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Abstract

Electrooculography (EOG) is a technique that involves the measurement of the corneo-retinal standing potential of the eye.
The human eye acts as a dipole between the cormea (positive potential) and the retina (negative potential), creating an
electric field around the eyeball. The resulting electric signal obtained from this field is called electrooculogram. These
signals, generated by eye movements, could be measured by employing different electrode placement configurations for the
acquisition. The properties of these signals change depending on the number and placement of the electrodes. The study
conducted here describesthe EOG signal acquisition using new electrode placement configurations that employ fewer facial
electrodes placed on the patient. Three pre-gelled disposable electrodes were utilized for this purpose. Only one electrode
was placed in a facial location, enhancing patient comfort during the acquisition procedure. To support this study, a low-
cost signal acquisition hardware was developed. Using active filtering and amplification, appropriate signal processing
techniques were executed upon the horizontal EOG signal acquired to reduce noise and interference due to external
conditions. Hence, this paper presents the findings of new electrode placement sites for the acquisition of EOG signals
which could be used for assistive device applications while restricting the number of facial electrodes to one. Most of the
studies regarding the EOG signal acquisition had been using all electrodes in the face region. In contrast, we reduced the
number of electrodes in the facial region, thereby providing patient comfort. The comparison was made mainly on the
acquired data from these new locations to discover the configuration with the optimal signal response using data obtained
from seven healthy subjects. The amplitude values were being compared from the new locations with the standard
acquisition sites. The findings of this study were found to have a productive result. The total gain of the system required for
new electrode placement configurations was two times more than the total gain required for standard acquisition sites, and
also, the amplitude was less but can be helpful for assistive device applications. The average peak to peak amplitude value
of the EOG signal for the new site was approximate 1.25 volts.
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1.Introduction

Biomedical signals like electroencephalogram,
electromyogram and electrooculogram are used in
assistive device applications for patients suffering
from speech disorders, spinal cord injury and hand
amputations. All these signals are low frequency and
low amplitude signals [1]. When we try to pick these
signals from our body, many artifacts or noises are
present in the signal, which makes the signal-to-noise
ratio poor. Among these signals, the electrooculogram
is the most straightforward bioelectrical signal with a
high signal-to-noise ratio and can be used to control
several applications [2, 3].
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To pick the biomedical signal from our body, the
placement of electrodes in the body is a vital factor [1].

The estimation of eyeball orientation can be done
based on the varying voltage amplitude, measured
across the electrode through the Electrooculography
(EOG) technique. Electric fields are generated around
the eyeball due to the eyeball's dipole nature between
the cornea (positive potential) and the retina (negative
potential) [1]. Generated EOG signals are picked up
by the electrodes placed on the facial locations around
or near the eye. Depending on the position of the
electrode with respect to the eyeball movement, the
voltage generated is positive or negative and zero
when looking straight at an angle of 90°. Typically in
humans, the EOG signal ranges from 0.05 to 3.5 milli-
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volt (mV) with a frequency range of 0.1 to 20 hertz
(Hz) [1].

Several electrode configurations are employed for the
acquisition of the EOG signal. Depending on the
number of electrodes and their placement, the
properties ofthe signalchange accordingly. In arecent
study, peculiarities  of  different  electrode
configurations have been analysed using a low-cost
hardware device specifically for medical applications
[4]. The EOG measurement recordings are further
used for diagnostic purposes and investigation of the
proper functioning of the ocular motor system. With
the advancement in research and design methodology,
its potential application is in the field of human
assistive technology in the case of paralysis.
Considering a quadriplegic patient where the patient is
paralyzed from the upper and lower limb, the EOG
signal can be used as a mode of communication to
interact with their caregivers and a monitoring system
for the patients [5]. Cost-effective hardware has been
developed for patients with paralysis, which facilitates
themto control the home appliances and activate them
for daily activities [6]. The placement of electrodes for
horizontal and vertical EOG signal acquisition usually
involves seven electrodes in the face region [7]. If we
are picking the horizontal EOG signal alone (left and
right movement), we require a minimum of three
electrodes in the face region to pick the signal [5].
Usually, everyone uses all the electrodes in the face
region. In contrast, in this study, only one electrode is
used in the face region to provide patient comfort for
picking the EOG signal for the human assistive
technology.

2.Literature review

Human-machine interfacing based on EOG has been
utilized for designing a smart wheelchair electric
system for disabled people that enables themto control
and guide their movement [8-10]. Many advanced
signal processing techniques have been incorporated
for the past few decades to obtain an accurate and
precise signal. Many factors contribute to the variation
in the electrooculogram reading, such as electrode
placement, head movement, blinking, lightening
conditions, etc. [4, 8]. EOG based systems have been
designed for controlling the virtual keyboard and
mouse cursor [11-13]. Recently, some researchers
have used a stable EOG interfacing unit forcontrolling
electric wheelchairs for disabled people [14-18].
Signal de-noising methods such as wavelet transform
technique, amplification procedure and artifacts
reduction techniques have been employed to get an
excellent noise-free EOG signal [5, 19]. Vertical EOG
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and horizontal EOGsignals have been picked from the
subject for various purposes [20-23]. By picking the
vertical EOGsignal, a low-cost driver alertness system
has been designed for preventing road accidents by
quickly alerting the driver if he feels drowsiness to
ensure their safety [24]. By acquiring the vertical and
horizontal EOG, patients with severe motor
disabilitiess have  communicated  with, their
surrounding people using EOG based speller [25].
Eight directional eye movement classification
algorithm has been an effective way to analyse the
aftermath effect of noise in EOG signals [26-28].
Several human-machine interface technologies
utilizes horizontal EOG signal, which has been used as
a control strategy for a mobility aid [29]. Feature
extraction techniques have been performed for
analysis of the signal with minimum redundancy and
maximum relevant features to improve the
communication based on the EOG signal for disabled
people [30-33]. Generally, for EOG signal acquisition
techniques, a three-electrode system has been
employed for communication and control purposes of
assistive devices [34]. However, with the increase in
the number of electrodes, the discomfort caused to the
patient also increases. Over the recent years, EOG
based devices such as human-computer interface,
robotic assistive technology, rehabilitation aid, etc.,
have been gaining popularity due to their potential
application [35-39]. With the growing demand,
developing a low-cost EOG signal acquisition device
would serve the need and prioritize patient comfort
while ensuring efficiency in the data acquisition.

This paper gives a detailed insight into the new
electrode placement sites for EOG signal acquisition
that would enhance patient comfort by reducing the
number of facial electrodes to one which could be used
for assistive device applications. Four new locations
for electrode placement are tested for this purpose. In
our study, the horizontal EOGsignal is recorded, as it
provides less interference than the vertical EOG
signal. A low-cost signal acquisition hardware is
developed and proper signal conditioning is
incorporated to reduce noise and interference due to
external conditions. Acquired data are then interfaced
with a computer for logger recording using the
biomedical workbench of Laboratory Virtual
Instrument  Engineering Workbench (LabVIEW)
software. With the horizontal movement of the
eyeball, the EOG signal is generated. The strength of
the acquired signal that is obtained from these new
sites is analysed to find the best locations with the
optimum response. In short, the main objectives ofthis
study are as follows-
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e To find new electrode placement sites for EOG
signal acquisition

e To minimize the number of electrodes used in the
facial location of the patient while restricting it to
one electrode on the face

e To perform a comparative study among the
acquired signal data from the new electrode
placement locations in terms of the output yield at
each site of the new location

3.Methods

The EOG system was formed by developing a circuit
implementing active filters and amplifier circuits, thus
allowing the acquisition of an effective EOG signal
that could be viewed using a Digital Storage
Oscilloscope (DSO), or the National Instruments —

Voltage Follower

Educational Laboratory Virtual Instrumentation Suite
(NI-ELVIS) kit and LabVIEW software.

3.1Block diagram

Figure 1 shows the block diagram of the EOG system.
The EOG signal was given to a voltage follower for
impedance matching. Since the EOG signal amplitude
was very low, it was given to an instrumentation
amplifier for amplifying its voltage after the voltage
follower circuit [5, 25]. Also, the instrumentation
amplifier circuit was having a high Common-Mode
Rejection Ratio (CMRR). After the instrumentation
amplifier, the signal was given to the high-pass filter
and low-pass filter circuits for getting the horizontal
EOG signal alone while rejecting the other frequency
signals. After this, the signal was passed to a variable
non-inverting amplifier to get the appropriate signal
voltage to be visualized in the oscilloscope.

Horizontal EOG

Instrumentation
Amplifier

Signal
Voltage Follower

N/

High-Pass Filter

N

Low-Pass Filter

OscilloscopeF Non-Inverting
Amplifier

Figure 1 Block diagram of the EOG system

Figure 2 shows the detailed circuit diagram. The gains
and cut-off values were discussed further along with
each sub-circuit. An Operational Amplifier (op-amp)
based amplifier circuit with a voltage gain value of 1
represents a voltage follower circuit. Inputs from
electrode-1 (-) and electrode-2 (+) are fed to their
respective follower circuits depicted by the boxes ‘A’
and ‘B’ in Figure 2, following which they supply to
the instrumentation amplifier depicted by ‘C’ at the
subsequent stage. Voltage follower circuits were used
to prevent impedance mismatch at the inputs.

The  pre-amplifier  implemented using an
instrumentation amplifier performs the operation of
strengthening an acquired signal by amplifying it with
a user-set gain and eliminating the common noises
fromthe differential input is shown in Figure 2 as ‘C’.
Here, an ADG620 instrumentation amplifier was used
991

with a gain (G) value of 250. Thus, a value of Ry was
obtained as 198.39 Q approximated to 200 Q by using
Equation 1.

R1 =(49400) /(G -1) @

Movement of the subject produced motion artifacts
that cause baseline wandering. A second-order
Butterworth high-pass filter was implemented to
eliminate this effect and block low-frequency noise. In
the circuit diagram, Figure 2, it is shown as ‘D’. A
high-pass filter is an active filter that responds only to
signals above a set cut-off frequency. The filter
designed in this circuit had a cut-off frequency (fc) of
2 Hz. A Butterworth filter has been chosen for its ideal
response characteristics in biomedical applications
[5]. For the required frequency, capacitance C1 and C»
were assumed as 10 pF (microfarad) and
corresponding resistors Rz and Rz were obtained as
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7.95 kQ (kiloohm) rounded off as 8 kQ by using
Equation 2. The gain of the high-pass filter was
calculated as 1.586 by using the standard Equation 3
for the Butterworth filter. In Equation 2, R=R2 = Rs3
and C = C; = C,, which are shown in Figure 2 marked
as ‘D’.

fc = 1/(2nRC) 2

DF = 2- Rs/R4 ©))

In Equation 3, DF stands for the damping factor. The
damping factor value of a Butterworth filter was
considered as 1.414. Aftersubstituting the value ofthe
damping factor in Equation 3. It could be modified as
Equation 4.

Rs/R4 = 0.586 4

By using the gain formula for a non-inverting
amplifier and the value obtained in Equation 4, the
gain of the high-pass filter was obtained as 1.586.

A low-pass filter is a type of filter that allows only
frequencies lower than the set cut-off frequency in its
passband. In this system, two second-order low-pass
Butterworth filters were cascaded to form a fourth-
order low-pass filter. This part is shown in Figure 2 as
‘E’. The frequency of horizontal channel EOG signals
ranges from 2 to 16 Hz. Therefore, we had set the cut-
off frequency (fc) to 10 Hz. The output of the first low
pass-filter was fed to the input of the second filter. For
10 Hz cut-off, Cs and Cs were assumed as 0.1 pF.
Resistors Rs and R were calculated as 159.154 kQ by
using Equation 2. The resistor values were rounded off
as 160 kQ. Here R=Rs =R7 =R11 = Ripand C=Cz =
C4 = Cs = Cs which are shown in Figure 2 marked as
‘E’. The gain of each 2" order low-pass filter was
considered as 1.586 since it was a Butterworth filter.
The gain of the cascaded 4t order filter was given by
1.586%1.586, which was 2.515.

At this point, the overall gain of the system was
997.197. This was achieved by multiplying the gain
values of the filters and multiplying the resultant with
the instrumentation amplifier gain. The non-inverting
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amplifier represents the designed system’s final stage,
which is represented by part 'F'in Figure 2. The task
of amplifying the received filtered signal to a
sufficient level was done by the non-inverting
amplifier using a variable gain set-up. The output of
the 4t order low pass filter was fed as the input to this
amplifier. The gain of the non-inverting amplifier (G,)
was taken as 11 and 23, respectively. Fixing the input
resistance Ri7 as 1 kQ, we obtained the values of
feedback resistance Ris as 10 k< for a gain value of
11 and 22 kQ for a gain value of 23 by using Equation
5.

Gh =1+ (Ris/R17) )

Power supply for the circuit was given by using two 9-
volt (V) batteries orthrough the variable powersupply
option of the NI-ELVIS kit to achieve a dual supply
voltage of £9 V. Figure 3 shows the experimental
setup used for acquiring signals from the patients.

In Figure 3, each major component is marked as ‘A’,
‘B, ‘C, ‘D, ‘B, ‘F’, and ‘G. They collectively
represent the front panel of the entire systememployed
to acquire the signal. Component ‘A’ is the computer
system paired with NI-ELVIS marked by the letter ‘E’.
The computer system constitutes the main signal
recording system. NI-ELVIS is used to supply voltage
(9 V) to the EOG acquisition circuit marked by the
letter ‘D’. The DSO is represented by the letter ‘C’ and
offers the mode of visualizing waveforms. Component
‘F’ (not included in the actual systemas it is used only
for testing) is an arrhythmia simulator used only to test
the circuit before its actual usage. The component
represented by the letter ‘G’ is the probe cable wire
that attaches to the electrodes on the patient to supply
the potentials to the voltage followers in the circuit
given by the letter ‘D’. Also, the letter ‘B’ placed in
the monitor of the computer is the Biosignal logger
and the player used for real-time logging signals for a
given amount of time and is a part of the biomedical
workbench of the LabVIEW software.
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Figure 2 Detailed circuit diagram

Figure 3 BExperimental setup for signal acquisition

3.2Electrode placement

The EOG system used three electrodes to acquire the
signal of interest. Pre-gelled disposable surface
electrodes were used to pick up the signals from the
appropriate positions. According to the electrode
systemtaken as shown in Figure 4, electrode 2 plays
the role of positive (+) electrode, whereas electrode 1
plays the role of negative (-) and the reference
electrode contributes the ground potential.
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3.2.1Basic electrode positions

These positions involve the primary positioning of
positive (+) and negative (-) electrodes at the rightand
left temples, respectively, while varying the reference
electrode position alone. Different locations of the
reference electrode placement give rise to 9 different
positions, sequentially named from P1, P2, P3, P4, P5,
P6, P7, P8 and P9. Figure 4 shows positions P1, P2,
P3, P4, P5 and P6 where the reference electrode is
placed on the forehead between the eyebrows, on the
left earlobe, on the right earlobe, behind the left
earlobe, behind the right earlobe, and the left side of
the thyroid respectively. Figure 5 shows the positions
P7, P8 and P9 where the reference electrode is placed
on theright side of the thyroid, on the leftand the right

wrists, respectively.
3.2.2 New electrode positions

Through careful experimentation, the following
positions were obtained where the locations of the
positive (+) and negative (-) electrodes are no longer
fixed. The reference electrode was also moved to
different locations, giving four possible combinations
of electrode placement named N1, N2, N3 and N4,
respectively. These configurations were independent
of the basic positions used to obtain general EOG
signals. By placing the positive (+) electrode at the
right temple and the negative (-) electrode at the base
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of the jaw below the left ear while simultaneously
placing the reference at the right earlobe, the new
position N1 is obtained, which is shown in Figure 6.
Then, keeping the positive (+) electrode at the right
temple and changing the position of the negative (-)
electrode to behind the left earlobe and the reference
to behind the right earlobe, position N2 is achieved,
which is shown in Figure 6. Switching the side of the
positive (+) electrode to the left, two positions are
accomplished. N3 is obtained by placing the positive
(+) electrode at the left temple, the negative (-)
electrode behind the left ear and the reference
electrode behind the right ear as shown in Figure 6.
Keeping the positive (+) electrode at the left temple
and interchanging the positions of the negative (-)
electrode and reference electrode such that the
negative (-) electrode is behind the right ear and the
reference electrode is behind the left ear, position N4
is obtained as shown in Figure 6. Figure 7 shows an
example of the electrode placement on a live subject.
It can be noted from Figure 6, that in any of the four
configurations, only one electrode is placed directly on
the face. This is done to enhance patient comfort.

3.3NI-ELVIS

The NI-ELVIS is an engineering laboratory solution
designed for academic purposes. It is a modular
workstation that includes several virtual Ilab

Reference

Eloctrode-1(-ve)

Eloctrode-2
(+ve)

‘ Electrode-1(-ve)  (+ve) >
Electrode-2 Reference Electrode-
Behind the earlobe Rafacence

Behind the
earlobe

P4 P5

Figure 4 Description of positions P1, P2, P3, P4, P5 and P6
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Electrode-1(-ve)

Electrode-1 (-ve) Electrode-2

instruments such as an oscilloscope, a multimeter, a
function generator, a variable power supply and more.
The circuit implemented for this work was powered by
the ELVIS kit by pairing it with a computer via the
universal serial bus. Pins 48, 49, and 50 of the variable
power supply boards were used to supply voltage to
the circuit. To log the signals acquired, the analog
input channels of the kit were paired with the circuit.
The kit is displayed as component Ein Figure 3.

3.4Biomedical workbench

The biomedical workbench is an extended toolkit for
LabVIEW software specially designed for biomedical
applications such as image analysis and signal
acquisition. The application is directly correlated with
any national instruments data acquisition hardware
device, for e.g., National Instruments — Data
Acquisition (NI-DAQ) and NI-ELVIS. It makes it
possible to visualize real-time Biosignals acquired
through the sensors coupled in the circuit. The
Biosignal logger and player were used for logging
EOG signals for one minute per subject. The circuit
was implemented and the resultant waveforms were
saved using a DSO and data recordings were
performed using the Biosignal logger and player in the
biomedical workbench.

Electrode-1(-ve)

Electrode-1 (-ve]

(+ve)

= Reference
o

P6
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(+ve)

Reference

Electrode-2(+ve)

Electrode-1(-ve)

el

Figure 7 Electrode placement on a live subject

4.Results

This section specifies the various signal outputs
obtained from the designed EOG acquisition circuit
for different positions as shown in Figure 8. The
system was successfully tested on seven healthy
subjects from whom the signal was acquired while in
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Reference

Electrode-1(-ve)

Electrode-2(+ve)

Reference

a sitting position with arms resting on the lap. Data
from each of the subjects were included in the study
and is illustrated as a series of signal peaks for both
left and right movements at each different electrode
placement configuration in Figure 8. Figure 8 shows
the left and right eye movement for the various
configurations P1, P2, P3, P4, P5, P6, P7, P8, P9, N1,
N2, N3 and N4, which are acquired from healthy
subjects.

The basic electrode positions for Figure 4 and Figure
5 are derived by keeping constant the positive (+) and
negative (-) electrodes while changing the placement
of only the reference electrode. The new electrode
placement configurations involved the placement of
only one electrode on the face at a time. These
positions are named N1, N2, N3 and N4, as shown in
Figure 6.
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The column charts illustrate a visual representation of
the numerical data acquired from each of the seven
subjects. This data was obtained by calculating the
peak-to-peak amplitudes of the waveforms manually
using the screen grid and comparing it to the scale
setting. The number ofboxes on the vertical axis of the
DSO that was covered by the signal from the bottom
to the top peak point was multiplied by the value of
each single boxgave the resultant values in volts. Four
values are depicted here — left movement, the return
movement to the center, right movement and the
corresponding return movement to the central
position. Each of these values is represented by a
different color. Figures 9, 10, 11, 12, 13, 14, 15, 16,

P4 Left MNMovement

Figure 8 EOG signals for various positions
996

17,18, 19, 20 and 21 show the peak-to-peak voltage
data obtained for all seven subjects for all electrode
positions. Each of these values is in volts and
represents the peak-to-peak amplitude of the EOG
signal. These values clearly describe that the EOGhad
been successfully acquired from the subject through
pre-gelled disposable electrodes. The system had
successfully picked up and performed signal
conditioning on the signals. Data acquired from
positions P1to P9 were taken as a final stage amplifier
gain value of 11, whereas data acquired frompositions
N1 to N4 were taken with a gain value of 23 at the final
stage amplifier.
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P1 Position
4
=
o 2
[=Ti]
Z2
5 “II | [Tl L[N
3 1 i i i
go
<! Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject7
= Subjects
&

B Vpp Eye movement-LEFT [in volts] left movement

® Vpp Eye movement-LEFT [in volts] Retumn [left to centre]

u Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]
Figure 9 Data for P1 position

P2 Position

o B N W b

Subject 1  Subject2 Subject3 Subject4 Subject5 Subjectt Subject7
Subjects

Peak to Peak Voltage (V)

B Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Return [left to centre]

m Vpp Eye movement-RIGHT [in volts] right movement

= Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 10 Data for P2 position

P3 Position

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject?7
Subjects

o B N W A

Peak to Peak Voltage (V)

W Vpp Eye movement-LEFT [in volts] left movement

m Vpp Eye movement-LEFT [in volts] Retumn [left to centre]

H Vpp Eye movement-RIGHT [in volts] right movement

= Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 11 Data for P3 position
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P4 Position

a

3

2

; L1 L T | OO [
) i

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject7
Subjects

Peak to Peak Voltage (V)

W Vpp Eye movement-LEFT [in volts] left move ment
m Vpp Eye movement-LEFT [in volts] Retum [left to centre]
® Vpp Eye movement-RIGHT [in volts] right movement

= Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 12 Data for P4 position

P5 Position

(=R S N Y

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject?
Subjects

Peak to Peak Voltage (V)

B Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Return [left to centre]
® Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 13 Data for P5 position

P6 Position
3
=
g2
£
:, il ol ol ol
e
So
] Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject?
= Subjects
]
a

m Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Retumn [left to centre]

m Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 14 Data for P6 position
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P7 Position

: IIII o aled ol sl

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject?7
Subjects

N

Peak to Peak Voltage (V)
=

m Vpp Eye movement-LEFT [in volts] left movement

m Vpp Eye movement-LEFT [in volts] Retumn [left to centre]

= Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]
Figure 15 Data for P7 position

P8 Position
25
2 2
)
EI.S
§ 1
5 I ol o e ol 1
g o
Je) Subject1 Subject2 Subject3 Subject4 Subject5S Subject6 Subject?7
E Subjects
a

® Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Retum [left to centre]
® Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 16 Data for P8 position

P9 Position
2.5

LS}

1.5

0

Subject1 Subject2 Subject3 Subject4 Subject5 Subject6 Subject?7
Subjects

[

Peak to Peak Voltage (V)

B Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Return [left to centre]
® Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 17 Data for P9 position
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N1 Position
25

1

5
||| Il |||| mi i |||| ”l
0

Subject1l Subject2 Subject3 Subject4 Subject5 Subject® Subject?
Subjects

[

Peak to Peak Voltage (V)

m Vpp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Return [left to centre]
B Vpp Eye movement-RIGHT [in volts] right movement

m Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 18 Data for N1 position

N2 Position
. 2
=
=~ 15
=)
£ 1
o
e
3 o
=] Subject 1 Subject2 Subject3 Subject4 Subject5 Subject® Subject7
= Subjects
@
oo

W \/pp Eye movement-LEFT [in volts] left movement
m Vpp Eye movement-LEFT [in volts] Retumn [left to centre]
m Vpp Eye movement-RIGHT [in volts] right movement

= Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 19 Data for N2 position

N3 Position

1.5
1

0

Subject1 Subject2 Subject3 Subject4 Subject5S Subject6 Subject?7
Subjects

Peak to Peak Voltage (V)

® Vpp Eye movement-LEFT [in volts] left movement
= Vpp Eye movement-LEFT [in volts] Return [left to centre]

= Vpp Eye movement-RIGHT [in volts] right movement

» Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 20 Data for N3 position
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N4 Position

2
1.5 '
1 |
2 I I |
. | |

Subjects

Peak to Peak Voltage (V)

W Vpp Eye movement-LEFT [in volts] left movement

Subject1 Subject2 Subject3 Subject4 Subject5

Subject6 Subject 7

m Vpp Eye movement-LEFT [in volts] Return [left to centre]

Vpp Eye movement-RIGHT [in volts] right movement

Vpp Eye movement-RIGHT [in volts] Return [right to centre]

Figure 21 Data for N4 position

5.Discussion

The EOG waveforms are picked up effectively. The
functioning of the circuit has been verified by its
ability to produce clear signals with minimal
distortions. The amplitude values in Figures 9, 10,11,
12,13,14,15,16,17,18,19, 20 and 21 are consistent
with that of the EOG signals, thus proving that all
applied electrode positions are active sites of signal
acquisition that can be used as inputs in biomedical
applications. Furthermore, it can be confirmed that the
signals are indeed EOGsignals due to the similarity in
waveform shape to that of a general EOG signal [6,
14].

The above study is initially performed with nine
electrode placements that could give a guaranteed
result. This is due to the fact that the basic electrode
positions are already confirmed sources of EOG
signal. Four new positions, named N1, N2, N3 and N4
are deduced through careful experimentation, keeping
in mind that the configurations needed a minimum of
facial electrodes to one. If we take acloser look at each
of these positions, we can notice that only one
electrode is placed on the face at each instance. This
electrode is always the positive (+) electrode. On the
N1 and N2 positions, the positive (+) electrode is
placed on the right temple. The negative (-) and
reference electrodes are placed away from the face.
Similarly, in positions N3 and N4, the positive (+)
electrode is placed on the opposite side of the face at
the left temple. This switching of sides is what causes
an inversion of the peaks, as shown in Figure 8. In the
circuit diagram (Figure 2), the positive (+) electrode
voltage follower contributes to the positive input of the
instrumentation amplifier (pin 3), whereas the
negative voltage follower is given to the negative input
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at pin 2 of the instrumentation amplifier. The positive
electrode is primarily set as the electrode in the right
side of the face. Thus, movement of the eyeball to the
right allows the flow of the positive cycle first and
subsequently the negative cycle. This response is
homologous to the left movement as the negative
electrode gives the negative cycle first in its response
due to its placement on the left side of the face. Thus,
the effect of electrode placement on signal
morphology has been justified.

Observing the amplitude values achieved, as shown in
Figures 18, 19, 20 and 21, we could state that the
positions N1, N2 and N4 yield the best outputs based
on the strength ofthe signal achieved. The explanation
for this result lies in the placement of the reference
electrode. Observing the positioning of individual
electrodes of N1, N2 and N4, we can see that in N1,
the electrode-2 is placed at the right temple, the
electrode-1 is placed at the jawline below the left ear
and the ground potential is given on the right earlobe.
Similarly, N2 has the same placement for electrode-2,
whereas electrode-1 is given behind the left earlobe,
while the ground potential is given behind the right
earlobe. N4 has a switched position of the electrode-2
at the left temple while placing electrode-1 behind the
right earlobe and ground potential behind the left
earlobe. Through this evidence, we come to the
conclusion that in each of these configurations, the
reference electrode is situated on the same side of the
face as the positive (+) electrode.

Comparing the values achieved by the new positions
with those of the original positions, it is observed that
the amplitude value is reduced in the new positions.
While the difference of the amplitudes itself was not
very large, it proved that the positions P1, P2, P3, P4,
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P5, P6, P7, P8 and P9 produced the stronger signaland
some of these positioning usages were also seen in
research papers for various applications [4—6]. This
behavior was concurrent with the fact that the
placement of positive (+)and negative (-) electrodes at
their respective temples produces astronger signal [4].
Considering the objective of keeping only one
electrode on the face, positions N1, N2 and N4 had
produced a more than desirable result. However,
considering the noisiness of the signals, position N2
did not offer a very reliable signal. In this scenario,
only positions N1 and N4 produced a signal viable
enough to be used for assistive device applications.
The strength of the signals is high even with only one
facial electrode. This was a visible achievement of the
positioning used in the configurations. We could also
infer that a significant deciding factor of the strength
of the signal was the placement of the reference
electrode. In three of the four new positions, the
ground potential was placed on the same side as the
positive (+) electrode; the signal acquired was strong
in these three positions. In two of these positions, the
noise value was the least. These positions were N1and
N4 and were the most likely results of the positions
considered in the study. Thus, positions N1 and N4
completely fulfilled the objectives of the proposed
work by producing a strong EOG signal with only one
facial electrode to enhance patient comfort. Also, the
total gain required for the N1 to N4 was more
compared to the total gain required for P1 to P9. The
average peak to peak amplitude value of the EOG
signal for the new site came around about 1.25 volts,
whereas the other acquisition sites were more than the
1.25 volts. Complete list of abbreviations is shown in
Appendix I.

5.1Limitation

Here we are using wet electrodes, which cannot be
used for more extended periods. As a result, it is
necessary to change the wet electrodes after some
time; otherwise, there will not be proper contact
between the skin and the electrodes.

6.Conclusion and future work

This research aimed to derive new locations aside
from the regular electrode positions to acquire the
EOG signal. To discover these, the construction of a
low-cost instrumentation circuit to acquire horizontal
EOG signals was initiated. The reduction of facial
electrodes to one was set as another primary objective
to enhance patient comfort and ease of use. Four new
positions N1, N2, N3 and N4 were derived, with
positions N1, N2 and N4 achieving a stronger output
as adirect result of its reference placement on the same
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side as its positive (+) electrode placement. N1 and N4
produced a low noise signal of these positions and are
taken as viable positions for biomedical applications.
The system’s usage of pre-gelled disposable
electrodes offered a stable and almost distortion-free
signal output, thus verifying the system’s stability. The
system can be made wireless for assistive device
applications, giving more flexibility and ease of use in
the future. Moreover, we can use dry electrodes
instead of wet electrodes to be used for more extended
periods.
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