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Abstract: Electrooculography (EOG) is a technique for detecting electrical signals from the extra-
ocular muscles. The EOG is a precise method for quantifying eye movements, including drowsiness-
induced eye closure, and is also a promising technology for its potential use as a contributing mech-
anism for brain—computer interface applications. Despite the fact that EOG signals change as hu-
mans move their eyes, it is still difficult to monitor eye movement patterns in natural behaviors,
such as everyday activity. Wearable convenience is essential for obtaining EOG signals while mov-
ing freely. This paper proposes the development and use of semi-dry electrodes with low imped-
ance and excellent wearability, as well as a small, portable device with wireless communication
capabilities, to increase the likelihood of use in real-life scenarios. The semi-dry electrode produced
by the electrospinning technique had an impedance that was 3.5 times lower than that of the existing
dry electrode and demonstrated low impedance drift even after long-term use. Furthermore, three
steps of eye motion separation were performed using a signal obtained from the wearable device. It
was confirmed that the classification of eye movements was at a meaningful level.
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1. Introduction
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A Wireless Electrooculogram (EOG)  ing can help to prevent car accidents [1]. Electrooculography (EOG) is one of many meth-
Wearable Using Conductive Fiber ods used to evaluate a person’s level of alertness. Eye movement signals help in deter-
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The goal of this research is to develop a real-time wearable EOG interface using a
novel conductive polymer fiber core electrode fabricated through an electrospinning. One
of the most commonly used biopotential electrodes in EOG testing is a wet electrode with
adhesive gel embedded in it to improve conductivity between the electrode and the skin.
However, because of this gel, applying adhesive-type electrodes to the skin is extremely
inconvenient, especially for wearable applications. Dry electrodes with no gel are also
available; however, they have limitations in terms of EOG sensitivity. As a result, the pur-
pose of this study was to put prototype semi-dry electrodes to the test. In this paper, we
present a semi-dry polymer fiber core electrode with an electrolyte gel impregnated inside
the micro-fiber core. The gel-impregnated fiber core is critical in increasing the amount of
ion exchange for biopotential signal transduction due to the fiber core’s high surface area
with a small amount of gel.

In the eye tracking moment, there are two candidates for a sufficiently small compact
device at a level that is convenient to wear in daily life. The first is the optical method and
the second is the EOG method. Several methods for optically tracking eye movements
have been studied and are now widely used in research and commercial applications.
These techniques are video-oculography (VOG), video-based infrared (IR), pupil-corneal
reflection (PCR), and electrooculography [7]. The term video-oculography refers to the
use of a camera-based eye-tracker [8]. A video tracking system requires an unobstructed
view of the eye. The reflection of eyeglasses, changing lighting conditions, droopy eyelids,
or heavy makeup can all have an impact on tracking quality [8]. An EOG is a technique
that detects eye movements by measuring the voltage between two electrodes. An elec-
trooculogram is a system that uses electrodes to measure the potential resting difference
between the cornea and retina. However, the potential is extremely small [9]. The vertical
and horizontal EOG components are recorded using biopotential electrodes. Vertical eye
movement is recorded using EOG up and EOG down, while horizontal eye movement is
recorded using EOG right and EOG left. Silver—silver chloride electrodes are the most
commonly used electrodes for recording eye movements. A difference in electric potential
can result in a difference in dipole positioning, which can be measured to track eye move-
ments [5]. Appendix A Table A1 of the supplement summarizes a brief comparison of the
two methods, suggesting An EOG with a semi-dry electrode has a significant advantage
over other schemes.

When compared to a video-based eye-tracking system, the EOG system has some
advantages. One of them is that it does not require multifaceted video or image pro-
cessing, and the signal processing is computationally light. Another advantage of the EOG
system is that changing the lighting condition only has a minor effect on EOG signals. It
can also be measured with the eyes closed or in complete darkness. Because of these fac-
tors, the EOG is a well-known measurement method for recording eye movements. Using
eye-tracking solutions is also important in cognitive studies, medicine, and psychology.
This growing interest in the use of eye-tracking devices, in turn, drives additional ad-
vances for new results [10].

In Section 2, the paper describes the electrode design and manufacturing process of
a semi-dry electrode with low impedance, high signal stability, and easy attachment and
detachment. Section 3 provides an overview of the EOG wearable system, which is a suf-
ficiently small compact device that is comfortable to wear in daily life. Section 4 describes
the experimental results and analysis method for monitoring EOG signals. Finally, in the
Conclusion Section, we summarize the findings of the study.
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2. Electrospun Conductive Biopotential Electrode with Porous Fiber
2.1. Overview of Conductive Biopotential Electrodes

Most currently available electrodes use metallic material in conjunction with an elec-
trolyte gel to drive ion exchange via redox reactions. The majority of biopotential elec-
trodes on the market today are either wet or dry. They either use an adhesive or electrolyte
gel, or they rely solely on the geometry of the electrode to make contact with the skin,
with no gel or adhesive. Wet electrodes are heavily reliant on skin abrasion and prepara-
tion. Due to their geometry, which incorporates spikes, needles, or bristles to push past
the SC layer into the more conductive skin regions, dry electrodes are frequently uncom-
fortable [11]. The gel used with the wet electrodes aids in lowering the resistance of the
skin interface. The main difference in skin interface between typical wet, semi-dry, and
dry electrodes is that they either use electrolyte gel or a spiked geometry to create a more
conductive skin contact medium [11-15]. However, in this study, conductive polymer ma-
terials were investigated and tested as an alternative to performing this ion exchange and
transfer.

Carbon graphitization occurs when the material’s atoms form a distinct honeycomb
lattice structure. Graphene, a single atomic layer of graphite, is a layer of carbon aromatic
ring chains [16]. The honeycomb lattice structure of graphene provides excellent structural
properties (approximately 200 times stronger than steel), but more importantly in this
case, the nature of the carbon bonds in this specialized structure is what gives the plastic
its electrically conductive properties [17]. The conductive graphene polymer, in conjunc-
tion with the electrolytic gel, could perform a similar function in ion transfer and ex-
change, which is typically performed by the previously described redox reactions of the
silver-silver chloride electrodes. The combination of the conductive nature of the gra-
phene-infused polymer and the highly conductive electrolyte gel could be an excellent
substitute for conventional electrode materials. The EOG prototype electrode was made
by electrospinning a conductive polymer fiber core. Electro-spinning is a technique used
to create micro- or nanofiber materials. Because of their high surface area-to-volume ratio,
micro- or nanofibers are desirable materials for many applications [18]. These ratios are
made possible by manufacturing fibers ranging in size from micron to nanoscale. Further-
more, the large surface area made possible by the small diameter fibers is beneficial in
many processes. Electrospinning is the process of extruding a polymer solution or melted
polymer in the presence of a strong electric field. The extruding nozzle of the polymer
solution or melt is connected to a positive high-voltage connection from a high-voltage
power supply in both cases. When high voltage is applied to the setup, the polymer is
extruded at a specific rate, and the electrospinning process begins [19].

2.2. Fabricating Process of Semi-Dry Electrode with Porous Fiber

In this study, the electrode was produced by electrospinning to create a highly po-
rous fiber ‘ball’ with a large surface area for ion exchange to occur. The concept behind
this electrode is to replace the traditional silver—silver chloride sensor core and its redox
reactions with a conductive graphene-based polylactic acid (PLA) polymer. As previously
stated, the open carbon pi (1) bonds in the graphene sheet that form electron clouds could
serve as a substitute for conducting electron transfer for biopotential signal transduction
across the skin-electrode interface.

Figure 1 shows the melt electrospinning system setup with a high-voltage power
supply and heating element coil used for conductive fiber fabrication [20]. The polymer
solution or melt extruding nozzle is attached to a positive high-voltage connection from a
high-voltage power supply. A collector basket connects the ground to an aluminum base.
When high voltage is applied to the setup, the electrospinning process begins, and the
polymer is extruded at a specific rate. A 12-volt lithium—iron—phosphate battery was used
to power the heating element, which was wired to the structure’s positive and negative
terminals. This setup made use of an Acopian PO30HA2 power supply, which is voltage-
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adjustable and has a maximum output of 10 kV. An alligator clamp was used to secure
the high-voltage positive lead to the nozzle of the electrospinning setup. Another alligator
clip was used to connect the negative lead to the aluminum foil collector plate sheet. The
nozzle-collector distance was set at 150 mm to allow the polymer fiber to perform the
electrospinning whipping motion without colliding with the negative plate and short-cir-
cuiting. The temperature at which the polymer melt was extruded was 230 °C, as meas-
ured and confirmed by an infrared laser thermometer. A higher nozzle temperature was
found to help reduce the viscosity of the polymer melt and create more pressure within
the nozzle, causing the molten plastic to jet out of the nozzle at a much faster rate at the
Taylor cone. As the plastic was extruded into the electric field at a lower viscosity but at a
higher pressure, smaller pieces of extruded fiber experienced the whipping motion phe-
nomenon, in which the whipping motion appeared to pull and draw down the molten
polymer fiber into a noticeably smaller diameter. This success in fiber production
prompted more tinkering with some of the parameters, most notably the applied voltage,
in order to optimize the fiber size. The final resulting input voltage used to induce the
electric field for electrospinning of the conductive polymer fiber was 3.2 kV, as measured
with an industrial multimeter.

In this study, we created and tested an experimental electrode that is a hybrid, semi-
dry design that falls somewhere between the two main types of dry and wet electrodes
currently used in healthcare. The impedance should be reduced significantly by increas-
ing the surface contact area by filling in the microfibers. The dry electrode, on the other
hand, relies solely on the spikes to make contact with the skin. Figure 2 shows a SEM
image of a successful electrospun fiber formation. This study made use of a tabletop Hi-
tachi TM3000 SEM. It depicts four different SEM captures of the fiber network on the sec-
ond prototype electrode’s fiber core at magnifications of 60x, 120x, 200, and 400x. The
figure shows that the electrospinning process produced human hair-like conductive pol-
ymer fibers.

Conductive

polymer . Heating

element

High Voltage

Electrospun

L—

micro-fiber jet

Figure 1. Melt electrospinning system setup with a high-voltage power supply and heating element
coil.
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Figure 2. Scanning electron microscope (SEM) images of the porous electrospun fiber network at
various magnifications. (a) 60%, (b) 120, (c) 200%, and (d) 400x.

2.3. Impedance Analysis of Semi-Dry Electrode

At the forefront of modern technology is research on flexible electrodes with low skin
contact resistance, with graphene being a prime example. Their skin contact resistance is
reported to be between 500kohm@100Hz and 68kHz@10Hz, and they are aiming for low
skin contact resistance [21]. Table 1 compares the electrodes developed in this study to
commercial products to assess impedance, a key performance of electrodes. An imped-
ance analysis showed that, on average, the fiber core electrode had the same or lower
impedance as industry-standard ECG electrodes. Lower impedance and equivalent circuit
values indicate clearer signal transduction between the skin-electrode interface, resulting
in more explicit EOG recordings. In Table 1, all of the measurements were taken five times
to obtain an average, and the standard deviation of the measured impedance in each case
was between 5% and 10% of the average value. When compared to the 3M adhesive elec-
trode, the data set from the semi-dry fiber-PLA showed a 50% improvement using 1.0 mL
of gel at both 50 Hz and 250 Hz. Furthermore, the data set from the semi-dry fiber-PLA at
50 Hz showed a 70% improvement using 1.0 mL of gel compared to the semi-dry fiber-
PLA electrode with 0.1 mL of gel. The results also demonstrate how important the gel is
for the successful operation of the second prototype semi-wet fiber core electrode. The gel
is essential for filling voids within the fiber core and allowing ion exchange between the
skin, gel, and polymer for a good connection and signal read-out. The tests also show that
the prototype electrospun fiber core electrode requires a small amount of electrolyte gel
to saturate the entire fiber core of the electrode for clearer signal transduction. Only the
skin end of the electrode core could be impregnated with less gel. The increased surface
area of the electrospun fiber core combined with the conductive electrolytic gel was found
to have a high sensitivity in transducing biopotential signals. A series of trials were per-
formed to analyze the impedance of each electrode over a range of frequencies using an
Agilent 4294a impedance analyzer (40-110 MHz, Agilent, Santa Clara, CA, USA).

Table 1. The impedance comparison of manufactured samples with other commercials.

Impedance * Impedance *

Specification (CASE) (50 Hz, kQ) (250 Hz, kQ) Value Comments
A: wet adhesive-AgCl  74.218 47.895 Wet Commercgll\g available
) . Commercially available
B: dry spiked-AgCl 108.453 87.053 Dry (OPENBCI)
C: semi-dry fiber-PLA  121.274 77552 Semi-dry: Proposed

0.1 mL of gel
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D: semi-dry fiber-PLA 36882 23.638 Semi-dry: Proposed
1.0 mL of gel
. ref) ACS Appl. Nano Ma-
E: h Pol- Flexibl
dry Gr;};nee:e onro ~500 - ti;zlsbrzlu 682 ter. 2022, 5, 8, 10137~

10150

* Average of 5 measurements.

A 15-min impedance drift test was also included to measure the impedance charac-
teristics of the electrodes [22]. Table 2 compares the impedance drift, which can be a prob-
lem in everyday life: sensitivity changes as impedance increases, and the proposed elec-
trode showed a relatively small drift. Table 2 and Figure 3 show that the impedance of
most electrodes remained relatively stable and varied by less than one-tenth of k(). The
promising results of the in-lab developed electrodes have demonstrated a strong potential
for a new design of biopotential sensors to be investigated for designing an EOG wearable
interface without the use of conventional sticky electrodes.

Table 2. The impedance drifts of the test samples (15-min measurements at 50 kHz).

Specification (CASE) Mean (kQ) Standard Deviation (kQ) Total Change (k)

A: wet adhesive-AgCl 0.321 0.187 0.005
B: dry spiked-AgCl 1.944 0.053 0.177
D: semi-dry fiber-PLA 0.254 0.001 0.002
1 w 3
—A(wet)
a - —-D(semi-dry) | 5 5
<« 0.8 px}
E |- e 2 %
Lost =
© 1.5 &
S 4 _ &
[ 5=
0.4
3 -
E o |omm €
0.2t 105
0 200 400 600 800 1000

time (sec)

Figure 3. The impedance drifts of the test samples (15-min measurements at 50 kHz).

3. EOG Experimental Setup and Results
3.1. Wireless EOG Device for Wearable Applications

It is critical to configure a sufficiently small compact device that is comfortable to
wear in daily life. Figure 4 shows a wireless wearable EOG sensor that can remotely mon-
itor and record the EOG biopotential signals of the eye movements onto their computing
system for further visualization and analysis. The wearable sensor system includes sensor
electrodes, a data acquisition and signal-processing circuit, and a wireless data transmis-
sion chip. The transmitted signals are analyzed in real time by an external computer sys-
tem.
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(a) Block diagram of wearable EOG
Edge Computing Telemetry Radio Bi-directional GUI

1 Recording Interface ~——%
Power ARM ) Raw;dats « Channels
Management Cortex-M4 Radio « Sampling rate

Analog Front End |7_check

Recording
Electrodes

(b) Wearable EOG Hardware (c) Wearable EOG setup

ADC(EOG) Electrode

Figure 4. Overall system block diagram of the wireless EOG device.

As shown in Figure 4, EOG detection is accomplished by placing a pair of semi-dry
electrodes mounted on a small headphone on the sides of the eyes (c). In the wearable, the
electrodes convert eye movements into analog electrical signals. Furthermore, the system
can wirelessly transmit signals up to 10 m to a remote processing network, promoting
potential assistive driving applications. It also allows for automatic interpretation in
drowsiness diagnostics.

The digital electrophysiology interface chips from Intan Technologies, LLC (Los An-
geles, CA, USA) are used for the signal acquisition module. The RHD2216 chip, a low-
power 16-channel differential amplifier integrated with a 16-bit analog-to-digital con-
verter (ADC), was used to record the EOG. Because of its low power consumption and
flexibility, we chose the Nordic Semiconductor nRF52832 System-on-Chip (SoC) for com-
puting and wireless data transmission on the module. It is based on an ARM cortex-M4
processor with a 64 MHz clock and single-cycle multiply and accumulate (MAC) instruc-
tions. Furthermore, the processor’s single-precision floating-point unit (FPU) is suitable
for real-time analysis of the incoming neural signals. We designed the device to call the
interrupt service routine (ISR) at 4096 Hz from a crystal oscillator at 32,768 Hz, resulting
in a sampling frequency of 4.096 kHz. The wearable interface communicates wirelessly
with a local external computer via BLE technology, where the signal data is processed and
classified in real-time using a custom executable C program. Table 3 contains detailed
descriptions of the wireless EOG device components, as well as their specifications.

Table 3. The specifications of the wireless wearable EOG interface.

Specification Description Value
EOG sensor circuit size PCB & battery (30 x 10 x 3) mm
Power source Rechargeable battery 8 h/charging
Data transmission Bluetooth wireless 1M bpsin 2 m
EOG electrodes Reusable semi-dry micro-fiber core 5 mm diameter
Front-end circuit Intan Tech Chip 10 mV, 16 bit, 1 ch
Onboard CPU ARM Cortex M4 4096 Hz/ch sampling rate
Wireless circuit NREF 52X 2.4 G ESB RF

In this study, we performed a feasibility experiment with a standard commercial
wired five-electrode and wearable setup for comparison (Figure 5). The experiment was
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carried out in a lab setting using commercial instrumentation in this step. To obtain accu-
rate standard EOG signals, a subject was seated in front of a computer screen at a distance
of 60 cm and was not allowed to move the upper body or head during the experiment.

Wearable
(wireless, INTAN)

Electrode
(3M)

Standard (wired, INTAN)

Figure 5. EOG recording standard and wearable with 3M disposable ECG electrode patches.

The commercial 3M disposable ECG electrode patches were attached around the eyes
in both the wearable and standard recordings (Figure 5). The eye movement signal data
was recorded using a commercial INTAN 512 channels recording controller (Intan Tech-
nologies, Los Angeles, CA, USA) in the standard recording, and we used a wireless EOG
device developed in this study in the wearable recording. Table 4 describes the two types
of EOG patterns. The EOG patterns in the "wearable” column show that the proposed
wearable EOG interface provides an EOG signal quality comparable to the standard wired
EOG method.

Table 4. The verification experimental results.

Eye Motion Pattern Wearable * Standard **
"
dadl
r‘ww,w
Horizontals

* Wearable: the EOG raw signals from the EOG system with the electrospun electrodes. ** Standard:
the EOG raw signals from of the INTAN recorder.

el }N(..w

e

3.2. Single Eye Movements Discrimination

The EOG experimental study to detect typical eye movements is described in this
section. All of the experiments were carried out with the subject sitting. The study col-
lected a set of experimental sensor signals from a healthy individual who is also one of
the authors. The two types of EOG patterns produced by a single channel EOG system
with electrospun electrodes were attached to a commercial headset.

The purpose of this study is to show the feasibility of using a new approach of using
semi-dry conductive fiber core electrodes to generate a visual EOG pattern with a wire-
free wearable interface. The following three common eye movements were used in an ex-
perimental study to detect eye movements: “rest,” “horizontal,” and “blink.” For the EOG
experiment, only two electrodes were placed around the eye region. Figures 6-8 show the
time and amplitude characteristics of typical EOG signals obtained from blinking, resting,
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and left-right movement at the side of the eye. Figure 6b depicts the detection of the peaks
of each absolute peak of the EOG signals. Figure 7 also shows that there is clear evidence
of decreased intervals between each peak of the EOG signals at the measuring location.
Figure 8 shows that the interval increases in horizontal movement.

blink

525

mV(EOG)

=
3]

Peaks of abs(EOG)

]

0 05 1 1.5 2
sec

Figure 6. The EOG pattern of “blink” eye movement from one channel EOG system with the elec-
trospun electrodes assembled on a headset. (y-axis unit: a normalized value of millivolt).

rest
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]
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Figure 7. The EOG pattern of “rest” eye movement from one channel EOG system with the electro-
spun electrodes assembled on a headset. (y-axis unit: a normalized value of millivolt).
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Figure 8. The EOG pattern of “horizontal” eye movement from one channel EOG system with the
electrospun electrodes assembled on a headset. (y-axis unit: a normalized value of millivolt).

In this paper, we present two new indices for estimating the EOG signal’s character-
istic changes for our wearable interface. As a first index, we define the eye beat rate (EBR)
as the number of low-frequency beats per minute, as shown in Figures 6b, 7b, and 8b.

The i-th each successive time difference between the two beats xi in the low-frequency
eye beat cycles is calculated as:

Xp=1th —thq 1)

where t» denotes the inter-beat interval of the n-th peak in the signal.

EBR = [(Z-_mxi> /N]_ )

where N denotes the total number inter-beat intervals in the signal per unit period.

As a second index, the eye beat rate variability (EBRV) is defined as the root mean
square of successive differences between eye beats that are obtained by first calculating
each successive time difference between the beats in ms (xi) from Equation (1). Then, each
of the values of xi is squared and averaged. We expect the EBRV reflects the time-domain
index used to estimate the short-term EOG signal changes.

®)

The EBRV measures eye movement function and could be caused by eye-brain inter-
actions, though more research is needed in the future. Furthermore, the EBRV can be used
as an index to help us monitor sleepiness while driving. Table 5 and Figure 9 show the
EBR and EBRV indices in each eye movement pattern. It is notable that the ERB and ERBV
are effective indices for classifying eye motion. In the two indices, EBR showed a clear
difference in distinguishing whether the eye moves, and EBRV can clearly distinguish
whether the eye moves or not, but also beyond a significant margin of error in distinguish-
ing whether the eye blinks or moves left and right. This suggests that simple indices of
single-channel EOG could be useful in studies of automated eye movement characteriza-
tion. Previously, discrete wavelet transform (DWT), refined composite multiscale disper-
sion entropy (RCMDE), and the autoregressive (AR) model, for example, were used to
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analyze single channel EOG signals [3]. However, the proposed method of computing
EBR and EBRYV has the advantage of analyzing and selecting features in real time due to
the small data size.

Table 5. The outcomes of the wireless wearable EOG interface. (2s time period, 6-sample average).

Eye Motion Patterns EBR (per min) EBRYV (ms)
“rest” 882 18
“blink” 814 25
“horizontal” 801 28
950
- T
30 |
| =

|
- =
m 1

800 E E

750

EBRY

20 —

+ —

Rest Blink Honzental Rest Blink Henzental

Figure 9. Eye movement classification using the wearable EOG.

4. Conclusions

Previous applications of EOG have been limited because EOG signals are obtained
by placing five electrodes around both eyes to record eye movements. As a result, most
EOG applications have been limited to the medical field of diagnosis, such as child devel-
opment, sleep studies, and other areas. In this study, we proposed a wireless wearable
EOG interface for monitoring eye movements with reasonable accuracy using novel semi-
dry conductive fiber core electrodes.

The prototype electrode was a semi-dry design that made use of a conductive poly-
mer and an electrolytic gel made from electrospun fibers. The results of static and long-
term drift impedance analysis tests revealed that, on average, the conductive polymer fi-
ber core electrode exhibited equal or lower impedance values than standard wet-type elec-
trodes. The application of a thin layer of conductive gel on the surface of this electrode
creates an ionic conducting route for the purpose of sensing eye movement signals. The
advantage is that it outperforms dry electrodes while eliminating the need for routine
disposal of wet electrodes.

The ERB and ERBYV indices are proposed to classify eye motion through offline cal-
culation from the EOG data that was simply measured and wirelessly transmitted to the
PC using the BLE communication protocol. In a future study, we will use Arm Cortex,
which is built into this wearable EOG, to calculate ERB and ERBV in real time and process
eye motion discrimination instantly. This method is expected to benefit from the conven-
ience of wearing while also being advantageous in terms of power consumption due to
real-time onboard computing.

The developed EOG interface and classification indices presented here are useful
tools for automatically detecting and analyzing eye movements. It is simple to apply to
specific eye movements in daily activities. Please keep in mind, however, that the author
only conducted our human study due to the IRB under the COVID-19 pandemic. The EOG
wearable interface, we believe, will benefit eye-tracking studies in a variety of disciplines,
including physiology, human factors, and assistive driving. More participants can be re-
cruited in the future to see if the EOG interface works well for all people in natural envi-
ronments.
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Surprisingly, we discovered a small clue that our device can be used in human—com-
puter interface (HCI) research [23]. Figure 10 represents the EOG signals obtained from
the left-right side of the eye location, with the first 2-s representing the “blink” phase
(shown in an orange box) and the following 2-s representing the “rest” phase. It is clear
that the low- (EOG-alpha) and high- (EOG-beta) frequency filtered ”blink” and “rest”
phases can be monitored concurrently. In the future, we will improve eye motion classifi-
cation by using EOG signals, as well as filtered EOG-alpha and EOG-beta.

Blink-Rest

516 . . . . . ; J
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O 5.12
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05 . | | ; | | .
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0.1 . . . ‘ . . .
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Figure 10. The one channel EOG contains EEG information: alpha and beta waves can be driven to
match eye motion.
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Appendix A

Various methods have been investigated to track eye movements. An EOG with a
semi-dry electrode is a method that has more advantage over other schemes. It measures
the voltage between two electrodes and detects eye movements so that it is robust to en-
vironmental conditions, such as light. Semi-dry electrodes provide less impedance and
longer recording time merits.

Table Al. Wearable eye movement tracking scheme comparison.

Scheme Details Advantage Disadvantage
VOG Varying light conditions
(Video-oculog- Detect capturing eye motion Direct eye tracking Droopy eyelids,
raphy) Heavy image processing
D lids,
Capturing black area of the Direct eye tracking roopy €yenas,
VOG _ : _ Heavy power consumption
. pupil Robust to light environ- )
(Video based IR) . L Hard to wear (heavy equip-
by illuminating IR ment
ment)
Wearable (by wireless)
EOG . . Low power consumption High contact impedance
Bio potential measurement . ; .
(Dry electrode) Robust to light environ- (weak to noise)
ment
Wearable (by wirel
EOG . . earable (by wire ess ) Short time recording
Bio potential measurement Low power consumption .
(Wet electrode) . Uncomfortable using gel
Low contact impedance
FOG Low povr conmumption
(Semi-dry elec- Bio potential measurement P . P Indirect eye tracking
Low contact impedance
trode) . .
Long time recording
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