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The uniqueness of eyes, facial geometry, and gaze direction makes eye tracking a very challenging technological
pursuit. Although camera-based eye-tracking systems are popular, the obtrusiveness of their bulky equipment
along with their high computational cost and power consumption is considered problematic for wearable ap-
plications. Noncontact gaze monitoring using capacitive sensing technique has been attempted but failed due to
low sensitivity and parasitic capacitance. Here, we study the interaction between a novel capacitive sensor and
eye movement for wearable eye-tracking. The capacitive sensors are made of a pair of asymmetric electrodes; one
comprising carbon nanotube-paper composite fibers (CPC) and the other being a rectangular metal electrode.
The interaction between the asymmetric sensor and a spherical object mimicking an eyeball is analyzed
numerically. Using a face simulator, both single- and differential capacitive measurements are characterized with
respect to proximity, geometry, and human body charge. Using a prototype eye tracker, multiple sensor locations
are studied to determine the optimal configurations. The capacitive responses to vertical and horizontal gaze
directions are analyzed in comparison to those of a commercial eye tracking system. The performance is
demonstrated for sensitive eye-movement tracking, closed-eye monitoring, and human-machine interface. This
research has important implications for the development of capacitive, wearable eye trackers, which can facil-
itate fields of human-machine interface, cognitive monitoring, neuroscience research, and rehabilitation.

1. Introduction

Since naked-eye observation in 1879, eye movement has been
investigated for diagnosing neurological disorders [1,2], sleeping dis-
orders [3,4], and learning disabilities [5,6]. For example, deficits in
making saccades to a memorized location and suppressing a
planned-saccade are potentially associated with intellectual disability,
epilepsy, cerebellar ataxia [7], and other disorders related to metabolic
diseases [8,9]. Abnormal saccades are also associated with several
neurological disorders, including Creutzfeldt-Jakob disease [10], autism
[11], Parkinson’s disease [12], and Huntington’s disease [13].

A study of the oculomotor system correlates eye movements with
neuronal activity in different areas of the brain [14-16]. To accurately
describe this relationship, an eye-tracking sensor needs to capture both

spatial and temporal characteristics of eye movement with high fidelity
[17]. With current oculomotor research turning to optogenetics [18,19],
light is used to manipulate the activity of specific neurons with high
temporal resolution. The real-time characteristics of an eye-tracking
device are essential to describe the effects of an optical excitation on
eye movement [20].

The gold standard for oculomotor research has been the scleral
search coil system [21-23]. The scleral search coil system has the
advantage of real-time, low-latency electronics, low noise, and high
accuracy (< 0.1°) [24]. Currently, camera-based eye-tracking systems
are the major workhorse for commercial applications. Due to the high
demands for power and computational resources, current wearable eye
trackers are tethered to a battery and a high-performance processor.

To address the challenges, other methods have been attempted.

Abbreviations: CPC, Carbon nanotube paper composite; PR, Paired rectangular; PF, Paired fibrous; PH, Paired hybrid.
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When eyes move, the polarization of the retina can be measured with
electrooculography (EOG) [25,26]. Graphene electrodes have been used
to improve the electrical interface to the skin [27]. Another eye-tracking
technique measures the voltage generated by a piezoelectric nano-
generator attached to the eyelid [28,29]. In contrast to the contact
methods, a capacitive sensor has the potential to determine eye gaze
direction without contact [30]. The movement of eyeballs, muscles, and
eyelids induces a capacitive change with respect to a fixed point near the
eyeball [31]. However, traditional capacitive sensors have not been able
to produce accurate eye tracking.

In this paper, we present a wearable capacitive sensor made of a pair
of asymmetric electrodes; one is carbon nanotube paper composite
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(CPCQ) fibers, and the other is a rectangular metal electrode. CPC is
chosen as the electrode material because the high aspect ratio of the CPC
fibrous structure increases the surface area and fringing capacitance,
improving sensitivity. The CPC fibers are fabricated by a wet-fracture
method, which allows for flexibility and miniaturization suitable for
wearable eye trackers The capacitive interaction between asymmetric
electrodes and a spherical eyeball is analyzed by numerical study. Using
a face simulator, both single- and differential capacitive measurements
are characterized to correlate eyeball movement and capacitive changes
in terms of proximity, geometry, and human body charge. Based on the
interaction study, multiple sensor locations are explored to find the
optimal sensor locations for tracking the human eyeball. Vertical and
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Fig. 1. Capacitance-based eye tracker. (a) Prototype design of an eye tracker. (b) Adjustment of sensor distance to the human eyeball. (¢) The tested capacitive
sensors consist of paired fibrous (PF), paired rectangular (PR), and paired hybrid (PH) electrodes. (d) Electric field distribution with a spherical object at 4 and 6 mm
distances from a PH sensor. (e) Single capacitance measurement. (f) Differential capacitance measurement. (g) Numerical model of AC of PF, PR, and RH capac-
itances for the distance between 4 and 6 mm to a target sphere. (h) Numerical model of AC of differential measurement using PF, PR, and PH sensors. 5 mm is set as
0 fF for differential sensing. (i) Numerical model of initial (Cy) and working (C;) capacitances of a PH sensor depending on the number of fibers. C; refers to the
capacitance with the spherical target at 5 mm and Cy is the capacitance without target.
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horizontal eye movements are compared to those produced by a com-
mercial eye tracker. The prototype eye tracker is demonstrated for
smooth-pursuit eye-movement tracking, human-machine interface, and
closed-eye movement monitoring.

2. Capacitive eye tracker

A wearable eye tracker that we envision is an eyeglass frame with
integrated capacitive sensors (Fig. 1a). The miniaturized sensors allow
for integration into existing headgears, such as virtual reality (VR)
headsets. To fit individual face shapes, malleable mounts are used to
adjust the sensor location and distance (Fig. 1b). Fig. 1c shows the ge-
ometry of the designed sensor that has 1 x 5 mm? area with 0.1 mm
thickness. For capacitive measurement, the asymmetry in the geomet-
rical shape of the eyeball near the scleral-corneal junction causes the
distance change of the eyeball surface to the sensor under rotation. The
distance change affects the fringing electric field, which in turn changes
the capacitance.

Three different electrode combinations were analyzed for sensitivity
evaluation by numerical computation. One was paired fibrous (PF)
electrodes, another was paired rectangular (PR) electrodes, and the last
one was paired hybrid (PH) electrodes consisting of fibrous and rect-
angular electrodes. The capacitive sensitivity was the ratio of capaci-
tance change to distance change (AC/Ad), where C was the capacitance
and d was the distance between a sensor and an eyeball. A numerical
model was built for the three sensor configurations with an eyeball. The
rectangular metal electrode was 40 x 10 pm? in cross-section and 1 mm
in length. The fibrous electrode was composed of four fibers having
10 x 10 ym? in cross-section and 1 mm in length. A detailed view of the
numerical model is given in Fig. S1 (Supporting Information). The gap
size was 1 mm. A 5 mm-diameter sphere, representing an eyeball, floats
in the center (Fig. 1d). A 5V AC potential with 25 kHz frequency is
applied between the two electrodes. For hybrid electrodes, 5 V is applied
to the fiber electrode while the rectangular metal electrode is grounded.
The relative permittivity of a spherical object is 80.

The AC due to the fringing electric field could be computed by either
single (Fig. 1e) or differential methods (Fig. 1f). The single method was
convenient but suffered from the nonlinear relationship between
capacitance and rotation angle. The differential method applied AC
voltage 180° out of phase to the second sensor. The differential method
doubled the sensitivity, canceled the nonlinearity, and, therefore, pro-
duced better linearity between capacitance and rotation angle. The
advantage of differential measurement is mathematically described the
Taylor’s series expansion (Supporting Information, Sensitivity analysis
for single and differential sensor configuration).

The numerical study indicates that, as the distance between the
sphere and the sensor decreased from 6 to 4 mm, the charge interaction
increased significantly between the eyeball and the positive electrode
(Fig. 1d). Without the eyeball, the initial capacitance (Cy) of PR, PH, and
PF sensors increased sequentially due to the increased surface area of the
electrodes (Supporting Information, Fig. S2). When the eyeball was
moved from 4 to 6 mm with 0.5 mm intervals, the AC increased grad-
ually. Among the three sensor configurations, PH electrodes showed the
highest AC followed by those of PF and PR electrodes in our numerical
results (Fig. 1g). When the differential measurement was applied on AC,
the sensitivity was further increased with better linearity (Fig. 1h).

PH electrodes showed the highest AC due to the reduced Cp without
an eyeball and the larger C; (capacitance with the spherical target at
5 mm) with an eyeball. The larger AC resulted in the enhanced sensi-
tivity. The PH sensor was composed of a fibrous CPC electrode mated to
a rectangular metal electrode. The fractured CPC generated conductive,
high aspect ratio fibers at the end of electrode, which led to larger
electric field strength and surface area in comparison to traditional plate
electrodes. Due to the larger surface area, Cp without an object increased
in the following order: PR, PH, and PF electrodes. When a charged object
like an eyeball was present, the fibrous electrodes of PH and PF showed a
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higher capacitance (C;). As a result, the sensitivity (AC/Ad) of the PH
sensor, which combined rectangular and fibrous electrodes, out-
performed the PR and PF sensors.

The Cy, C1, and AC saturated as the number of fibers increased for a
hybrid capacitance (Fig. 1i). AC saturated when the number was greater
than 8. Despite the random fiber shapes, the aspect ratio (length/width)
greater 100 and the fiber number greater than 8 could offer uniform AC
values due to the saturation.

3. Material and methods
3.1. Fabrication of fibrous electrodes

A capacitive sensor was made of carbon nanotube-paper composites
(CPC) using the previously reported methods [32,33]. The fabricated
CPC had a mean thickness of 88.4 + 3.1 um. For sensor fabrication, the
initial material was cut into 1 x 10 mm? (Fig. 2a). After patterning sil-
ver (MG Chemicals, 8330S-21 G, USA) electrodes on both ends of the
material, a 0.1 mm capillary pen was used to print a water line at the
center of the material. With the water line soaking CPC fibers, tensional
fracture was induced to separate the material. Through the
wet-stretching process, two 1 x 5 mm? fibrous electrodes were fabri-
cated. For rectangular electrodes, silver ink (Engineered Materials Sys-
tems, Inc. Cl-1001, NY) was uniformly coated on a polyethylene
terephthalate (PET) film. A silver-coated PET film was trimmed to
1 x 10 mm?. By combining fibrous and rectangular electrodes, three
kinds of electrode pairs were fabricated; PF, PH, and PR electrodes
(Fig. 2a). A 50 um-thick self-adhesive polyethylene terephthalate (PET)
film was used for laminating the capacitive sensors. The fabricated PF,
PH, and PR sensors are shown in Fig. 2b. The gap between electrodes
was 1 mm. For fibrous electrodes, the gap size was the distance between
the final ends of PF electrodes. For PH electrodes, the gap size was the
distance from the end of the fibers and the square edge of the rectangular
electrode. For the PR electrode the gap size was the distance between the
square edges. The detailed fabrication process is provided in the Sup-
porting Information (Fig. S4). When Cj values were compared for PR,
PF, and PH electrodes, the average values were 321.0 + 2.6 fF, 373.0
+ 13.2 fF, and 360.7 + 7.7 fF, respectively (N = 3, Supporting Infor-
mation, Fig. S5). The ratio of the standard deviation to the average was
0.8%, 3.5%, and 2.1% for PR, PF, and PH electrodes, respectively.
Although the morphology was not the same, the variation in the
measured capacitance of PF electrodes remained within 3.5%, which
resulted in consistent sensitivity across the fabricated sensors. The
sequential increase of Cy values for PR, PH, and PF electrodes agreed
with the sequence of the numerical modeling results (Supporting In-
formation, Fig. S6).

According to scanning electron microscope (SEM) study, the average
thickness of fibers was 5.9 &+ 1.6 um (Fig. 2c¢). The aspect ratio deter-
mining the electric field strength ranged from 200 to 490. The linear
density of fibers was 14.5 + 3.6 mm!. The X-ray diffraction (XRD)
profiles (Supporting Information, Fig. S7), collected with a Bruker D8
Discover system equipped with a high-efficiency Cu (1.54 A) anode,
showed that CNTs were uniformly dispersed in the CPC matrix, which is
crucial for predictable capacitance of the cantilevered fibers [34-36].

3.1.1. Measurement circuit

Two kinds of capacitance-to-digital converters (CDC) were used to
measure capacitance, AD7747 (Analog Devices) and FDC1004 (Texas
Instruments). An AD7747 chipset was used for single- or differential
measurement of capacitance. It was powered by a 3.3 V input, enabling
a 16 kHz excitation output and 45 Hz sampling rate. Although an
AD7747 offered a high accuracy capacitance measurement (0.1 aF), the
chip could measure only two capacitance channels.

An FDC1004 chip was used to construct the eye tracker circuit for
benchmarking against the Tobii Pro Nano. FDC1004 was powered by a
3.3 V input. The excitation frequency was 25 kHz with a measurement
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Fig. 2. Sensor fabrication and characterization. (a) Sensor fabrication process and fabricated sensors. (b) Fibrous, hybrid, and rectangular sensors. (c) Optical and
SEM images of a representative fibrous electrode. (d) An eye and a face simulator covered with a conductive aluminum foil. (e) Capacitance measurement
configuration using a capacitance-to-digital chip. (f) AC for hybrid, fibrous, and rectangular sensors for 0-6 mm displacement between a face and eyeball (N = 3). AC
is measured with and without human charge. (g) AC for a hybrid sensor with the displacement of an eyeball without moving a face (AC for 0-6 mm distance) (N = 3).
The sensor is initially located at 0 mm from the sensor. (h) Comparison of AC for single- and differential capacitive measurement for + 1 mm horizontal movement of
an eyeball at the distance of 6 mm to a sensor (N = 3).
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resolution of 0.5 fF. FDC1004 was capable of four single or two pairs of
differential sensors, with a sampling rate of 100 Hz/sensor. This allowed
for monitoring horizontal and vertical eye movement over 60 Hz, which
was the standard for camera-based eye trackers.

3.1.2. Sensor characterization using a face simulator

The response of the fabricated capacitive sensors was analyzed by
using a face simulator according to the sensor configurations, geometry,
and electric charge of a human face model with an eyeball. The human
face model was 3D-printed using a polylactic acid (PLA) (Fig. 2d). The
face and eyeball were covered with conductive aluminum foil and
connected via a copper wire. The eyeball was placed on an x-y-z control
stage to simulate human eye movement. The facial model and eyeball
were located on an x-y plane, with stepper motor control along the z-
axis. The body charge was applied to the facial model via a copper wire
attached to the human hand. Capacitive sensors were placed at the
bottom of a 3D printed PLA puck, which was tilted at 10 degrees to
match the contour of the facial model and directed towards the eyeball.
Sensors were connected to a capacitance-to-digital chip and a micro-
processor. The face model had the geometry of a human face with an
independent actuation of the eyeball and the nearby sensor. Fig. 2e
shows the electric measurement configuration.

Using the setup, the sensitivity of the capacitive sensors was char-
acterized for various facial conditions. In test 1, PR, PF, and PH sensors
were displaced by 6 mm from the face fixed with an eyeball to charac-
terize the sensitivity depending on the facial shape and body charge.
Test 2 was conducted to evaluate the most sensitive PH sensor only when
the eyeball was displaced 0-6 mm from the face. This test could also
provide AC depending on the charge induced by the eyeball. The goal of
test 3 was to compare single sensor configuration to differential sensors
for + 1 mm-horizontal eye movement at a 6 mm-distance. This test
aimed to emulate a portion of actual eyeball movement during smooth
pursuit. Tests 2 and 3 were performed with 1 mm-wide PH sensors, with
and without body charge.

3.1.3. Capacitive measurement of human eye movement for sensor location
optimization

The most sensitive PH sensor was used to track the motion of human
eyes. A vertical eye movement test protocol was devised to evaluate
sensor performance, whereby a human subject gazed at markers to
rotate the eye vertically + 20°. To calibrate vertical eye movements, a
whiteboard was placed 680 mm away from the user’s eyes and marked
with two points, 248 mm above and below the neutral gaze position.
Moving the gaze between these two markers was equal to a vertical
angular rotation of + 20°. Eye gazing was restricted to vertical move-
ment, negating any diagonal or circular pathways. The eye movement
process for vertical tests was as follows; three repetitions of vertical
movement between the + 20° markers, three repetitions of 0 ~ 20° from
neutral location, and two repetitions of 0 ~ — 20° from neutral position.
Movement time between markers was 1 s, with a hold time of 3 s at each
marker. The eye displacement test was used to characterize the sensors,
with respect to position, AC, and sensitivity.

For horizontal eye movement, differential capacitive measurement
was conducted to study the optimal sensor locations. The same experi-
mental setup was used but the gaze moved between two markers located
+ 35° from the central position. The subject made alternating left- and
right 70° horizontal eye movements between the two markers. A single
human subject was used during sensor optimization trials.

3.1.4. Comparison test to a commercial eye tracker

The capacitive sensor signals of vertical and horizontal eye move-
ments were compared to the eye tracking outputs of a video-based
commercial eye tracker (Tobii Pro Nano). The commercial system
captured gaze data at 60 Hz using a video-based pupil and corneal
reflection eye tracking system with dark and bright pupil illumination
modes. This eye tracker was designed for fixation-based studies after
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user calibration. The capacitive eye tracker’s signal was compared to
that of the commercial eye tracker in terms of motion accuracy and
response time.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2022.113739.

The capacitive eye tracker was assembled with one pair of differ-
ential sensors for horizontal eye tracking, together with a single sensor
for vertical eye movement detection using FDC1004. The data were
recorded at the sampling rate of 45 Hz. The time-dependent capacitive
data showed horizontal and vertical movement by differential- and
single measurements, respectively. The test was conducted on three
different human subjects. Due to the limitations of the commercial
system, vertical and horizontal angular displacements were set to + 9°
and + 16°, respectively. The degree of angular displacement was
determined by the monitor size (diagonal distance: 685 mm) of a com-
mercial eye tracker and the distance from the monitor to the human
subject’s face (788 mm). The corresponding data for a commercial eye
tracker were unity displacement for horizontal and vertical movement.
All tests were conducted indoors at room temperature. All study related
to the capacitive eye tracking and the comparison test to the commercial
eye tracker was approved by the institutional review board (IRB) at the
University of Washington (IRB ID: STUDY00010741).

4. Results
4.1. Capacitive response to a face simulator

The presence of the human facial shape and charge profoundly
affected the AC of the capacitive sensors. Fig. 2f compares AC of PH, PF,
and PR sensors for the 0-6 mm-displacement between the sensors and
the face with an eyeball with and without human charge. The starting
position of 0 mm did not include a 50 pm-thick PET film thickness that
covered sensors. In the comparison, the PH sensors showed the largest
AC of 0.224 pF and 0.200 pF with and without a human charge,
respectively. A PF sensor showed AC of 0.175 pF and 0.160 pF with and
without a human charge, respectively. The PR sensor showed the
smallest AC. These experimental data qualitatively agreed with the re-
sults of the numerical analysis.

Fig. 2g displays AC of PH sensors with and without body charge
when an eyeball was moved from 0 m to 6 mm from the face (N = 3). A
PH sensor showed only AC= 42 fF with the human charge. In compar-
ison to the experiment moving a PH sensor from the entire face in Fig. 2f,
AC was only 18.7%. Although the human charge contributed to
increasing AC, the isolated eye movement with the background of the
whole face showed only limited AC. Considering 6 mm-displacement,
the actual AC for human eye movement could be further reduced.

Besides the out-of-plane displacement, a human eye could move
horizontally from a sensor. When single capacitive measurement was
conducted for 1 mm-horizontal movement at 6 mm proximity of a
sensor, the AC was only 1.7 fF (Fig. 2h). The differential capacitive
measurement increased AC by 55%. Therefore, differential capacitive
measurement increased AC and, thus, sensitivity.

4.2. Capacitive response to human eye movement

4.2.1. Vertical eye movement

For vertical eye movement, a single capacitive measurement was
conducted to study the optimal sensor location. In Fig. 3a, the locations
of a sensor are presented. For vertical movement, the sensor locations
were tested from (0, 20) to (0, —25) by varying the vertical position in
— 5 mm increments. The origin of the coordinate represents the center
point of the cornea. The x-y coordinates correspond to the x-y plane of
the glasses shown in Fig. 1a. Vertical and horizontal eye movement was
conducted according to the designed protocol by watching the spots on a
whiteboard (Fig. 3b). For vertical eye movement, only a single mea-
surement was conducted because differential capacitive measurement
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Fig. 3. Vertical and horizontal eye move-
ment tests. (a) Locations of sensors for single
and differential capacitive measurement. (b)
Monocular eyeglasses installed with single ver-
tical and differential horizontal sensors. (¢) AC
depending on vertical sensor locations at (0,
20), (0, 10), (0, 0), (0, —10), and (0, —20). (d)
AC depending on horizontal differential sensor
locations at [(—20, 0) and (20, 0)], [(—20, 0)
and (25, 0)], [(—20, 0) and (30, 0)], [(—20, 0)
and (35, 0)], and [(—20, 0) and (40, 0)].
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showed undesirable patterns (Supplementary Information, Fig. S8).
While vertical movements were measured by single capacitance, hori-
zontal differential sensors were also sensitive to the vertical movements.
With the increased sensitivity of differential capacitance, the change in
proximity of the cornea and eyelid to the differential sensors during
vertical movement led to detection of this movement as a sinusoidal
pattern. As such, a single vertical measurement was used to reduce
sensitivity to horizontal eye movements while, enabling sensitivity to-
wards only vertical eye movements.

The time-dependent protocol of eye movement in the top graph of
Fig. 3c showed vertical displacement of + 20°. The sensor location of (0,
20) clearly showed the reproducible measurement of eye movements
and identified the straight neutral gaze at the midline (Fig. 3c). At the
sensor location of (0, 0), the phase of AC started to be inverted. As the
sensor moved to (0, —10) and (0, —20), AC was inverted in comparison

to that of (0, 20), as the sensors at these locations were inversely
influenced by the eye. Moreover, the amplitude decreased as the sensor
location was below (0, 0). At location (0, —25), the sensor produced
inconsistent amplitude and distortion.

It was speculated that the capacitive signal for vertical eye move-
ment was dominated by cornea movement rather than eyelid movement.
To evaluate the source of the capacitive signal, photographic angular
analysis (Supporting Information, Fig. S9a) of the eye was conducted. A
frame-by-frame photo analysis was undertaken to determine the
displacement of the cornea and eyelid during vertical eye movement,
with respect to sensor position (Supporting information, Fig. S9b). From
the initial distance of 6 mm, the cornea diagonally retracted by 7.1 mm
as the eye gazed between 20 to — 20°. A diagonal retraction of 7.1 mm
equated to ~2 mm of corneal retraction in the x plane (refer to Sup-
porting Information, Fig. S9a). In comparison, the eyelid was located at



V. Sakthivelpathi et al.

— 1 mm at 20° and withdrawn by 3 mm at — 20°. This data confirmed
the complex movement relationship between the cornea and eyelid,
where the photographic displacement could not individually explain the
relationship between the capacitance signal and gaze position.

As such, the capacitance effect of the eyelid encasing the cornea was
also examined. As the eyelid moved from nearly closed- to fully closed
state, a sharp spike rose in capacitance (Supporting Information,
Fig. S9c). The dielectric nature and electric charge of the cornea and
eyelid could dominate AC. To mimic the capacitance interaction be-
tween a wet eyeball and dry eyelid, when a sensor moved between wet
and dry skin, the AC was much greater on the wet skin (Supporting
Information, Fig. S9d). On average, the wet skin exhibited AC of 24 fF,
greater than that of the dry skin. The larger AC could be caused by direct
electrical connection to the human body charge and the electrical dou-
ble layer forming on the skin.

Sensors and Actuators: A. Physical 344 (2022) 113739

According to the results, the cornea with the thin water layer could
dominate AC until the eyelid was completely closed. The inversion and
decreased amplitude of AC at the vertical sensor locations (0, 0) and
below could be explained with respect to cornea and eyelid protuber-
ance. The signal was inverted at sensor locations (0, 0) and below as the
cornea was at a closer proximity to the sensor during its downward
trajectory. The amplitude decreased, as less of the cornea was inter-
acting with the sensor. Further study is required to quantify the impact
of the eyelid on AC. In summary, the sensor location between (0, 20) and
(0, 10) was optimal with a maximum range of + 10 fF. Considering the
noise level of 0.56 fFgys and sensitivity of 0.5 fF/deg, the accuracy was
1.1 degrees.

4.2.2. Capacitive response to horizontal eye movement
For horizontal eye movement, differential capacitive measurement

Fig. 4. Comparison to a commercial eye
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was chosen to study the optimal sensor locations. The same experi-
mental protocol was used, but the gaze moved between two targets
located at — 35° (left) and + 35° (right). The subjects repeated the 70°
gaze shift four times (Fig. 3d). The horizontal eye movement excursion
was limited by the subject’s oculomotor range. Single capacitive mea-
surement was not used due to the low sensitivity.

Both sensors in the differential configuration were placed on the left
and right sides of the right eye. The design of the glass frame only
allowed the left sensor to be placed at (—20, 0) near the nose bridge. The
location of the right-side sensor was tested between (20, 0) and (40, 0) in
5 mm increments to find the optimal sensors’ location. The midline of
the waveform corresponded to a straight neutral gaze.

When the right sensor was located between (20, 0) and (30, 0), the
capacitive signals clearly showed rightward, leftward, and zero-crossing
movements. Moreover, the signals showed consistent movement am-
plitudes. At location (35, 0), the signal reduced amplitudes. At the most
peripheral location (40, 0), the sensor failed to produce a predictable
signal. The failure was caused by the lack of sensitivity from the right
sensor because the sensor was located beyond the eye corner. Differ-
ential sensors located at [(—20, 0) & (20, 0)] and [(—20, 0) & (30, 0)]
were optimal with a maximum range of + 10 fF and sensitivity of 0.28
fF/deg. With a noise level of 0.35 fFgys, the accuracy was within 0.8
degrees.

4.3. Comparison test to a commercial eye tracker

The capacitive sensor signals of vertical and horizontal eye move-
ments were compared with those produced by a camera-based com-
mercial eye tracker (Tobii Pro Nano). Section 3.5 describes the
experimental setup for the comparison test using a commercial eye
tracker. Fig. 4a shows the vertical movement of an eyeball. As the eye
moved vertically, both the vertical and horizontal AC clearly showed the
movement signals with similar amplitudes and opposite phases. The
commercial eye tracker also produced eye movement signals in both the
vertical and horizontal channels during a pure vertical eye movement,
but the amplitude of the horizontal signal was ~3% of the vertical
signal.

Fig. 4b shows the comparisons of horizontal eye movement signals
produced by the capacitive sensors and the Tobii eye tracker. In contrast
to vertical eye movement, the horizontal AC showed a robust horizontal
movement signal, but the vertical AC did not show any signals related to
the horizontal eye movement. Based on the results, the vertical capaci-
tive sensor determined the movement direction of an eyeball. Based on
the results shown in Fig. 4a and b, combining both amplitude and phase
information from both vertical and horizontal capacitive sensors
allowed for horizontal and vertical signal separation due to the crosstalk
during vertical eye movement.

Fig. 4c and d show the comparison of horizontal eye movement
signals between capacitive sensors and a commercial eye tracker for two
other human subjects. The capacitive sensors clearly detected the sac-
cades. In comparison to the AC shown in Fig. 4b (top panel), the saccadic
eye movements were more distinctly shown and clearly correlated to
those produced by a commercial eye tracker. Overall, AC ranged be-
tween 10 and 20 fF. Considering horizontal eye movements of 4+ 12°, 1°
accuracy could be achieved for horizontal eye movement.

Fig. 4e depicts the phase diagrams for vertical and horizontal smooth
pursuit movement, for qualitative deduction of the direction of eye
movement. During horizontal smooth pursuit, the phase diagram pro-
duced a plot with negligible vertical amplitude. However, during ver-
tical smooth pursuit, the phase diagram produced a diagonal plot. A
clear qualitative distinction was evident between the phase diagrams.

5. Discussion

For a capacitive eye tracker, the performance of a high accuracy
capacitance-to-digital chip was crucial for accurate detection of eye
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movement. In our tests, various chips were tested, including AD7747
(Analog Devices), FDC1004 (Texas instrument), and FDC2214 (Texas
instrument). Also, LM 555 timer (Texas instrument) could be used for
capacitive eye tracking. According to our characterization, 0.1 fF of
accuracy was critical to obtain 1°-accuracy for eye movement. In this
regard, AD7747 was the best in terms of accuracy. Despite the lower 1
fF-accuracy of FDC 1004, the higher sampling rate up to 400 Hz could be
useful for ultimate eye tracking. FDC 2214 was an electrical resonance
circuit with operation frequency of 1-3 MHz. Due to the resonance, the
AC was high with the increased noise level. The sampling rate of FDC
2214 could be increased to 1 kHz, which had a potential for eye
tracking.

The capacitive eye tracker was also tested to monitor horizontal eye
movement with the eyelids closed and opened (Fig. 4f). The capacitive
sensors reliably detected eye movement in both conditions. The ampli-
tudes were larger when the eyelids opened. The ability of the sensors to
detect eye movement with the closed eyelids would allow the sensors to
be used in sleep studies.

To demonstrate the real-time response for detecting eye movement,
the capacitive sensing eye tracker was interfaced with a laptop computer
to control a cursor on the screen (Fig. 4g). Starting from a center point,
the eyes moved to the left, center, and right locations according to verbal
signals. The cursor showed corresponding movements to the three lo-
cations. Eye blinking (Fig. 4g, red arrows) showed spikes but did not
appear to affect the accuracy of the cursor placements (Supporting In-
formation, Real eye tracking HMI.mp4). The wearable eye tracker
demonstrated the capability to control a machine using eyeball
movement.

6. Conclusion

A capacitive eye tracker was demonstrated to monitor eye move-
ment. Based on our numerical analysis, a hybrid capacitive sensor made
of fibrous and rectangular electrodes had the highest sensitivity due to
the reduced initial capacitance and increased capacitance change (AC)
in the presence of an eyeball. In comparison to a single sensor, a dif-
ferential sensor configuration showed the better detection performance.
In the study using a face model, the human charge increased AC, but the
face background reduced AC of eye movement. In the human subject
test, the single capacitive measurement was optimal for vertical eye
movement at the locations of (0, 20) ~ (0, 10) mm. For horizontal eye
movement, the differential capacitive methods allowed accurate mea-
surement at the locations between [(—20, 0) & (20, 0)] and [(—20, 0) &
(30, 0)]. The accuracies for vertical and horizontal movement were 1.1
and 0.8 degrees, respectively. The comparison of a capacitive eye
tracker to a commercial eye tracker showed a good correlation for
horizontal- and vertical eye movements. A phase diagram between
vertical and horizontal signals was used to qualitatively assess eye
movement. The presented capacitive eye tracker detected horizontal eye
movement with the closed and open eyelids. The relationship between
cornea and eyelid position was studied to understand their consequence
on the capacitance signal. The cornea was found to dominate the
capacitance signal, until the eyelid was fully closed. The presented
wearable capacitive eye tracker shows potential for eye tracking in
various fields, including neuroscience, cognitive science, eye function
diagnosis, and entertainment.
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