive  commercial  system is  extremely high 
(approximately 11 000€).

• Eye  Tracking  Methods -  Even  if  we  do  not 
consider  into  the  equation  the  dedicated  software 
which will be developed, all  of this methods have a 
much lower baud rate than that which is in principle 
allowed by real-time eye tracking methods like EOG. 

Alternative Eye Tracking Methods
The most common eye gaze tracking method uses light 
(mainly  infrared  light)  reflected  by  the  eye  (on  the 
cornea, or further into the eye) which is then captured 
by a video capture device and processed by a computer. 

In order to highly increase the reliability of the system 
the light is usually in the spectrum of the infrared to 
reduce ambient lighting like lighbulbs and such which 
are  usually  in  the  visible  range.  Due  to  this,  special 
video cameras or IR filters have to be applied. 

Many  different  video  processing  techniques  and 
algorithms  are  available,  the  five  which  are  mainly 
under  research  are  Limbus  Tracking,  Pupil  Tracking, 
Corneal  and  Pupil  Reflection  Relationship,  Corneal 
Reflection,  Eye  Image  Using  an  Artificial  Neural 
Network  and  Purkinje  Image  Tracking  and  methods 
based on specially designed contact lenses.

The most obvious shortcoming of the EOG technique, 

uncorrectable  by  its  very  design,  is  the  need  for 
attachments directly on the user's face – five electrodes 
usually. Set-up is cumbersome, requires calibration for 
each individual and although actual discomfort is low, 
mental  and  physical  awareness  can  be  very  high, 
creating  a  large  long-term  "annoyance  factor".  This 
method  may  be  unacceptable  to  some  subjects, 
especially if it is to be used in a social context. 

On  the  positive  side,  EOG equipment  is  very  cheap, 
easy  to  assemble  with  minimum  access  to  a  modest 
electronic workbench and can be used with glasses or 
contact  lenses,  unlike  most  other  methods.  The 
necessary apparatus does not obstruct the visual field, 
and is completely insensitive to head movement. The 
response time  is very low compared to the reflection 
methods as well.

IV – The Developed Device
The actual implementation of the proposed device has 
been  separated  into  three  different  stages  which 
communicate unidirectionally.

For the first stage two pairs of ECG Ag/AgCl electrodes 
were  applied  to  capture  the  skin  surface  potential 
variations  with  reference  to  a  ground provided by  a 
fifth electrode. This signal is transmitted via a twisted 
pair  cable to an electronic circuit  which subsequently 
filters and amplifies it. The filtering is composed by two 
stages  –  a high pass  and a  low pass.  Each stage has 
independent properties and amplification gain but they 
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Table 1: Comparison between equivalent techniques[12][13][14][15][16][17][18][19]

BCI (P300) EMG
Light Reflection

Immediate 200-500 ms 250-500 ms - Some delay - Some delay - Real-time 350ms *

Baud-Rate 4 ** 5 ** 9 **

Accuracy 100,00% 60%-90% - > 90%

Intrusive None High Mild Light Light Light Light Mild Mild Mild

No Yes Yes Yes Yes Yes Yes Yes No ***

None Light None High Light - Mild - None None

25 € 370 € 11.000 € 145 € - 20-30€

* - this delay is due to the “reflux” artefact. The device has the possibility of reacting real-time with proper improvements

Button 
Triggers Eyewriter

Commercial 
EOG

Present 
WorkLimbus 

Tracking
Pupil 

Tracking
Corneal/pu-
pil relation

Dual 
Purkinje

Response 
speed

1 per 
button pointer 

device
pointer 
device

pointer 
device

pointer 
device

pointer 
device

pointer 
device

Calibration 
necessary
Head 
movement 
sensitivity

Commercial 
cost

2.000€ – 
35.000€

7.000€ - 
32.000€

16.000€ - 
86.0000€

27.000€ - 
47.000€

** - the actual number of different orders which can be activated depends on the patterns which are trained (e.g. - the device could also 
recognize one eye blinks or double blinks)

*** - training was necessary for the present work, but there might be some improvements proposed in the final chapter through which it 
would not be necessary



can  otherwise  be  perceived  as  one  band  pass  filter 
whose  main  purpose  is  to  remove  DC-signal 
components and eliminate the 50Hz noise induced by 
the line (or mains) frequency. 

The  second  stage  occurs  in  an  Atmega328  micro 
controller  which  converts  the  incoming  filtered  and 
amplified analog signal to a sequence of digital values. 
In order to find recognized, pre-trained eye movements 
this values are processed through a simplified hybrid 
pattern recognition algorithm.  If  a  relevant  pattern is 
found, the USB controller in the Arduino board is used 
to transmit the respective data to the computer.

When eye  saccade  data  is  received  by  the  computer 
through  a  virtual  USB  serial  port  it  is  fed  into  a 
dedicated custom-built Java GUI which is considered to 
be the third stage.

4.1 Electronics – Analog Signal Processing
Only sudden variations of skin surface potential caused 
by saccadic eye movements are of interest. As such, an 
approximately “derivative” approach has been taken to 
the  signal which immediately solves the very present 
problem of DC drifts. This involves the usage of a high-
pass filter with a low cut-off frequency.

The skin surface differential potential is in the several 
hundreds of microvolts range. Such a small voltage is 
bound  to  be  affected  by  the  mains  noise  which  is 
induced  by  the  general-purpose  alternating  current 
electric  power  supply.  This  signal  has  a  frequency 
known  as  mains  frequency  which  is  50Hz  for  the 
majority of the world and 60Hz for North and Central 
America  and a few other  countries.  Therefore  a  low-
pass filter is necessary and a notch filter applied to this 
specific  frequency  was  also  taken  into  consideration. 
The actual frequency range of the usable signal is 1Hz-
40Hz.

The ADC of the ATMega328 being used has an input 
reading  range  of  0-5V  therefore  we  will  need  to 
generate an output signal amplified for a maximum of 
approximately 3V peak-to-peak value.

In short, we need to design a circuit which contains:
• an instrumentation amplifier with a linear gain 

of approximately 4000-7000.
• a low pass filter (and possibly a notch filter) to 

cut general high frequency noise and, specifically, the 
50Hz mains noise.

• a high-pass filter  to cut “DC” drifts –  cut-off 
frequency around 1Hz.

• signal offset around the 2,5V mark.

After much research and testing, the following circuit 
was obtained, without a need for a notch filter.

The  circuit  displayed  is  only  relative  to  the  vertical 
channel. A similar one was designed with a lower gain 
for the horizontal channel.

The  next  image  shows  the  schematic  for  the  voltage 
divider.

The spice simulation provided the following frequency 
response diagram where the vertical gain is displayed 
in green and the  horizontal  gain is  displayed in red. 
During  this  part  of  the  work  it  was  (wrongly) 
considered that the  horizontal  gain should be half  of 
the vertical one..

The  following  image  is  the  signal  captured  by  the 
vertical channel during an “UP” eye saccade.
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Fig. 1: Diagram for the vertical instrumentation amplifier 

channel

Fig. 2: Voltage divider schematic

Fig. 3: Spice simulation of the Bode diagram of the prototype 

design's outputs



As expected, it is centred around the 2,5V mark and has 
an amplitude of 2Vpp, being that the maximum 3Vpp 
on  the  vertical  channel  is  produced  during  the  eye 
blink.

This  circuit  was designed as a PCB piggyback for an 
Arduino  Duemilanove  board.  The  Arduino  platform 
has been chosen due to its wide-spread use, cheap cost, 
ease  of  programming,  preparation  for  USB 
communication,  preparation  for  communication  with 
the Processing platform, my previous knowledge of it 
and the usage of the ATMega328 processor.

4.2  Microcontroller  -  ADC  and  Pattern  Detection 
Algorithms
The ATmega328 micro processor which was used has 6 
analog  inputs  (Analog-to-Digital  Converters),  each  of 
which  provide  by  default  10  bits  of  resolution,  thus 
allowing 1024 different values at a frequency of 9KHz, 
which is much higher than necessary. Also by default 
they  measure  from ground  to  5V.  Using  this  default 
reference grants the ADC a an accuracy of 4,883mV. As 
presented before, the signal amplification was designed 
to provide a maximum signal amplitude of 3Vpp. The 
minimum useful signals are small potential variations 
on  the  vertical  channel  during  left  and  right  eye 
saccades  which present an amplitude of approximately 
800mV.  The  accuracy  of  4,883mV  is,  therefore,  more 
than sufficient.

A  number  of  different  pattern  detection  algorithms 
were  studied  from  varied  sources[20]. After  some 
investigation the one which was considered to provide 
a  better  accuracy  at  detecting  the  necessary  patterns 
while  maximizing  the  processing  potential  of  the 
ATMega328 was a variation on the Nearest Neighbour 
algorithm. Given the limits of this processor's power a 
simpler version of the K-NN algorithm was used where 
no learning exists and each pattern class only has one 
sample,  previously  defined  as  the  average  of  the 
training samples collected for that pattern.

The Euclidean distance algorithm was used as follows:

Where L stands for  the  distance between the  current 
object  (x)  and  the  pattern  class  which  it  is  being 
compared to (y). d is the number of dimensions of the 
feature space.

It  was necessary to  define  the  average values for the 
pattern produced by each of the 8 eye saccades (UP, UP-
RIGHT,  RIGHT,  DOWN-RIGHT,  DOWN,  DOWN-
LEFT, LEFT, UP-LEFT) as well as the BLINK. In order to 
achieve  this  10  instances  of  each  pattern  where 
recorded in a 700ms time window with 50 values taken 
at 14ms intervals. The horizontal and vertical patterns 
obtained for the BLINK movement are shown below.
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Fig. 4: Signal captured by the vertical channel of the 

prototype circuit for an UP saccade

L x , y =∑i=1
d

x i− y i
2

Fig. 5: Top and side vews from the PCB connected to the 

Arduino Board



The  resulting  waveforms,  particularly  for  the  blink 
movement,  have  a  very  constant  pattern  which  can 
easily be identified. The average waveform for the 10 
samples was subsequently determined as well as their 
standard deviation.

The  same procedure  was taken to  obtain  the  pattern 
samples  for  the  remaining  eye  movements.  The 
obtained signals differ from each other in quite a visible 
manner. The most visible criticism that can be given to 
the remaining waveforms is the reduced amplitude of 
the horizontal channel, probably due to testing errors 
during the previous stage of this work. This cannot be 
seen  in  the  previous  image  as  the  eye  blink  only 
produces potential variations for the vertical channel.

After this procedure, it was necessary to implement the 
proposed  algorithm  in  the  micro  processor.  The 
ATMega  328  has  only  2KBytes  of  available  RAM 
memory. This is the type of memory that the processor 
uses  to  create  and  manipulate  variables  while 
functioning.  Even  with  only  50  readings  it  is  not 
possible to store the data related to the 2 channels of the 
9 pattern samples. The values are in the 0-1024 range, 
so they must be stored in  int variables, which occupy 
two bytes each given that the byte variable type which 
requires less memory can only store values from 0 to 
255. This leads up to a 1800Bytes memory requirement 
for the pattern detection samples alone.  Nevertheless, 
when  dealing  with  non-dynamic  variables,  as  is  the 
case  given  that  the  pattern  samples  will  not  change 
during the execution of the program, they can instead 
be  stored  in  the  processor's  Flash  memory  and 
transferred to a RAM memory buffer when necessary.

The simplified K-NN algorithm is ran every 14ms cycle 
to  check  if  the  signal  produced  during  the  previous 
700ms  is  similar  to  any  of  the  pre-recorded  pattern 
averages.  If  more  than  one  pattern  comes  close,  the 
algorithm detects which one is the closest .

Information regarding whether or not and which signal 
is detected is then transferred via USB communication 
to any type of output desired. In the case of this work 
the output was a Graphical User Interface aimed to aid 
severely disabled people.

4.3 Software - Graphic User Interface
As the final stage of human-computer interaction, the 
main purpose of this GUI was to generate a simple and 
readable yet robust and complete computer experience 
to  the  end user.  The platform chosen to  develop the 
graphical  interface  was  Processing  which  is  a  JAVA 
based  open  source  programming  language  and 
environment.

No particular  work  has  been done  on aesthetics,  the 
design efforts have been directed towards proposing a 
basic interface geometry which can later be a target of a 
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Fig. 6: Overlap of 10 waveforms resulting from a 

blink eye movement 
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makeover.  As we have seen before,  the entire system 
relies on 8-directional input and blinking. As such, the 
basic principle was that every menu had to be based on 
a maximum of eight options so that all of the available 
options would always be immediately reachable with a 
minimum  of  input  activation.  Graphically,  given  the 
nature  of  the  directional  input,  a  circular  button 
arrangement was developed like shown in Fig. 8.

Let  us  imagine  the  user  is  in  “sample  menu”  and 
wishes to enter the “UP” option. He must first select the 
“UP”  button  which  remains  activated  for  a 
predetermined amount of  time and then click it.  The 
button selection is accomplished by performing a quick 
eye movement from the computer screen to the far edge 
of  the  desired  direction  and  back  to  the  computer 
screen.  The  visual  queue  for  this  selection  is  the 
highlighting of the selected button as shown in  Fig. 8. 
While the button is selected clicking is performed by an 
eye blink. 

This  sequence  ensures  that  there  is  a  very  low 
probability of a non-desired input order. The user can 
thus blink freely and without restrictions because, only 
if  he  has  performed  an  extreme  and  infrequent 
movement  just  before  blinking,  will  blinking  be 
perceived as an input order.

Ensuing the design of the basic geometry a basic set of 
applications had to be defined and implemented. This 
GUI is specifically designed for the needs of a patient 
who  suffers  from  severe  lack  of  motor  and  speech 
coordination  thus  the  three  indispensable  set  of 
applications was defined as : a call for aid, a predefined 
messages selector and a text editor.

The call for aid has been achieved by making the screen 
perform a quickly fading passage between a black and 

a white background while a warning sound is played in 
loop. There are many options beyond this one that can 
easily be achieved through the usage of Processing data 
communication protocol libraries like XBee, Bluetooth, 
TCP-IP,  UDP,  XML-RPC,  EEML,  RSS  feeds,  Tweeter, 
among  others.  The  implementation  of  these  options 
was not considered to be a priority for the present work 
but could be a subject of further study.

The feeling that the patient wishes to express will often 
be a frequently repeated message  like “I am hungry”, 
“Thank you”, “I am tired”, etc. For these specific cases a 
predefined message menu was implemented. In order 
to produce a more flexible interface experience that can 
be  adapted to  the  needs  of  each  individual  user  the 
available messages can be edited in external text files in 
character strings composed of up to 38 characters. This 
messages are separated into three sets to allow further 
organization. The user can define, for instance, a set for 
“Needs”,  another  for  “Conversation”  and  leave  the 
third one for “Miscellaneous”.

It would be tremendously restrictive if the user would 
only be allowed to select from a number of predefined 
messages.  As  such,  a  simple  text  editor  was  also 
created.  The  first  concern  was  how  to  place  the 
characters  in  the  screen.  Instead  of  immediately 
adopting  the  usual  QWERTY keyboard-like  character 
placement  an  alternative  keyboard  geometry  is 
proposed.  The  best  key  placement  is  the  one  which 
gives the user the ability to reach the maximum number 
of characters with a minimum number of inputs. Given 
the  8  input  restriction  of  the  device,  the  best  option 
would  be  a  tree  structure  design  in  which  each 
directional input would open 8 new options. This was 
achieved  through  a  concentric  keypad  design  as 
displayed in Fig. 9.

7

Fig. 8: Basic menu geometry sample with selected 

“UP” button

Fig. 9: Writer input GUI



In  order  to  prove  the  improvement  in  efficacy  this 
character placement grants the user, an evaluation was 
performed. Four different key placements were tested 
for the number of input actions that six varied character 
strings  (ranging  from  words  to  sentences  and 
paragraphs) require in order to be written. The typical 
QWERTY as well as the phone keypad delivered poor 
results.  In some of tests the square keyboard actually 
presents  a  result  similar  or  even better  than the  one 
allowed from the concentric keypad but the edge is not 
considered to be enough to choose it over the this later 
one. The proposed concentric keypad integrates much 
better with the GUI design, providing a more seamless 
experience and allows for a considerably larger number 
of characters and/or text tools. The square keyboard, as 
presented, allows for 36 characters while the concentric 
one allows 49 different options. Of course, in a future 
version the  best  option  would be  to  implement  both 
and let the user select which one he prefers.

Two very important  improvements  for  the  text  input 
are also proposed, although not implemented. The first 
one would be the possibility for the user to define the 
preset  sentences  which  can  be  selected  in  the  preset 
menu.  This  could  be  achieved  by  having  a  menu in 
which the user would have the option to remove old 
ones, add new ones and reorganize them in the desired 
order.  As of  now,  they have to be edited through an 
external  editor.  The  second  one  would  be  the 
implementation of a predictive dictionary like the ones 
that  currently  exist  in  cell  phones  and  major  word 
processors or even in search engines and web browsers. 
These  predictive  text  tools  greatly  improve  writing 
speed for disabled people.

4.4 Casing and Hardware
During the course of this work non-branded disposable 
Ag/AgCl  (silver/silver  chloride)  ECG  electrodes  were 
used. These are usually sold in packages of 10 or 50 for 
an extremely low price coming in for under 0,40€ per 
electrode  for  a  small  batch  sale.  However,  they  are 
designed for short term applications and not for long-
term usage or  testing.  The immense amount of  error 
this  shortcoming  induced  in  the  readings  was  only 
properly  evaluated  towards  the  conclusion  of  the 
building of the device. Had this flaw been previously 
diagnosed and a much greater amount of work would 
have been placed into searching and testing of adequate 
electrodes.  By  the  end  of  the  work  it  has  been 
established  that  proper  investment  in  permanent 
electrodes should be done despite the probable step-up 
in price.

The initial skin surface potential variation being read is 
of an extremely low order of magnitude. The captured 
signal  is,  therefore,  very  sensitive  to  all  types  of 
induced noise. Ideally, in order to prevent all types of 
noise, a screened shielded twisted pair (S/STP or S/FTP) 
stranded cable with two pairs should be used. A typical 
Ethernet  simple  unshielded  twisted  pair  (UTP)  solid 
core cable with 4 pairs was used during the research 
and  development  stage  due  to  availability  in  the 
laboratory. This cable provided satisfactory results yet, 
signal  stability  and  SNR  would  probably  improve 
significantly with the type of cable mentioned before.

V – Results and Validation
Despite  the  many  proposed  improvements  which  were 
mentioned during the previous chapter, and will also be 
further  explored during the next  chapter,  the  developed 
device managed to fulfil the goals which were set in the 
beginning of the present work  - to create a reliable and 
affordable  easy-to-use  eye  based  human-computer 
interface.

5.1 Reliability
The system proved to be capable of delivering a stable 
and reliable experience, despite the fact that it was only 
directly tested on one subject.

The first test consisted of executing 20 repetitions of one 
of the predefined movements – UP, UP-RIGHT, RIGHT, 
DOWN-RIGHT, DOWN, DOWN-LEFT, LEFT, UP-LEFT 
and BLINK.

Table 2: System accuracy test

The  accuracy  achieved  with  the  proposed  device  is 
obviously quite good when the low cost of the system 
along  with  the  lack  of  optimization  is  taken  into 
account. It is believed that the improvements proposed 
in the next chapter would even increase this percentage 
considerably. The system proposed by Usakli et al.[12] is 
built  upon a much more complex set-up of a 6 stage 
electronic  filtering  and  amplification  and  running  a 
much more demanding pattern detection algorithm on 
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Success Rate

UP 100,00%
UP-RIGHT 75,00%
RIGHT 100,00%
DOWN-RIGHT 90,00%
DOWN 90,00%
DOWN-LEFT 100,00%
LEFT 80,00%
UP-LEFT 85,00%
BLINK 100,00%
TOTAL 91,11%



the computer delivers an accuracy of 95%. Obtaining an 
accuracy of 91% on an unoptimized system for such a 
low cost is a very positive result.

The second test was ran in order to prove the solidity 
that the necessary “saccade + blink” sequence provides. 
As previously stated, the GUI requires that one of the 
directional  buttons  is  selected  through  a  directional 
saccade before it can be clicked with a blink. Through 
this  method,  executing  a  sequence  of  50  random 
selections  and  clicking  during  which  the  user  could 
correct  the  produced  input  through  a  new  saccade 
before  clicking  it,  only  one  mistaken  selection  was 
produced.

The last test which was ran involved a simple sequence 
of movements going through all the defined patterns. It 
was done three times with 100% accuracy.

It  is  also important  to  mention that  this  values were 
obtained  using  the  prototype  with  non-optimized 
electronics which has a lower than desired horizontal 
gain  value  and incomplete  noise  shielding.  After  the 
proposed  modifications  it  is  only  expected  that  the 
device would be able to achieve even higher accuracy 
rates  through  more  pronounced  and  cleaner  input 
signals – thus sporting higher SNR.

5.2 Affordability
The  complete  device  was  built  for  an  extremely  low 
cost. The total real cost for the working prototype was 
42€. The PCB and soldering was done in the laboratory 
at no cost and the cable used was a leftover from an 
Ethernet network cable. 

In  a  definitive  mass  production  stage  these  last  two 
hardware  elements  would  obviously  present  a 
production  cost,  nevertheless  the  cost  for  the 
components would lower greatly as well as the arduino 
board cost which could be discarded in order to replace 
the arduino board with a completely stand-alone PCB.

After  adding  these  parts  into  the  equation  and 
calculating the component and assembly cost the price 
of the device (without the electrodes and a case) was 
estimated  to  be  between  13,190€  for  a  10.000  unit 
production and 21,137€ for a 100 unit production.

In the end the approximate production price obtained, 
which should remain below the  50€  mark  even with 
casing and a decent amount of electrodes, is extremely 
low  when  compared  to  every  other  similar  assistive 
technology  brought  into  analysis,  rendering  it  much 
more accessible than the typical options.

5.3 Ease-of-use
Regarding  the  hardware's  simplicity,  this  is  always  a 
somewhat subjective question to be analysed without a 
large number of users testing the device and reviewing 
it. Nevertheless the set-up process, for instance, is quite 
basic – simply connect the device with an USB cable to 
the computer,  plug the electrode cables to the device 
and place the electrodes in the designated positions in 
the  forehead  (after  proper  cleansing,  preferably  with 
water,  soap  and  alcohol  as  is  usual  in  biomedical 
scenarios).  It  is  yet  to  be  established  if  it  would  be 
possible to do a universal user calibration which is the 
best  scenario  or  if  an individual  user  calibration will 
always be necessary. Even if calibration proves to be a 
necessity  this  process  could  easily  be  completed  in 
approximately 5 minutes.

The  graphical  user  interface,  while  not  having  been 
directly tested with the EOG module, has been shown 
to a wide number of users who controlled it through 
the keyboard keys. Reactions have been very positive 
and the general comment has been that while it does 
take  some  time  to  adapt  to  the  eight-directional 
paradigm, it gets very comfortable and easy to interact 
with.

One  test  which  is  usually  performed  with  similar 
technologies is the time which the user takes to write a 
specific character string.

Table 3: Time elapsed during the writing of a 5 

character string

The typical BCI through EEG[12] allows the user to write 
a five letter word in 105 seconds while the typical EOG 
allows for 25 seconds. This is very similar to the results 
which were obtained by the proposed device, although 
they were stated to be produced using electronics and 
processing power of much higher cost and complexity. 
Both  the  typical  EOG  and  the  one  presented  here 
presented a 100% rate of successful character selection. 
Therefore  this  system,  although  unoptimized  obtains 
better results in reliability, affordability and ease-of-use 
when compared to equivalent EEG technologies and a 
better  result  in  affordability  when  compared  to 
equivalent EOG techniques.
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Time 1 (s) Time 2 (s) Time 3 (s) Time 4 (s) Time 5 (s) Average (s)
crazy 21,13 21,57 30,87 23,22 28,28 25,01
water 18,48 21,36 22,1 21,57 20,46 20,79
hello 24,72 25,6 23,16 21,33 24,24 23,81
matter 32,94 21,5 25,29 32,36 27,21 27,86
choco 20,59 25,59 29,61 25,65 26,37 25,56
TOTAL 24,61 ± 3,89



VI – Conclusions and Prospects
Every device can be permanently tweaked, nevertheless 
a few priority key areas should be addressed first  in 
order to improve the quality and range of use of the 
proposed  device.  The  following  steps  are  the  ones 
proposed:

Electronics
• Increasing  horizontal  gain to  at  least  the 

double of the current value,
• Test  better  filter  tuning  values in  order  to 

determine if a better response time is possible,
• Design  a  new  PCB fully  integrating  the 

ATMega328  processor,  discarding  the  need  for  an 
Arduino board.

Microcontroller
• Gather  a  large  database  of  user  patterns in 

order to improve accuracy ratings in pattern detection 
as well as to allow the device to be used by a large 
range of users,

• or  create  a  training  module,  in  the  possible 
scenario that a global pattern definition is not feasible 
a  simple  individual  user  training  program  and  its 
graphical interface should be created.

Software
• Create  mouse input,  dedicated  web browser 

and media centre,
• Improve text input,
• Create  a  specific  option  for  severe  LIS 

patients who  are  only  able  to  perform  vertical  eye 
movements.

Hardware
• Do an extensive electrode testing to determine 

the best models,
• Testing  a  shielded  cable to  determine  noise 

reduction,
• Design and build of a casing and dedicated 

cables.

Final Considerations
Any new device which is researched can usually follow 
three  paths:  to  be  developed  commercially,  to  be 
released  into  the  open  source  community  and  to  be 
forgotten into oblivion. 

Both from an open source and a commercial point of 
view the device has the competence to be successful. As 
an  open  source  project  it  is  cheap  to  buy,  relatively 
simple  to  assemble,  powerful  and  would  probably 
arouse some interest and curiosity, one of the biggest 
propellent  of  the  open  source  community.  As  a 

commercial device it is enough to say that it provides 
the same capabilities that some other devices provide, 
although at  an  extremely  low production cost  which 
gives it a safe margin of profit.

Given  the  positive  results  obtained  throughout  the 
course  of  this  thesis  it  is  believed  that  the  proposed 
work  has  the  possibility  of  having  some  impact  not 
only  from  a  technological  standpoint,  but  also  in 
effectively improving the living conditions of disabled 
patients.
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