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ABSTRACT In this study, we developed a wearable eye tracker leveraging mini-infrared point sensors. The
eye tracker utilized two inexpensive mini-infrared ray (IR) point sensors to measure the left-right eye move-
ments of both eyes. These left-right eye movements, play a crucial role in monitoring and treating mental
disorders such as post-traumatic stress disorder, and are also essential in eye movement desensitization and
reprocessing therapy (EMDR). The proposed eye tracker can track a user’s eye movements by detecting the
left-right pupils. We developed a dual sensor positioning algorithm that measures the left-right movements of
both eyes using only two sensors. The strategy of positioning the sensor symmetrically between or outside the
eyes allows for the precise measurement of the movements of both eyes. To validate the proposed wearable
eye tracker, we analyzed the left and right eye movements of 10 participants and found that there was no
statistically significant difference. Further analysis demonstrated a high correlation between the measured
eye-movement and the input eye-movement frequency (Spearman’s correlation coefficient: 0.9619). The
proposed device showed the feasibility of employing a wearable and inexpensive eye tracker with only two
mini-IR point sensors to accurately measure the left-right movements of both eyes.

INDEX TERMS Eye tracker, eye-movement desensitization and reprocessing, infrared sensor, post-

traumatic stress disorder.

I. INTRODUCTION

Eye Movement Desensitization and Reprocessing (EMDR)
is a treatment developed by Francine Shapiro [1], [2].
Currently, it is regarded as one of the most effective psycho-
logical treatments for mitigating the aftereffects of trauma,
such as Post-Traumatic Stress Disorder (PTSD) [3], [4].
EMDR serves to alleviate the mental and physical dis-
comfort linked to early traumatic memories, fostering a
positive self-perception, and thereby aiding in reducing cog-
nitive processing changes and trauma-related pain associated
with distressing memories. Consequently, treatment methods
incorporating EMDR offer patients relief from mental anxiety
and facilitate their return to their original life by fostering
resilience within the brain itself. The method of Alternat-
ing Bilateral sensory Stimulation (ABS) using EMDR is
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employed in psychotherapy to treat mental disorders such as
PTSD. ABS achieves this by stimulating the nervous system
through left-right eye-movements, influencing the efficacy
of EMDR treatment [5], [6]. Traditional EMDR treatment
involves manual bilateral stimulation achieved through hand
movements. However, this approach can lead to neck stiff-
ness, shoulder pain, and wrist discomfort. One recent solution
employed Light-Emitting Diode (LED) bars [7] that guided
the patient’s eye-movements. EMDR LED bar not only miti-
gate overall psychotherapist fatigue but also offer controllable
conditions such as LED color, intensity, and speed to accom-
modate patient preferences. Here, a patient initiates left-right
eye-movements facilitated by the EMDR LED bar. Conse-
quently, the nervous system is stimulated by the left-right eye
motion, thus positive affecting the EMDR treatment.

The patient receives ABS through an EMDR LED bar
under the guidance of a psychotherapist. To ensure the reli-
ability of EMDR treatments, EMDR LED bar were used
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FIGURE 1. Pupil-detection principles using a mini-IR sensor. (a) In the of the sclera, the IR emitted from the light-emitting part meet the white surface
of the sclera, and the IR are reflected. The reflected IR were detected in the light-receiving area. (b) In the case of a pupil, when IR emitted from the
emitter meet a black pupil, the black pupil absorbs the IR, which then do not enter the receiver.

to induce eye-movements in patients since stable and con-
stant eye-movements aid in standardizing EMDR treatments.
However, psychotherapists must verify whether the patient
is performing the eye-movements correctly, underscoring the
need for an eye tracker to streamline EMDR treatments.

An eye tracker is a device that measures the position
and movement of the eye [8], [9]. It is widely used in
psychology and marketing, especially in the fields of men-
tal treatment, rehabilitation, and medical support [10], [11],
[12]. An eye tracker tracks the user’s gaze and measures
eye-movement; it typically employs cameras and sensors to
detect eye-movement and pinpoint the user’s focal points.
It improves user-interface experiences through eye track-
ing and assesses advertising campaign efficacy and product
design testing [13]. In the medical field, this technology
contributes to studying neurological diseases such as strokes,
Parkinson’s disease, and Alzheimer’s disease, and aids in
developing treatments [14], [15], [16], [17], [18], [19], [20].
Recently, eye trackers have been adopted in areas like virtual
reality and augmented reality technologies to dynamically
change the environment based on user gaze [21], [22]. These
devices vary in types and sizes, selected according to their
usage and environment. The range encompasses desktop-
mounted, head-mounted, portable, remote, and wearable eye
trackers. A wearable eye tracker, worn as glasses, goggles,
and masks, tracks eye movements during daily activities.
Here, IR camera [23], [24], [25], [26], [27], [28] is employed
to identify the eye position and track eye movements.
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Wearable eye trackers are suitable for real-time monitoring
due to their high integration and convenient portability. As a
result, it can collect user gaze-tracking data more accurately,
thereby enhancing the precision of eye-tracking analysis.

Thus, a simple and wearable eye-movement measurement
device is necessary for standardizing EMDR treatments.
Therefore, we developed a simple, wearable EMDR medical
device using inexpensive mini-IR sensors, such as the wear-
able eye tracker. As shown in Fig. 1, inexpensive mini-IR
sensors could distinguish pupil and sclera, offering the poten-
tial for wearable and inexpensive eye trackers.Fig. 1(a) shows
most IR is reflected by sclera and Fig. 1(b) shows pupil absorb
most IR and reflected IR is small. Unlike the expensive and
heavy IR cameras currently used in eye movement monitor-
ing systems, we proposed an algorithm that can measure the
left and right movements of both eyes using two mini- IR
sensors. The remainder of this paper is organized as follows.
Section II describes the algorithm of the device. Section III
presents the testing results of the prototype. Section IV
explains statistical analysis methods. Section V introduces
eye detection using mini-IR sensors. Section VI discusses
the results of the eye measurement experiments, while Sec-
tions VII and VIII provide discussion and conclusions. The
paper highlights are as follows.

[ Highlight of Eye Tracker]

B The left-right eye-movement using dual mini-IR
(Dual sensor positing algorithm)
B Cheap and wearable eye tracker
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FIGURE 2. Dual sensor positioning algorithm for the left-right eye-movement. Left-right eye-movement cannot be distinguished when the
sensor is centered. However, when the sensor is placed between or outside, the left-right eye-movement can be measured.
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FIGURE 3. Flow chart of the dual sensor positing algorithm for measuring the left-right eye-movement frequency. The time measurement is obtained
when the right signal is 0 and the left signal is 1, the T1 time measurement is obtained. Conversely, when the left signal is 1 and the right signal is 0,
the T2 time measurement is obtained. The time T1 and T2 acquired is used to measure the patient’s frequency. If the T1 and T2 time measurements
do not align with the specified criteria, a re-measurement is performed. (a) Determine the time when Right = 0 and Left = 1. (b) The time when
Right = 0 and Left = 1 is stored as T1. If the conditions are not met, measure again. (c) Determine the time when Right = 1 and Left = 0. (d) The time
when Right = 1 and Left = 0 is stored as T1. If the conditions are not met, measure again. (e) When T1 and T2 are obtained under the applicable

conditions, Hz is measured using the above formula.

B Integrated eye tracker with eye-guiding LED for
EMDR (eye movement desensitization and reprocess-
ing therapy)

Il. EYE-MOVEMENT FREQUENCY MEASURING
ALGORITHM

The optimal sensor position was determined by compar-
ing the sensor location with that of the eye. Fig. 2 illustrates
the activation and deactivation of the sensor based on its
position and that of the eye. When the sensor is placed
at the center and the pupil is also centered, it detects the
pupil’s position, thus resulting in an activated state. However,
if the pupil is located on the left or right side, the sensor
does not detect its movement and is deactivated. Conversely,
if the pupil is centered when the sensor is placed between
or outside, it falls outside the detection range of the sensor
and remains deactivated. However, if the pupil moves from

VOLUME 12, 2024

left to right, each sensor on either side detects the movement
that results in an activated state. In this case, the accurate
measurement of left-right eye-movements is possible, thus
making the sensor position favorable. Through this analysis,
we established the optimal sensor position, thus enabling
the precise detection and measurement of eye-movements.
Fig. 3 presents an algorithm for measuring and a method
for calculating the left- right eye-movement frequencies (in
Hz) in detail. The algorithm primarily involves time measure-
ments obtained from signals received by sensors. As shown
in Fig. 3(a), we measured the time at which the right signal
was 0 (OFF) and the left signal was 1 (ON). This situation
indicates the left eye-movement. If the signals did not match,
the measurement process was restarted to ensure precise data
collection. In Fig. 3(b), the time at which the right and left
signals were 0 (OFF) and 1 (ON) is denoted as T1. Similarly,
in Fig. 3(c), we measured the time at which the right signal
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FIGURE 4. Measured frequency (Hz) according to different frequencies of eye-movement. (a) Sample of prototypes I and Il worn and used by humans.
Prototype | was an early model, and prototype Il was an improved model with an eye-guiding LED. (b) lllustration in which a mini-IR sensor detects and
measures the frequency when the user is wearing an eye tracker and performing eye-movements.

was 1 and the left signal was 0. This situation indicates the
right eye-movement. In Fig. 3(d), the measurement time was
T2, wherein the right and left signals were 1 (ON) and 0 (Off),
respectively. In Fig. 3(e), the frequency of movement (Hz) of
the left-right eyes was calculated using the following formula:

Frequency[Hz] = (H

T, — T,

Ill. EYE-MOVEMENT FREQUENCY MEASURING
ALGORITHM

Fig. 4(a) presents photographs of the prototypes I and II of
the eye trackers. In Prototype I, only mini-IR sensors are
used to measure the movement of the user’s eyes. Prototype 11
included an eye-guiding LED eye-movement for the EMDR
treatment in patients. The eye-guiding LED the patient to
move their eyes during the EMDR treatment, and the mini-IR
sensors monitor the eye-movements while the patient per-
forms eye-movements as part of the treatment. In the existing
EMDR treatment, the therapist monitors the patient’s eyes
to see if they are receiving treatment by moving their eyes
according to the LED guide. Prototype II supports simul-
taneous eye-movement guidance and eye-movement, thus
allowing therapists to focus on intensive care. Fig. 4(b)
presents an illustrative image of prototype II. Fig. 5 presents
each prototype during operational testing. In Prototypes I and
II, we created indication LEDs over the eye trackers. It was
confirmed that the eye-indicating LED lights on the left-right
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over the eye tracker were turned on when the eyeball moved
left-right.

IV. STATISTICAL ANALYSIS

All statistical analyses were performed using the Graph-
Pad Prism software 10 (version 10.0.1; Los Angeles, CA,
USA). We conducted tests to compare the frequencies of the
eye-guiding LED (control) and the ten participants under the
same conditions. The p value was calculated using the mean
value for each participant. The p value was set at a 95%
confidence interval with a two-tailed approach, and a p value
of less than 0.05 was considered statistically significant.

V. DETECTION OF PUPIL USING MINI-INFRARED POINT
SENSOR

The pupil detection tests were conducted using general-
purpose mini-IR sensors (IR transmission and reception;
TCRTS5000, VISHAY, USA). The sensor is widely known for
its versatility and ease of implementation in various applica-
tions, facilitating the production of inexpensive eye trackers.
As shown in Fig. 1, the mini-IR sensor emits IR directed
toward the subject’s eyes. These IR interact with the eye sur-
face and are reflected, eventually entering the light-receiving
part of the sensor. To quantify the reflected IR and analyze
their behavior, we carefully measured IR intensity reflected
from the eye into the light-receiving portion of the sensor.
The collected data was graphically displayed to visualize and
interpret IR intensity patterns. Fig. 6(a) presents a photograph
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FIGURE 5. Measured frequency (Hz) according to different frequencies of eye-movement. (a) Sample of prototypes I and Il worn and used by humans.
Prototype | was an early model, and prototype Il was an improved model with an eye-guiding LED. (b) lllustration in which a mini-IR sensor detects
and measures the frequency when the user is wearing an eye tracker and performing eye-movements.

of the position of the mini-IR sensor associated with the
subject’s eyes. The resulting graph in Fig. 6(b) presents the
inverted signals of IR intensity reflected from the eye. This
unique pupil behavior in response to IR light facilitates its dif-
ferentiation from other parts of the eye. When we examined
the sclera, that is, the white part of the eye, we noted that the
inverted IR intensity value remained at approximately 50 AU,
indicating the effective reflection of the incident IR. In con-
trast, the pupils exhibited a significantly higher inverted IR
intensity level above 150 AU. The black color of the pupil
absorbed all the IR radiation and exhibited a high intensity of
the inverted IR radiation.

VI. MEASUREMENT OF LEFT-RIGHT EYE-MOVEMENT
The left-right eye-movement detection algorithms depend on
the positions of the two sensors (Fig. 2). The measurement
results are influenced by the locations of the two sensors.
For example, accurately measuring the left-right movements
of the pupil is challenging when the sensor is placed in
the middle position since the sensor signals of the left-right
eye positions are identical. This makes it difficult to dis-
tinguish the left-right movements. However, if the sensor is
placed in a left-right location, it is easier to differentiate the
left-right eye-movements. Fig. 3 provides a detailed illustra-
tion of the eye-movement frequency-measuring algorithm.
Using this algorithm, we measured the interval times of the
eye-movements based on the signals from the left-right eyes.
The frequencies (Hz) of the eye-movements were calculated
using these interval times.

Eye-movement frequency measurements were per-
formed on the ten participants to thoroughly evaluate the
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FIGURE 6. Mini-IR sensor data according to pupil and sclera. (a) Sample
of prototypes I and Il worn and used by humans. Prototype | was an early
model, and prototype Il was an improved model with an eye-guiding LED.
(b) lllustration in which a mini-IR sensor detects and measures the
frequency when the user is wearing an eye tracker and performing
eye-movements.

effectiveness of the eye tracker. During this trial, the partici-
pants were instructed to move their eyes along an eye-guiding
LED on a prototype IR eye tracker. The eye-guiding LED
moved at a frequency of 0.33 Hz. Notably, the measured
eye-movement frequencies of all the ten participants closely
matched the frequency of the eye-guiding LED, thus indicat-
ing the precise tracking capability of the proposed eye tracker
(Fig. 7). To statistically validate our findings, we calculated
the p values for each dataset, and the results showed no
significant difference compared with the eye-guiding LED.
In addition, the frequency of the eye-guiding LED was
changed in seven steps within the eye-movement frequency
range to provide a comprehensive evaluation. Subsequently,
the measured frequencies of the eye tracker and eye-guiding
LED were compared to determine whether they were similar.

As shown in Fig. 7, the frequencies obtained from the eye
tracker closely matched those of the eye-guiding LED at all

41023



IEEE Access

S. J. Chang et al.: Simple Wearable Eye Tracker With Mini-Infrared Point Sensors

0.5

o
'
1

o o
N w
1 1

Eye-movement frequency [Hz]
o
—
L

=
=

LED-Guide Participant 1 Participant 2 Participant 3 Participant4 Participant 5 Participant 6 Participant 7 Participant 8 Participant @ Participant 10

FIGURE 7. Measured frequency (Hz) of left-right eye-movement with eye-guiding LED (control) and ten participants.
We compared the measurements of ten different people and controls in Hz, with a measured value of 0.33 Hz. As a
result, the measured values were like those of the control Through the results in the graph above, it was confirmed that

there was no statistically significant difference.

stages. To confirm that there were no differences between
users, an experiment was conducted on ten participants, and
it was confirmed that there were no statistically significant
differences according to users. The p values are higher than
0.05, which means there is no significant difference. Fig. 8(a)
resents the frequencies of the eye-guiding LED and the mea-
sured frequencies of the eye tracker. As the frequency of
the eye-guiding LED increased, the measurement frequency
also increased. Fig. 8(b) resents the relationship between the
frequencies of the eye-guiding LED and eye tracker, thus
confirming a high correlation between the two datasets (R? =
0.9619). This result validates the accuracy and reliability of
our eye-movement frequency measuring algorithm and its
ability to track and analyze eye-movements precisely.

In conclusion, our eye-movement detection algorithm
based on two inexpensive mini-IR point sensors proved an
effective and accurate method for tracking eye-movements.
The successful correlation between our eye tracker and
eye-guiding LED demonstrates its potential for various
applications, such as eye-tracking systems, medical diagnos-
tics, and human—computer interaction, thus introducing new
avenues for advancing eye-movement analysis and research.
With its promising abilities and inexpensive mini-IR point
sensors, our eye-movement detection algorithm has great
potential for contributing to the fields of human behavior
analysis, health monitoring, and cognitive research, which
would usher in a new era of precise and reliable eye-tracking
technology.

VII. DISCUSSION

EMDR therapy is an essential method for treating conditions
such as PTSD and other trauma-related disorders. The EMDR
LED bar helps patients move their eyes to the left-right using
an eye-guiding LED. The EMDR LED bar not only alleviates
the fatigue and discomfort of psychotherapists but also allows
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FIGURE 8. Measured frequency (Hz) according to different frequencies of
eye-movement. The frequency obtained from the eye tracker worn by the
user was compared with the control values at different stages. The
frequencies measured using the eye tracker demonstrated a significant
similarity to those recorded under the actual control conditions. The
linearity of this graph was verified by the R2 value (0.9619). This high R2
value indicates a strong linearity between the eye tracker’'s measurement
and control, which suggests a high accuracy in the tracking of the
eye-movement frequencies over multiple steps. (a) The control frequency
and measured frequency of eye tracker in a total of 7 steps (0.167~0.5Hz).
(b) Comparison of the control frequency and measured frequency.

for diverse control conditions tailored to patients. More-
over, for sustained EMDR treatment, the LED bar induces
eye-movements in patients, facilitating consistent and sta-
ble eye-movements that contribute to the effectiveness of
EMDR therapy. However, the LED bar did not monitor the
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eye-movements, so Psychotherapists must monitor a patient’s
eye-movements for a long time. Therefore, in this study,
we propose a new device that is easy to use and portable,
which can induce eye-movement using a LED and monitor a
patient’s continuous eye-movement in real-time. This device
employs two inexpensive mini-IR sensors to measure a user’s
eye-movements. Using inexpensive mini-IR sensors, it dis-
tinguishes between the pupil and sclera, with eye-indicating
LEDs detecting the movement of the eye according to the
signals from the mini-IR sensors. The dual-sensor position-
ing algorithm can detect left-right eye-movements when two
sensors are positioned between or outside the eyes. The users
wore an eye tracker and moved their eyes based on the eye-
guiding LED. The mini-IR sensor detected eye-movements
and the corresponding eye-indicating LEDs were illuminated.
When the sensors were positioned at the center, it became
difficult to accurately detect left-right eye-movements along
the eye-guiding LED. However, when the sensors were placed
between or outside the eyes, the eye-indicating LEDs on the
respective side were illuminated as the eye moved left or
right, thus allowing for the accurate detection of the eye’s
movement. Moreover, even if both the eyes blinked simul-
taneously, both the sensors were deactivated simultaneously
to ensure that the device does not interfere with the detec-
tion of left-right eye-movements. The proposed eye tracker
has seven frequency steps (0.167-0.5 Hz). Therefore, it is
recommended that users adjust the frequency of the device
as desired when receiving EMDR treatment. The proposed
eye tracker combines a LED bar with an inexpensive mini-
IR sensor-based eye tracker to create a prototype. In the
future, we plan to improve the prototype by using various
components and employ an enhanced product to measure the
eye-movements in patients requiring EMDR therapy. This
will provide a clear assessment of the effectiveness of psy-
chological treatment based on eye-movement data.

VIil. CONCLUSION

We have developed an eye tracker device using a
Mini-Infrared Point Sensors that can distinguish between the
whites and pupils of the eyes. This IR eye tracker overcomes
the limitations of traditional expensive IR cameras to mon-
itoring eye movements. We were able to confirm that the
proposed device can accurately distinguish between sclera
and pupils and track left-right eye-movements. In the case
of distinguishing between whites and pupils, we utilized the
intensity values from the inverted IR sensor, where high
intensity represents the sclera and low intensity represents the
pupils. For tracking left-right eye-movements, we observed
the position of the pupils in response to LED light, and our
results showed similarity to the control values. To demon-
strate the feasibility of the proposed eye tracker device,
we tested it with ten participants. The measured left-right
eye-movement frequencies matched well with the frequen-
cies of the eye-guiding LED under 7 frequency conditions.
Compared to existing camera-based eye trackers, our device
is not only significantly more cost-effective but also more
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portable due to its compact size. Patients can easily wear the
device and monitor EMDR therapy through the eye-guiding
LED lights on the eye tracker. This convenience can also
benefit psychotherapists. Through our research, we have
demonstrated that even with miniature IR sensors, it is pos-
sible to accurately distinguish between sclera and pupils.
The proposed device offers a more efficient and practical
alternative in EMDR therapy.
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