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CAPACITANCE-BASED EYE TRACKER.

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application 63/179045, filed

April 23, 2021, the disclosure of which is hereby incorporated by reference in its entirety.

STATEMENT OF GOVERNMENT LICENSE RIGHTS

This invention was made with Govemment support under Grant No. R21
EY031768 awarded by the National Tnstitutes of Health and under Grant No. 1927623 by
the Advanced Marufacturing Program of National Science Foundation. The Government
has certain rights in the invention.

BACKGROUND

Wearable sensors have been made flexible, resthient, and small in size. The
wearable sensors, especially for heartbeat, foot pressure, and skin movement monttoring
directly imnpact sports medicine and rehabilitation. However, a wearable sensor to measure
eve movement accurately and nominvasively is an open problem. Current methods o
monitor eye movement are either bulky or invasive in nature.

These methods melude: (1) An ultrathin piezoelectric nanogenerator attached o the
eyelid generates an output voltage depending on the motion of an eveball. This technology
is in its initial phases (11} A scleral coil that is invasively placed. The magnitude of the
induced voliage is determined by the angles of the scleral coils and the magnetic flux. This
procedure may not be adoptable by the general population due to its lighly ivasive nature.
(11} A capactiive sensor array to determine eye gaze detection. The movement of ths
eyeballs, muscles, and eyvelids imduce a change 1o the capacitance of a capacitor placed at
a fixed point near the eye However, the sensitivity was wsufficient for precise
measurement for eye movement. (iv} A camera-based desktop eve-tracking system is the
major workhorse {or many applications. However, this system is bulky, not portable, does
not offer real-tiroe data analysis, and requires post-processing of the stored datasets.

There is a lack of accurate eve trackers for diagnosing neurological disorder: In
maost ambulatory clinics, the physicians evaluate eye movement problems by naked eve.
This techmique s inaccurate and hikely to lead o a wrong diagoosis. Additionally,
conventional eve trackers are bulky, expensive, and require a long setup time. To render
cwrrent camera-based svatems applicable to disease diagnosis, significant improvements in
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hardware and software are needed. Using eve-tracking sensors i laboratory or chinucal
settings has been challenging due {o the short visits of patients, low availability of
equipment, and the requirement for highly trained medical technicians. Therefore, current
eve monitoring sensors are inadeqguate for clinical tasks,

‘The challenges in the development of a robust solution include: (i) availability of
miniature high-fidelity sensors and electrontes for real-time signal processing, (i1} wearable
platform that can account {or subject's facial anatony and manimire the effects of subject’s
movement on measurement quality, and (111} madequate data analysis algorithms and
measurement calibration. Due to the challenges, the collected data may not reflect the
natural daily eve movement, which may lead to false diagnosis.

Accordingly, non-invasive, high fidelity eye trackers and methods of use are

needed.

SUMMARY

This sunumary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This summary 1S not intended
1o identify key features of the claimed subject matter, nor is it intended to be used as an aid
in determirung the scope of the claimed subject matter.

In one aspect, an eye-tracking system, inchuding at least one vertical capacitance
sensor, configured 1o measure the vertical position of a cornea of a user's eye by sensing a
position of an eyelid of the user; and at least one horizontal capacitance sensor, configured
1o measure the horizontal position of the comea of the user's eye by sensing a position of
the user's eveball is disclosed.

In another aspect, an eye-tracking system including an article including a left side
and a right side, a first vertical sensor attached fo the right side of the article, a second
vertical sensor attached to the left side of the article, a first horizontal sensor attached to
the right side of the article; and a second horizontal sensor attached to the left side of the
article, wherein the first vertical sensor and the first horizontal sensor are configured to
measure a vertical position and a horizontal position, respectively, of a comea of a user's
right eve by sensing a position of a right evelid of the user and the user's right eveball, and
wherein the second vertical sensor and the second horizontal sensor are configured to
measure a vertical position and a horizountal position, respectively, of a comea of a user's

left eve by sensing a position of a left evelid of the user and the user's left eyeball, so that
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both a user's right eve movements and lefl eve movements are sensed sirnulfaneously is
disclosed.

In yet another aspect, a method of tracking a position of at least one eve of a user,
meluding mounting an eyve-tracking svster according to any of the preceding claims to the
user; and measuring capacitance from the at least one vertical sensor and the at least one

horizontal sensor 15 disclosed

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention will
become more readily appreciated as the same become better understood by reference to the
following detailed deseription, when taken in conjunction with the accompanying
drawings. wherein:

FIGURE 1A 1s an example eye-tracker, in accordance with the present technology;

FIGURE 1B 1s an example location of sensors on an eye-tracker, in accordance with
the present technology;

FIGURE 1C is an ithustration of example sensor configurations, in accordance with
the present technology;

FIGURE 1D 1s a graph of example electric field distribution with a spherical object

FIGURE 1E is an illustration of a single capacitance measurement, in accordance
with the present technology;

FIGURE 1F s an iliustration of a differential capacitance measurement, in
accordance with the present technology;

FIGURE 1Gis a graph of change in capacitance for different sensor configurations,
in accordance with the present technology;

FIGURE 1H is a graph of change in differential capacitance for different sensor
configurations, in accordance with the present technology:

FIGURE 11 1s a graph of capacitance based on the number of fiber electrodes in an
example sensor, in accordance with the present technology;

FIGURES 2A-2D show an example numerical model for three sensor
configurations, in accordance with the present technology;

FIGURE 3 15 an imtial capacitance measurement, o accordance with the present

technology;
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FIGURE 4A 15 av example of sensor fabrication, n accordance with the present
technology,;
FIGURE 4B is an iltustration of example sensor configurations, in accordance with

the present technology;

(4

FIGURE 4C is an optical and SEM image of an example sensor, in accordance with
the present technology;
FIGURE 4D 15 an eve and face simulator covered with a conductive alununum {oil
for testing, in accordance with the present technology;
FIGURE 4E shows an example capacilive measwrement configuration, in
10 accordance with the present techuology.
FIGURE 4F is a graph showing the change in capactiance for different sensor
configurations, in accordance with the present technology;
FIGURE 4G s a graph showing the change in capacitance for different sensor
configurations without moving a face, in accordance with the present technology;
15 FIGURE 4H 1 a comparison for the change of capacitance for single and
differential capacitive measurement, 1o accordance with the present fechnology:
FIGURE 5 is a graph of initial capacitance values for PR, PF, and PH electrodes,
in accordance with the present technology:
FIGURE 6 is a graph of dferential vertical sensors tracking left-right roovernents,
20 in accordance with the present technology
FIGURE 7A i3 an image {rame of one or 30 images taken during vertical smooth
pursuit, in accordance with the present technology;
FIGURE 7B 1s a graph of the distance change between a sensor and an evelid, in

accordance with the present technology,
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FIGURE 7C is a graph showing the capacitance change from a nearly closed eye to
a fully closed eve, in accordance with the present technology;

FIGURE 7D is a graph showing the capaciiance change between dry and wet skin,
i accordance with the present techuology;

FIGURE 8A is example locations for sensors for single and differential capacitive
30 measurement, in accordance with the present technology,
FIGURE 8B is example monocular eveglasses with single vertical and differential

horizontal sensors, in accordance with the present technology;
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FIGURE 8C 15 a change in capactiance depending on vertical seusor locations, in
accordance with the present technology;

FIGURE 8D 1s a change in capacitance depending on horizontal differential sensor
focations, in accordance with the present technology;

FIGURE 9A shows the vertical movement of an eyveball, with a commercial eve-
iracker and the disclosed eve tracker, in accordance with the present technology;

FIGURE 9B shows the examples of horizontal eve movement signals with the
disclosed eve tracker and a comumercial eve tracker, in accordance with the present
technology;

FIGURE 9C shows horizontal eve movement signals with the disclosed eve tracker
and the commercial eve-iracker, in accordance with the present technology;

FIGURE 903 shows horizontal eve movement signals with the disclosed eve~tracker
and the commercial eve tracker, in accordance with the present technology;

FIGURE 9E depicts phase diagrams for vertical and horizontal smooth pursuit
movement, in accordance with the present technology,

FIGURE 9F shows horizontal eye movement with the eyehds closed and opened,
in accordance with the present technology: and

FIGURE 9G s a demonstration of areal-time response for detecting eve movement,

in accordance with the present technology.

DETAILED DESCRIPTION

Described herein is a wearable sensing platform made of, in some embodiments,
carbon nanotube-paper composites {CPC) to measure tiny changes in svstem capacitance
with a thin film format. To replace the current camera-based system, CPC-capacitive
sensors tfrack eveball movement and monitor evelid movement, e.g., blinks. In some
embodiments, the sensors are composed of multi-walled carbon nanotubes (MWUNTs)
embedded i a micro cellulose fiber matrix. MWCNTs mav be randomly distributed
throughout the fiber network. When the matnix is fractured, the separated MWCNTs form
a capacitance network. Electrical termination forms a capacitance along the crack. The
capacitive sensors are packaged for non-contact measurement of the capacitance due to
eyeball movement. The sensors use low-power elecironics and can be integrated with any

number of eve-tracking forro factors.
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Also described herein s a mimaturized wearable capacitive sensor made of a pair
of asymmetric elecirodes; one being carbon nanotube paper composite (CPC) fibers, and
the other being a rectangular metal electrode. The capacitive interaction befween
asvmmetric electrodes and a spherical eveball is analyzed by numerical study. Using a face
simulator, both single- and differential capacitive measurements are characterized to
correlate eveball movement and capacitive signal changes in terms of proximity, geometry,
and human body charge. Based on the mieraction study, muliiple sensor locations were
tested to find the optimal sensor locations for tracking the human eveball. Vertical and
horizontal eve movernents were compared to those produced by a commercial eve tracker.
The prototype eye tracker is dernonstrated for smooth-pursuit eve~rooverent trackiog,
human-machine inferface, and closed-eve movement monitoring. The proposed capacitive
sensing device allows for unhindered eyesight while reducing parasific capacitance using
a minimal number of capacitive sensors. The wearable eve-~tracker, in some ernbodirents,
is useful for human-machine interface, cognitive monitoring, neuroscience research, and
rehabilitation,

In some embodiments, two pairs of sensors are placed onio eveglasses. These
sensors are configured to test the eve movement of a human subject. In one example, the
sensors measured the eve movement of a human subject who was directed o move their
eyve left-right and up-down. Analog Devices (Notwood, MA} AD7746 capacitance to
digital converter evaluation board may be used for the measurement. The capacitance may
be measured by a differential method. In some embodiments, the sensors L and R are patred
for leftward-rightward movernents, and the sensors U and D are paired for
upward/downward movements. The measurement may be performed at a sampling rate of
16 Hz withowt shielding the parasitic capacitance. In one embodiment, the detecied
capacitance changes were 20~30 {F. The sensifivity and accuracy mayv be increased based
on the sensor-eye interaction modal.

FIG. 1A is an example eve-~tracker, in accordance with the present technology. The
wearable eve tracker 100 may take the form of an eveglass frame with integrated capacitive
sensors, but in other embodiments, the eve tracker may be monocular or binocular lenses,
an eve mask, goggles, or a mechanical support or adjustable ring configured to suspend the
sensors in space above the eve. The small form factor of the sensors also allows for
integration into existing headgears, such as virtual reality {(VR) headsets. In some

embodiments, to fit individual face shapes, malleable mounts are used to adjust the sensor
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location and distance, as shown in FIG. 8B. The geometry of the designed sensor may have
I x5 mm® area with 0.1 mm thickness.

In some embodiments, the wearable eve-tracker 100 may include at least one
veriical sensor and at least one horizontal sensor, as described and shown m FIG. 1B.

In some embodiments, the wearable eve-tracker 100 may include an article 110 for
securing the capacitive sensors. In some embodiments, the article may be monocular or
binocular lenses, eveglass frames, an eve mask, goggles, or a mechanical support or
adjustable ring configured to suspend the sensors in space above the eye.

In some embodiments, the eve~tracker 100 may also include a processor 120
configured to configured to process the measurement signals and provide an output
indicative of a position of the user's eve. In some embodiments, the processor is configured
o execute instructions to apply machine learming and/or artificial intelligence 1o provide
the output indicative of the position of the uset's eve. In some embodiments, the processor
includes an electronic control unit, configured to control and receive measurement signals
from the at least one vertical sensor and the at least one horizontal sensor. In some
embodiments, the electronic control unit may be a separate component of the eye-tracker.
While the processor 120 is shown on the side of the article 110, the processor 120 may be
in any location, including connected {o the capacitive sensors with a wired connection. In
some embodiments, the processor 120 may not be located on the article 110,

In some embodiments, the eye-tracker 100 may further include an IR camera system
in combination with horizontal and vertical capacitive sensors to synchronously acquire
data of higher sensitivity and accuracy

In operation, for capacitive measurement, the asymumetry in the geometrical shape
of the eveball near the scleral-comeal junction causes the distance change of the eyeball
surface to the sensor under rotation. The distance change affects the fringing electric feld,
which in turn changes the capacitance, as shown in FIG. 1D

FIG. 1B is an example location of sensors on an eve-iracker, in accordance with the
present techniology. The sensors were adjusted multiple tumes to deternine an optumal
distance between the sensor and the human eveball. As shown, in some embodiments, the
sensors 200, 210, 300, 310, and 320 are placed inside the frame of the article 110, on the
stde facing a user.

In some embodiments, the eve tracker 100 includes at least one vertical capacitance

sensor 200, 210, configured to measure the vertical position of a comea of a user's eve by
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sensing a position of an evelid of the user, and at least one horizontal capacitance sensor,

(P8

00, 310, configured to measure the horizontal position of the cornea of the user's eve by
sensing a position of the user's eveball. In some embodiments, there may also be a second
vertical sensor (not pictured in FIG. 1B) and a second horizontal sensor 320, In some
embodiments, each lens of the article 110 includes at least one vertical sensor 200, 210,
and at least one horizontal sensor 300, 318 In some embodiments, each lens includes at
least one horizontal sensor 300, 310 and a second horizontal sensor 320. While the second
horizontal sensor of the left lens of article 110 is obscured, it should be appreciated that i
is located at the same relative posttion of second horizontal sensor 320, but on the left lens
{as shown in FIG. 8B). In some embodiments, the total number of horizontal sensors 300,
310, 320 is 2 or fewer. In some embodiments, the total numiber of vertical sensors 200, 210
is 2 or fewer.

In some ervbodiments, the article 110 includes a left side and a right side. To some
embodiments, the left side of the article 110 may be a left lens of a pair of eveglasses and
the right side of the article 110 may be a night lens of the pair of eyeglasses, such as
lustrated 1o FIG. 1B In some embodiments, the right side and the left side of the article
110 may be the right and left side of a sleep mask. In some embodiments, the eve-tracking
svstem includes a first vertical sensor 200 attached to the night side of the article, a second
vertical sensor 210 attached to the lefl side of the article, a first horizontal sensor 300
attached to the right side of the article and a second horizontal sensor 310 attached to the
left side of the article.

In operation, the first vertical sensor 200 and the first honizontal sensor 300 are
configured to measure a vertical position and a horizontal posttion, respectively, of a comnea
of a user's right eve by sensing a position of a right evelid of the user and the user's right
eyeball. Stmularly, the second vertical sensor 210 and the second horizontal sensor 310 are
configured to measure a veriical position and a horizontal position, respectively, of a comea
of auser's lefl eve by sensing a position of alefi eyelid of the user and the user's left eyeball,
so that both a user's nght eve movements and left eve movements are sensed
simuftansously.

In some embodiments, the eve-tracking system 100 further includes an electronic
ground 130 configured to electrically connect the eve-iracking system 1o a body of the user
in order to increase the capacitance change detected by the vertical and horizontal

capacitive sensors. While the electronic ground 130 ig illustrated o be a part of the
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processor 120, in some embodiments, the electronic ground i3 a separate component. In
some embodiments, the electronic ground is not atiached {0 the article 110

In operation, and as described in further detaill herein, the at least one vertical
capacitance sensor 200, 210 and the second vertical capacitance sensor (not pictured in
FIG. 1B) operate using differential measurement to measure the vertical position of the
comea of the user's eve. Similarly, the at least one honzontal capacitance sensor 300, 310
and the second horizontal capacitance sensor 320 operate using differential measurement
to measure the horizontal position of the comea of the user's eye. In some embodiments,
the horizontal and vertical sensors are rolated up to 45 degrees clockwise to increase
sensitivity to eve movement.

FIG. 1C is an iHlustration of example sensor configurations, in accordance with the
present technology. The capacitive sensors, such as at least one vertical sensor 200, 210
and at least one horizontal capacitive sensor 300, 310 as shown m FIG. 1B, mayv be
comprised of paired fibrous (PF), paired rectangular {(PR), and/or paired hybrid (PH)
glecirodes. In some embodiments, the sensors have different electrode combinations. Three
different electrode combinations were tested for sensitivity evaluation by numerical
compuitation. One was paired fibrous (PF) electrodes, another was paired rectangular (PR)
electrodes, and the last one was pared hybnid {(PH) electrodes consisting of fibrous and
rectangular electrodes.

In some embodiments, the at feast one vertical sensor and the af least one horizontal

o

ensor are each comprised of two electrodes. In some embodiments, the ong or more
vertical capacitance sensors are a carbon nanotube paper composiie sensor. In some
embodiments, the vertical capacttance sensors are further comprised of multi-walled
carbon nanotubes embedded in the template matenial, wherein the template matenal
comprises a micro celluloge fiber matrix template matenial. In some embodiments, the
vertical capacitance sensors are comprised of a template material comprising at least a first
elecirode, and a second electrode. The first electrode may be a carbon-nanotube paper
composite electrode, and the second electrode may be a rectangular electrode. In some
embodiments, the first electrode is a first carbon nanotube paper composite electrode, and
the second elecirode is a second carbon nanotube paper composite electrode.

Further, in some ernbodiments, the one or more horizontal capacitance sensors is a
carbon nanotube paper composite sensor. In some embodiments, the horizontal capacitance

sensors are further comprised of nuilii-walled carbon nanotubes embedded in the template
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material, wherein the template material comprises a micro celiulose fiber matrix template
material. The one or more horizontal capaciiance sensors may be comprised of a template
material comprising at least a first electrode, and a second electrode. The first electrode
may be a carbon-nanotube paper compostie electrode, and the second electrode may be a
rectangular electrode. Still, in some embodiments, the first electrode is a first carbon
nanotube paper composite electrode, and the second electrode is a second carbon nanotube
paper composite electrode.

FIG. 1D 1s a graph of an example electric field distribution with a spherical object
at different distances from an example PH sensor, in accordance with the present
technology. The key shows the Log;g in V/m. On the right side is an electric field generated
by a sensor 4mum from a spherical object. On the left side is an elecinc field generated by
a sensor 6mm from a spherical object. The circle represenis the spherical object. At the
botiom of the square field is the electrode, to which SV were applied.

The capacitive sensitivity is defined as the ratio of capacitance change to distance
change (AC/Ad), where C i3 the capacitance and d is the distance between a sensor 10 an
eveball. The gap size between the electrodes was 1 mm. A § mm-chameter sphere,
representing an eyeball, floated in the center. A 5V AU potential with 25 kHz frequency
was applied between the two electrodes. For hybrid electrodes, SV was applied to the fiber
elecirode while the rectangular metal electrode was grounded. The relative permittivity of
a spherical object was 0. When a voltage is applied between the two CPC sides, a fringing
eleciric field 1s generated. Because the electric field is inversely proportional {0 the
diameter of MWCONTS, the field strength sigmificantly increases as the diameter decreases
o 10nm.

FIG. 1E is an iflustration of a single capacitance measurement, in accordance with
the present techoology. FIG. 1F 1s an illustration of a differential capacitance measurement,
in accordance with the present technology. The AC due o the fringing electric field could
be computed by either single (FIG. 1E) or differential methods (FIG. 1F). "GND" in both
FIG. 1E and 1F represents the ground.

In operation, the single method (FIG. 1E) was convenient but suffered from the
nonlinear relationship between capacitance and rotation angle. The differential method
applied AC voltage §80° out of phase to the second sensor. The differential method doubled
the sensitivity, canceled the nonlinearity, and, therefore, produced a more lingar

relationship between capacitance and rotation angle.
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FIG. 1G is a graph of change i capacitance for different sensor configurations, in
accordance with the present technology. On the vertical axis is the change in capacitance
(AC) in Ff. On the horizontal axis is the distance in mm.

The AC of PF, PR, and RH sensor capacitances for the distance between 4 and 6
mm 1o a target sphere {as shown in FIG 1D} are graphed. Among the sensors, the PH
electrodes showed the lughest AC followed by those of PF and PR electrodes.

FIG. IH 1s a graph of change i differential capacitance for different sensor
configurations, in accordance with the present technology. OUn the vertical axis is the
change in capacitance {AC) in FE On the horizontal axis is the distance in mm.

The AC of differential roeasurement using PF, PR, and PH sensors is plotted. 5 rom
1s set as O fF for differential sensing. When the differential measurement was applied on
AC, the sensitivity was further increased with better hnearity. The larger sensitivity and the
better linearity came from the cancellation of the nonlinear terms for proximity response.
PH electrodes showed the highest AC due to the reduced o without an eveball and the
larger C: with an eyeball. The larger AC resulted in the eshanced sensitivity (AC/Ad).

FIG. 11 is a graph of capacitance based on the number of fiber electrodes mn an
example sensor, in accordance with the present technology. On the vertical axis is the
capacitance in fF. On the horizontal axis is the number of fiber electrodes. The mitial
capaciiance {Co) and the capacitance at 5 mm {C1) of a PH sensor depending on the number
of fibers in the fibrous elecirode of the paired sensor. Capacitance for the spherical target
at 5 mm and the capaciiance without target {Co). The Co, €1, and AC saturated as the
number of fibers increased for a hybrid capacitance.

When the number of fibers increased from 2 to 16, AC saturated when the number
was greater than 8. Despite the random fiber shapes, the aspect ratio (length/widih) greater
100 and the fiber number greater than 8 could potentially offer uniform AC values due to
the saturation. According to the numerical study, PH electrodes showed higher sensitivity
due to the reduced initial capacitance and increased capacitance with a charged gveball. A
differential measurement could then increase sensitivity for proxinmuty detection. An array
ofhigh aspect ratio fibers could offer vmiform AC. In some embodiments, the first elecirode
of the horizontal sensor is a fibrous slecirode. In some embodiments, the fibrous elecirode
has 8 or more fibers. Simularly, in some embodiments, the first electrode of the vertical
sensor is a fibrous electrode. In some embodiments, the {ibrous electrode has 8 or more
fibers.
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FIGs. 2A-21 show an example numerical model for three sensor configurations, in
accordance with the present technology. A COMSOL numerical model was built to stady
the proximity sensitivity of a capacitive sensor.

FIG. 2A shows the geometry of a spherical object numicking an eyeball and pairec
electrodes for capacitive detection, in accordance with the present technology. Capacitive
sensors were placed at the bottom of a square domain with air permuthivity. One side was
25 mm. The potential of 5V was applied between two electrodes. The capacitive sensors
were made of paired rectangular (PR), paired fibrous (PF), and paired hybrid (PH)
elecirodes (F1Gs. 2B-2D). Three different types of geometries were compared {o study a
capacitive sensifivity to proxumity detection of a charged object. For all the electrodes, the
{otal volume was designed to be the same. The rectangular elecirode was represented by a
monolithic rectanguliar slab with has a cross-section of 40x10 pm2 with 1 mm in length.
The geometry of the fibrous electrode was created by placing four paraliel rectangular
fibers at 20 pm apart. In some embodiments, each electrode has 10x10 um?2 in cross-section
and s | mym in length. For hybrid electrodes, SV was applied to the fibrous electrode while
the rectangular electrode was grounded. A 25 kHz frequency was applied for an
electrostatic model. The sphere had a dieleciric constant of 80. For all configurations, the
gap size was 1 mm, but the gap size between the electrodes may range from 0.1 ymto 1
mm. The 5 mm-diameter target represenied a capacitive sensing target Hoating in the
center. The observed capacitance was calculated from the imaginary part of the admittance,
which 1s:

imag(¥y)
=

The svmbol Y is the observed adnuttance at an electrode, and the @ 1s the excitation
radian frequency, which is 50,000 nrad/s. A numerical model was buiit for the three sensor
configurations with an eveball. The rectangular metal electrode was 40 x 10 wro” in cross-
section and 1 mm in length. The fibrous electrode was composed of four fibers having 10
x10 pm? in cross-section and 1 mm in length. According to the numerical results, as the
distance of the sphere o the sensor decreased from 6 to 4 mm, the charge interaction
mereased significantly between the eyeball and the positive electrode (as shown jo FIG.
1D} In other words, the charge from the eveball could increase the capacitance change

(AC).
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FIG. 3 1s a graph of an it capacitance measurersent, in accordance with the
present technology. On the vertical axis is the initial capacitance (Co) in {F. On the
horizontal axis are the three configurations of electrodes (PR, PF, and PH).

Without the eveball, the mnitial capacitance of PR, PH, and PF sensors mcreased
sequentially due to the increased surface area. When the eveball was moved between 4 and
6 mm with an interval of 0.5 yam, the AC increased continuously.

FIG 4A 1s an example of sensor fabrication. in accordance with the present
technology. A capacitive sensor was made of carbon nanotube-cellulose fiber composites
(CPC}. The fabricated CPC had a mean thickness of 88.4 + 3.1 um. For sensor fabrication,
the material was cut into 1x10 rom®. Afler patterning silver electrodes on both ends (MG
Chemicals, 83308-21G, USA) a water line was printed to induce cracking location
followed by tensional fracture. Through the process, a fibrous electrode was fabricated. For
rectangular electrodes, silver ink (Engineered Materials Systems, Inc. CI-1001, NY) was
uniformiy coated on a polyethylene terephthalate (PET) film. A silver-coated PET film was
trimroed to 1 x 5 nun®. By combining fibrous and rectangular electrodes, three kinds of
elecirode pairs were fabricated; PF, PH, and PR electrodes. A 50 pm-thick self-adhesive
polvethylene terephthalate (PET) film was used for laminating the capacitive sensors.

FIG. 4B 1s an illustration of example sensor configurations, in accordance with the
present technology. The fabricated PF, PH, and PR sensors are shown. The gap between
elecirodes was I mm.

FIGURE 4C i3 an optical and SEM image of an example sensor, in accordance with
the present techuology. The capacitive sensor was fabricated by fracturing a carbon
nanotube (CNTpaper composite. The composite was stretched to induce a crack in the
CPC. The fractured composite was mfiltrated with the polymer (polyurethane} for the
structural integnity of the sensor. The crack creates a gap of 300~500 um between the two
CPC sides that are composed of 10 nm diameter MWONTs with 10~100um in length.
According to scanning electron microscope {SEM) study, the average thickness of fibers
was 5.9+ 1.6 um. The aspect ratio deterouning the electric field strength ranged from 200
to 490. The linear density of fibers was 14.5 3.6 mm™"

FIG 4D s an eve and face simudator covered with a conductive aluminum foil for
testing, in accordance with the present technology. An eve and a face simulator covered
with a conductive alumimum foil was constructed. The response of the fabricated capacitive

sensors was characlerized by using a face simulator to stady AC according to the sensor
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configurations, the georoetry, and electric charge of a human face model with an eyeball.
The human face model corresponding o an eveball was 3D-printed using a polylactic acid
(PLA}. The face and eyeball were covered with conductive ahmminum foil and connected
via a copper wire. The eyeball was placed on a manual x-y-# stage to simulate human eve
movement. The facial model and eveball 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 o the hand of a human subject. Capacitive sensors were placed at the bottom of a
3D printed PLA puck, which was titled at 10 degrees to maich the contour of the facial
model and directed towards the eveball. Sensors were connected 1o a capacitance~-to-digital
chip and a MiCTOPIOCESSOr.

FIG. 4E 1s shows an example capacitive measurement configuration, in accordance
with the present technology. The capacitance measuremeni configuration using a
capacitance-to~digital chip 15 Ulustrated. The face model (as shown n FIG. 4D) has the
geometry of a human face with an independent actuation of the eveball and the nearby
sensor. A human charge was mimicked by touching the aluminum-covered face model with
the finger to transfer human charge to the conductive surface. FIG. 4E shows the elecince
measurement configuration. A capactiance-to-digital chip {(Analog Devices, AD7747} was
interfaced to an Atmega microprocessor through IPC interface. The digitized capacitance
data were collected by a laptop computer. For capacitive detection, the non-spherical
geometrical shape of the eve near the scleral-corneal junction changed the distance between
a sensor and an eye. The change affected the fringing field, which subsequently changed
the capacitance. This AC could be roeasured by either single- or differential capacitive
sensors. Two kinds of capacitance-to-digital converters {CDC) were used to measure
capaciiance, AD7747 {Analog Devices) and FDCI1004 (Texas Instrursents). An AD7747
chipset was used for single~ or differential roeasurement of capaciiance. An AD7T747 chip
was powerad by a 3.3 V input, enabling a 16 kHz excitation output and 45 He sampling
rate. Although an AD7747 offered a high accuracy capacitance measusement {0.1 aF), the
chip could measure only two capacitance values.

Using the setup, three tests were conducted to characterize the sensitivity of the
capaciiive sensors against various facial conditions. In Test 1, PR, PF, and PH sensors werg
displaced by ormm from the face fixed with an eveball to characterize the sensitivity
depending on the facial shape and body charge. Test 2 was to evaluate the most sensitive

PH sensor only when the eyeball was displaced 0 to 6 rom from the face. This test could
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also provide AC depending on the charge induced by the eveball Test 3 was to compare
single sensor configuration to differential sensors for +1 mm-horizontal eye movement at
6 mm-distance. This test aimed to emulate a portion of actual eyeball movement during
smooth pursint. Tests 2 and 3 were performed with 1 mmewide PH sensors, with and
without body charge.

For human eve tests, the most sensitive PH sensor was used. A vertical eye
movement {est protocol was devised to evaluate sensor performance, whereby a human
subject gazed at markers to rotate the eye vertically £ 20°. To calibrate vertical eve
movements, a whiteboard was placed 680 mum away {rom the user's eyes and marked with
two points, 248 ram 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
resiricted to vertical movement, negating any diagonal or circular pathways. To ensure
uniformily between tests, an eve movement protocol was designed to direct the human
subject's gaze between markers. The eve movement process for vertical fests was as
follows; Three repetitions of vertical moverent between the +20° markers, three
repetitions of upward 0~20° from neutral location, and two repetitions of downward 0~20°
from neutral position. An alarm timer indicated the time to move between two positions
and the duration to hold the gaze at a marker. Movement fime between markers was 1s,
with a hold timne of 3s at each marker. The eve displacement test was used to characterize
the sensors, with respect to position, AL, and sensitivity.

For horizontal eve movement, differential capacitive measurement was conducted
1o study the optimal sensor locations. The same experimental 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 moversents between the two mwarkers. The
amplitude of honizontal eve movements was limited by the ndividual oculomotor linmut of
the subjects. Single capacitive horizontal measurement was not conducted due to the low
sensitivity.

The capacitive sensor signals of vertical and borizontal eye movements were
compared {o the eye tracking outputs of a commercial eve tracker (Tobii Pro Nano). The
eye tracker was a screen-based eve tracker that captured gare data at 60 Hz and was
designed for fixation-based studies. The eve tracker used video-based pupil and corneal
reflection eye tracking with dark and bright pupil iihimination modes. One camera captured

images of both eves for accurate measurement of eve gaze and eye posttion in 3D space,
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as well as pupil diameter. The capacitive eve tracker's signal was compared to that of the
commercial eve tracker.

The capacitive eye tracker was assembled with one pair of differential sensors for
honzontal eve tracking, together with a single sensor for vertical eve movement detection
using FDC1004. The sampling rate was 45 Hz for 15 s. The ume-dependent capacitive data
were horizontal and vertical movement for differential and single measurements,
respectively. The test was conducted on three human subjects. Due to the comparisonto a
commercial eye tracker, vertical and horizontal angular displacements were £9° and £16°,
respectively, The degree of angular displacement was deternined by the wonitor size
{(diagonal distance: 683 mun) of a conuvercial eve tracker and the distance {rom the mowtor
to the human subject's face (788mmy). The corresponding data for a commercial eye tracker
were unity displacement for horizontal and vertical movement.

FIG. 4F is a graph showing the change in capacitance for different sensor
configurations, in accordance with the present technology. The AC for hybrid, fibrous, and
rectanguolar sensors for 0~6 mm displacement between a face plus eyebali and a sensor
(N=3). AC 1s measured with and without human charge. The presence of the human facial
shape and charge profoundly affected the AC of the capacitive sensors. FIG. 4F compares
AC of PH, PF, and PR sensors for the 0~6 mm-displacerent between the sensors and the
face with an eveball with and without human charge. The stariing position of 0 mam did not

inchude a 50 pm-thick PET film thickness that covered sensors. In the comparison, the PH

o

ensors showed the largest AC of 0.224 pF and 0.200 pF with and withowt a2 human charge,
respectively. A PF sensor showed a AC of 0.175 pF and 0.160 pF with and without a hurnan
charge, respectively. The PR sensor showed the smallest AC. These experimental data
qualitatively agreed with the resulls of the murnerical analysis.

FIG 4G 15 a graph showing the change in capacitance for different sensor
configurations without moving a face, in accordance with the present technology. On the
vertical axis is the change in capacitance in pF. On the horizontal axis is whether or not
there was a charge between the paired hybrid (PH) electrodes. The AC for a hybnd sensor
with the displacement of an eyeball without moving a face (AC for 0~6mm distance} is
shown.

The sensor 15 initially focated at 0 mam from the sensor. A PH sensor showed only
AC=42 {F with the human charge. In comparison to the experiment moving a PH sensor

from the entire face (FIG. 4F), AC was only 187 %. Although the human charge
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contributed to jocreasing AC, the 1solated eye moovement in comparison to the whole face
movement showed only limited AC. Considering the 6 mm-displacement, the actual
capacitance change for human eyve movement could be further redaced.

FIG. 4H is a comparison for the change of capacitance for single and differential
capacitive measurement, in accordance with the present technology. On the vertical axis is
the change in capacitance in pF. On the horizonial axis is the horizontal distance in
millimeters. The comparison of AC for single- and differential capacitive measurement for
+1 nun horizontal movement of an eveball at the distance of 6 mm to a sensor is shown.
Besides the cut-of-plane displacement, a human eve could move horizontally from a
3ENSOT.

When a single capacifive measurement was conducted for Imme-horizontal
movement at 6 mm proximity of a sensor, the AC was only 1.7 fF, approaching the noise
level of 0.5 fFrus. The differential capacitive measurement increased AC by 35 %.
Therefore, differential capacitive measurement increased AC and, thus, sensitivity.

FIG. 5 is a graph of initial capacitance values for PR, PF, and PH electrodes, in
accordance with the present technology. On the vertical axis 1s the initial capacitance in fF.
On the horizontal axis is the three configurations of electrodes (PR, PF, and PH} as
described herein.

When Co values were compared for PR, PF, and PH electrodes, the average values
were 321.0 + 2.6 fF, 373.0 £ 13.2 {F, and 360.7 £ 7.7 {F, respectively. The ratio of the
standard deviation to the average was 0.3, 3.5, and 2.1 % for PR, PF, and PH electrodes,
respectively. The sequential increase of Co values for PR, PH, and PF electrodes agreed
with the sequence of the numerical resulis (See FIG. 3}

FIG. 6 13 a graph of differential vertical sensors tracking left-right movements, in
accordance with the presend technology. On the vertical axis 1s the capacitance in pF. On
the horizontal axis is the time in seconds. The label along the top of the graph is the time
in seconds (0, 10, 20, and 30g). For vertical eye movement, only a single measurement was
conducted because differential capacitive measurement showed undesirable patterns.

FIG 7A is an illustrated image frame of one of 30 images taken during vertical

"

smooth pursuit, in accordance with the present technology. The distance "e" 15 the change
in distance from the eyelid to the sensor, whereas the distance "¢ is the change in distance

from the comea to the sensor. It was speculated that the capacitive signal for vertical eve
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movement was doninated by comea movement rather than eyelid movement. To evaluate
the source of the capacitive signal, photographic angular analysis of the eye was conducted.

FIG. 78 is a graph of the distance change between a sensor and an eyelid, in
accordance with the present technology. On the vertical axis is distance in mallimeters. On
the horizontal axis is the vertical rotation angle.

A frame-by-frame photo was taken {(as represented in FIG. 7A) to determine the
displacement of the comea and evehd during vertical eve movement, with respect to sensor
position. From the initial distance of 6 mum, the cornea was diagonally retracted by 7.1 mumn
from the vertical sensor position as the eve gazed between 20 to -20°. In cornparison, the
evelid was located at -1 rom at 20° and withdrawn by 3 mum at ~20°. This data confirmoed a
complex movement relationship between the cornea and evelid, where the photographic
displacement could not individually explain the relationship between the capacitance signal
and gaze position,

FI1G. 7C 1s a graph showing the capacitance change from a nearly closed eye to a
fully closed eye, in accordance with the present technology. As such, the capacitance effect
of the evelid encasing the comea was also examined. On the vertical axis is the change in
capacitance in pF. On the horizontal axis is the time in seconds. As the evelid moved from
nearly closed to a fully closed state, a sharp spike rose in capacitance. The dielectric nature
and electric charge of the comea and eyelid could impact the dominancy of AC.

FI1G. 7D is a graph showing the capacitance change between dry and wet skin, in
accordance with the present technology. On the vertical axis is the change in capacitance.
On the honizontal axis is dry skin and skin wet with water. To mimic the capacitance
mteraction between a wet eveball and dry eyelid, when a sensor moved between wet and
dry skin, the capaciiance change was much greater on the wet skin. On average, the wet
skin exhibited AC of 24 {F, greater than that of the dry skin. The larger AC could be caused
by direct electrical connection to the human body charge and the elecirical double layer
forming on the skin.

FIG. 84 15 example locations for sensors for single and differential capacitive
measurement, in accordance with the present technology. The corner of the figure shows
an x, v plane used to demonstrate the location, with the locations plotted on a coordinaie
system. The capacitance change due to the fringing electric field could be measured by
either singled-ended (FIG. 8BA, left side) or differential methods (FIG. 8A, right side}. The

single-ended method was convenient but suffered from the nonlinear relationship between
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capacttance and the distance to the object. The differential method applied an AC voltage
1807 out of phase {o the second sensor. The differential method canceled the nonlinearity
and increased the sensitivity.

FIG. 88 shows example monocular eveglasses with single vertical and differential
horizontal sensors, in accordance with the present technology. For differential
measwement, four sensors were installed on a pair of glasses. The asymmetry in the
georetrical shape of the eve near the scleral-comeal junction caused the eve's distance to
the sensor fo change as it rotated. The distance change affected the fringing electric field,
which in tumn changed the capacitance.

The top image i F1G. 8B shows a zoomed in image of the eve tracking svstem 100,
As shown in the image, in some embodiments, the eye-tracking system 100 comprises an
article 110, at feast one veriical sensor 200, al least one horizonial sensor 300 and a second
horizontal sensor 310, In some embodiments, the eve-tracking system 100 includes an
processor 120, which may include an electronic conirol unit. In some embodiments, the
processor 120 1s notl aftached to the article 110 and is communicatively coupled fo the at
feast one vertical sensor 200, the at least one horizontal sensor 300, and the second
horizontal sensor 310, In some embodimenis, the electronic conirol unit/processor 120 is
connected to the sensors 200, 300, 310 through a wired connection, but 1n some
embodiments, the electronic control umt/processor 120 is connected to the sensors 200,
300, 310 through a wireless connection, such as Bluetooth.

In some embodiments, the eve-tracker 100 further includes spacers, 800, 810, 820
o 1ift the sensors 200, 300, 310 from the article 110 and bring them into closer proxinuty
with a user.

An FDC1004 chip was used to construct the eye tracker circuitry for benchmarking
agamnst the Tobu Pro Nano. FDCI004 was powered by a 3.3 V mput. The excitation
frequency was 25 kHr with a measurement resolution of 0.5 {F. FDC1004 was capable of
four single or two pairs of differential sensors, with a sampling rate of up 1o 100 Hy/sensor.
The multiplexing capability 1o accommodate four capacitive sensors allowed for
simuitaneous measurement of horizontal and vertical eve movement over 60 Hz that was a
standard for camera-based eve trackers. In some embodiments, the sampling rate ranges
from 10 Hz to 99Hz. Note that the roaximum sampling rate of 100 He could not be used

due to the reduced accuracy.
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In some embodumenis, an eve iracking sensor including capacitive sensors
inchuding a template material including a plurality of electrodes to form a capacitance,
wherein the plurality of elecirodes detects the distance to an eveball or gvelid in order o
trace the movement of an eveball is disclosed. In some embodiments, the sensor locations
are designated for specific eve movement and rotation. A limited number of sensors may
be used to reduce parasitic capacitance, simplify the configuration, and guarantee the
optical fransparency of eveglasses.

In operation, the capacitive sensors are used with the combination of single-ended
and differential setups. Depending on the locations, the sensitivity varies. The highest
sensitivity of up-down motion is shown at the top of an eve (up/down) because cornea
movement can be detected with distance change. The capacitance change may be amplified
by the movement of eye lid The sensor at the bottom 1s able to get the signal but with a
lower amplitude. Differential configuration works for up/down, but single-ended
configuration is good enough for up/down movement, as shown in FIG. 1A

For left-right movement, a differential sensor configuration shows a better
sensitivity. The sensitivity to lefi-right roovement 15 lunited because eve lid movement is
not coupled with left/right movement. Single ended configuration showed less sensitivity.
The capaciiance signal is interfered with by body or face charge. The capacitance signal
can be changed due to eve movement mvelving the change of electric charge. When the
sensor is grounded to body, the capacitance signal change is enlarged. In some
embodiments, the eye iracker includes an electronic ground configured to electnically
connect the eve-tracking system to a body of the user in order to increase the capacitance
change detected by the vertical and horizontal capacitive sensors. When the body is
grounded and shared with the sensors, the circuit needs 1o be protecied from electric shock
The adjustment of the angle or displacement of sensors tnproves the sensitivity due 1o the
smaller distance and the greater facing area between a sensor and skin.

Signal drift is coupled with eye movement. Detrend {flattening) and low pass filters
may be used to negate the noise and parasitic capacitance. Active and passive shielding
may be used for the chip, wires, and sensors fo improve the sensitivity, reduce the noise,
and localize the electric field. A microprocessor, capacitance~digital chip, wireless or
wired data transfer of the signal, data storage, and power units may be included.

A machine leaming algorithm or artificial intelligence software may be

incorporated o determine the eve movemeni. In some embodiments, the ¢ve sensors can
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be applicable to diagnosis of neurological disorders, human-machine interface, sleep stage
characterization, and sleep monitoring.

For vertical eve movement, a single capacifive measuremnent was conducted to
studv the optimal sensor location. In FIG. 8A, the locations of a sensor are presented. For
vertical movement, the tested sensor 200 locations were tested from (0, 20} to (0, <25} by
varving the vertical position in -5 mum inerements. The origin of the coordinate represents
the center point of the comea. The x~y coordinates correspond to the x-y plane of the glasses
shown inn FIG. 1A, Vertical and horizontal eye movement was conducted according to the
designed protocol by waiching the spots on a whiteboard, as shown in the bottom image of
FIG. 8B. While vertical movemenis were measured by single capaciiance {at least one
vertical sensor 200}, horizontal differential sensors 300, 310 were also sensitive to the
vertical movements. With the increased sensitivity of differential capaciiance, the change
in proximity of the cornea and evelid to the differential sensors during vertical movement,
led to detection of this movement as a sinuscidal pattern. As such, a single measurement
was used 10 negate horizontal movemeni while enabling the sensitivity towards only
vertical eye movements.

FIG. 8C shows a change in capacitance depending on vertical sensor locations, in
accordance with the present technology. The AC depends on vertical sensor locations at {0,
203, {0, 103, {0, 0), (0, -10), and (0,-20). On the vertical axis of the first graph is the angle
in degrees. On the vertical axis of each of the other graphs is the change in capaciiance in
pF. On the horizonial axis of all the graphs in FIG. 8C is the time in seconds.

The time-dependent protocol of eve movement in the top graph of FIG. 8C shows
vertical displacement of & 20 °. The sensor locations of (0, 20} to {0, 10} clearly show the
reproducible measurement of eve movements and identified the straight neuiral gaze at the
midline. At the sensor location of (0, 0), the phase of AC was shifted because the sensor
location was at close proximuty to an eyeball. At the center location, the sensor failed o
reproduce the vertical eve movements. 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 eve. Moreover, the amplitude decreased as the sensor location was below
(0, 0). In comparison to the downward movement, the amplitude of the upward movement
was smaller due to the distance mncrease. This decrease in amplitude and signal inversion

was further explained by the capacitive relationship between the cornea and eyelid 1o the
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sensors. At location {0, -28), the sensor produced inconsistent amplitude and severe
distortion of the signal.

According to the results, the comea with the thin water layer could dominate AC
unitil the evelid 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 comea and
evelid protuberance. The signal was inverted at sensor locations (0,0) and below as the
cotnea was at a closer proximoity to the sensor duning is downward trajectory. The
amplitude decreased, as less of the comea was interacting with the sensor. In summary, the
sensor location between (0, 20} and (0, 10} was optimal with a max amplitude of 20 fF and
sensitivity of 0.5 fF/deg. The accuracy was 1.1 degrees.

FI(. 8D is a change in capacitance depending on horizontal differential sensor
locations, in accordance with the present technology. On the vertical axis of the first graph
is the angle in degrees. On the vertical axis of all other graphs 1s the change of capacitance
in p¥. On the horizontal axis of all the graphs is the time in seconds. The AC depending on
horizontal differential sensor locations at [(-20, 0} and (20, 0}, [(-20, 0 and (25, 0}, [(-20,
03 and (30, B, [(-20, 0 and (35, 0}, and [{-20, 0} and (40, 0}} is shown,

For horizontal eye movement, differential capacitive measurement was chosen to
study the optimal sensor focations. The same experimental protocol was used, but the gaze
moved between two targets located at -35° (eft) and +35° (right). The subjects repeated
the 70° gaze shift five times for each direction. The horizontal eve movement excursion
was himited by the subject’s oculomotor range. Single capacitive measurement was not used
due to the low sensitivity. Note that horizontal eve movement did nol generate so
measurable displacement as vertical movement.

Both sensors in the differential configuration were placed on the left and right sides
of the right eve. 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,
03 and (40, 0} in 5 maum increments to find an optimal location.

When the right sensor was located between (20, 0) and (30, 0), the capacitive signals
clearly showed nightward, feftward, and zero-crossing movements. Moreover, the signals
showed consistent movement amplitudes. At location (35, 0), the signal reduced
amplitudes. At the most peripheral location (40, 0), the sensor failed to produce a
predictable signal. The failwre was caused by the lack of sensitivity from the right sensor

because the sensor was located bevond the eye comer. Differential sensors located at [(-20,
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0} & (20, Oy and [{-20, 0) & (30, 0}] were optimal with a maximum amplitade of 30 {F and
sensitivity of 0.43 {F/deg. With a noise level of 0.35 fFums, the precision was within 0.82
degrees. The midline of the waveform corresponded {0 a straight neutral gaze.

The capacitive sensor signals of vertical and horizontal eye movements were
compared with those produced by a camera-based commercial eye tracker (Tobit Pro
Nano). The capacitive eye tracker was assembled with one pair of differential sensors for
horizontal eve tracking, along with a single capacitive sensor for vertical defection
Subjects made both vertical and horizontal movements for the comparison study. Since the
single- and differential sensors showed two time-dependent signals for eve tracking, the
AC values of horizontal and vertical movements were compared with those of a commercial
eye tracker.

FIG. 94 shows the vertical movement of an eyeball, with a commercial eve~tracker
and the disclosed eve tracker, in accordance with the present technology. The first graph
shows the horizontal performance of the disclosed eve tracker. in comparison to the second
graph, showing the horizontal performance of the commercial eve tracker. Similarly, the
third graph shows the disclosed eye-tracker's vertical performance in comparison to the
bottom graph, showing the commercial eve-iracker's vertical performance.

As the eve moved vertically, both the vertical and horizontal AC cleasly showed the
movement signals with stmilar amplitudes and opposite phases. The comwmercial eve
tracker also produced eve 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:. 9B shows the examples of hortzontal eye movement signals with the disclosed
eye tracker and a commercial eve tracker, in accordance with the present technology. FIG.
98 shows the comparisons of horizontal eye movement signals produced by the capacitive
sensors {AC) and the Tobii eye tracker. In contrast to vertical eve movement, the horizontal
AC showed a robust horizontal movement signal, but the vertical AC did not show any
signals related to the horizontal eve moverogent. Based on the results, the vertical capacitive
sensor determined the movement direction of an eyeball. The rotation angle of horizontal
movement needed (o be calibrated based on the amplitude of a vertical capacitive sensor.
Based on the resulis shown in FIG. 94 and 9B, combinming both amplitude and phase
information from both vertical and horizontal capacitive sensors allowed for horizontal and

vertical signal separation due {o the crosstalk doring vertical eve movement.
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FI1G. 9C shows horizontal eve movement signals with the disclosed eve tracker and
the comumercial eve-tracker, in accordance with the present technology. FIG. 9D shows
horizontal eyve movement signals with the disclosed eve-tracker and the commercial eve
iracker, in accordance with the present technology. The capacitive sensors clearly detected
the saccades. In comparison to the AC shown in FIG. 9B (top panel), the saccadic eve
movements wereg more distinctly shown and clearly correlated to those produced by a
commercial eye tracker (bottom panel). Overall, AC ranged between 10~20 {F. Considering
horizontal eve movements of £12°, 1° accuracy could be achieved for horizontal eve
movement,

FIG. 9E depicts phase diagrams for vertical and horizontal sroooth pursuit
movement, in accordance with the present t{echnology. The vertical and horizontal
components from each of the smooth pursuit movements were plotied against each other
o qualitatively deduce the direction of eve movement. During horizontal smooth pursuit
the phase diagram produced a plot with negligible vertical amplitude. However, during
vertical smooth pursuit, the phase diagram produced a plot with a diagonal charactenistic,
with horizontal and vertical amphitude. A clear qualitative distinction was evident between
the phase diagrams, aiding in identifying between horizontal and vertical eve movement.

FIG. 9F shows horizontal eye movement with the evelids closed and opened, in
accordance with the present technology. The capacitive eye tracker was also tested to
monitor horizontal eye movement with the evelids closed and opened. The capacitive
sensors reliably detected eyve movement in both conditions. The amplitudes were larger
when the evelids opened. The ability of the sensors to detect eve movement with the closec
evelids would allow the sensors to be used in sleep studies.

FIG. 9G 13 a demonstration of a real-time response for detecting eye movement, in
accordance with the present fechnology. To demonsirate the real-time response for
defecting eye movement, the capacitive sensing eve tracker was interfaced with a laptop
computer to control a cursor on the screen. Stasting from a center point, the eves moved (o
the left, center, and right locations according to verbal signals. The cursor showe
corresponding movements to the three locations. Eve blinking {arrows) did not appear to
affect the accuracy of the cursor placements as shown in the supporting video chip
{Supporting Information, Real eye tracking HMELmpd). The wearable eve tracker
demonstrated the capability to control a machine using eyeball movement. Eves are

conirolled at the left, center, and right locations.
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For a capacitive eve tracker, the performance of a high accuracy capacitance-to~
digital chip was crucial for accurate detection of eye movement. In our tests, various chips
were tested, including AD7747 {(Analog Devices), FDCI1004 (Texas instrument), and

FDC2214 (Texas instrument). Also, a LM 555 fimer (Texas instrurment) could be used for

(4

capacitive eve tracking. According to our characterization, 0.1 fF of accuracy was critical
o obtain 1 degree of accuracy for eve movement. In this regard, AD7747 was the best in
terms of accuracy. Despite of the lower accuracy of FDC 1004 (1 {F), the higher saropling
rate upto 400 Hz could be useful for uitimate eve tracking. FDC 2214 was an electrical
resonance circuit with operation frequency of 1~3 MHz. Due (o the resonance, the AC was
10 high with the increased noise level. The sampling rate of FDC 2214 could be increased to

1kHz, which had a potential for eye tracking.
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Table ¥ Comparison of the capaciiive eye tracker to a commerical eve tracker

CPC Eyve Tracker Tebi Pro Glasses 3 Tebi Pre Naao

Eve Tracking Technigue Capacitive Corneal reflection Coroeal reflection
Binocular Eye Tracking Capable Yes Yes
Wearable Yes Yes No (deskiop)
Sampling Rate 45 He 50 or 104 Hz 60 Hz

P17 - Veroical )
Resolution 0.6° 4.3

(.8° - Horizoutal
Eye tracking for closed eyes Yes No No
Wireless communication Radio Frequency No No
Seene camera No Yes No
Weight {(eyeglasses frame + )
g 389 g 9g

recording unit + battery)
faput Yoltage SVDC 35VDC 5VDC
Baitery energy capacity 16¢ mAh 3400 mAh N/A

based on a carnera system

In comparison to a camera based eve tracker (Tobit Nano Pro), the presentex
capacitive eve tracker demonstrated better features for wearable eve tracking. A more
Pragmatic comparison could be made against a wearable eve tracker {(Tobi Pro Glasses 3}.

Table 1 provides a companson of the capacitive eve tracker to the other comwpercial

eve trackers. Oversll, the capacitive eve tracker bas advantage for a wearble eve tracker

s

depending on the weight, computational cost, and production cost. To improve the accuracy

of the capactiive eve fracker, a capacitance-to-dhigital chip that can handle sight sensors
with high acouray and high samphing rate needs to be custorpized for bionocular eve
fracking. Also the usability of a capacitive eve tracker needs o be tmproved to unhimder
eye sight and easy caltbration.

The capacitive eye tracker was demonstrated to monitor eve movement. Based on

our numerical analysis, a hvbrid capacitive sensor made of fibrous and rectangular
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elecirodes had the highest sensitivity because of the reduced inihal capacitance and
increased capacitance change in the presence of an eveball In comparison to a single
sensor, a differential sensor configuration showed the better detection performance. In the

study using a face model, the human charge increased capacitance change {AC), but the

(4

face backgromnd reduced AC of eve movement. In the human subject test, the single
capacitive measurement was optimal for vertical eyve movement af the locations of (4, 20}
~ {0, 10) mm relative to the center of the comea. For horizontal eve movement, the
differential capacitive methods allowed accurate measurement at the locations between [(-
20, 0y & (20, 03] and [{-20, 0} & €30, 0}]. The accuracies for vertical and horizontal
10 movement were 1.1 and 0.82 degrees, respectively. The comparison of a capacitive gve
tracker to a commercial eye tracker showed a good correlation for horizontal- and vertical
eve movements. The horizontal capacitive sensor showed similar AC magnitude to both
vertical and horizontal moverents, meaning that the magnitude of the vertical eve
movement needed to be used to estimate vertical or horizontal movement. A phase diagram
between vertical and horizontal signals was used o gualitatively assess eye movement. The
presented capacitive eve tracker detected horizontal eve movement with the closed and
open evelids. The relationship between comnea and eyelid position was studied to
understand thetr consequence on the capacitance signal. The comea was found to dominate
the capacitance signal, until the evelid was fully closed. A real-time cordrol of a laptop
¢ cursor was demonsirated based on a subject's horizontal eve movement. The presented
wearable capacitive eve tracker shows potential for eve tracking in various fields, including
neuroscience, cognitive science, eve function diagnosis, and entertainment.

While illusirative embodiments have been illustrated and described, it will be
appreciated that various changes can be made thergin without departing from the spirit and

scope of the invention.
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CLAIMS
The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

i An eve-tracking sysiem, comprising:
at least one vertical capacitance sensor, configured to measure the vertical
position of a comea of a user's eye by sensing a position of an eyelid and an eyebali of the
user; and
at least one horizontal capacitance sensor, counfigured to measure the

horizontal position of the cornea of the user's eve by sensing a position of the user's eyeball.

2. The eye-tracking system of Claim 1, further comprising a second horizontal

capacitance sensor,

ey

3. The eye-tracking systern of Claim 2, wherein the at least one horizontal
capacitance sensor and the second horizontal capacitance sensor operate using differential

measuwrement to measure the horizontal position of the cornea of the user's eve.

4. The eve-iracking system of any of the preceding claims, further comprising

a second vertical capacitance sensor.

5. The eve-tracking syvstem of Claim 4, wherein the at least one vertical
capacitance sensor and the second vertical capacitance sensor operate using differential

measurement to measure the verfical posttion of the comea of the user's eve.

6. The eve-tracking system of any of the previous claims, wherein the at least
one vertical capacitance sensor is configured to be within 30 mum of the user's eyelid
covering the cornea and the vertical sensor is positioned within +/- 45 mym from a center of

the cornea.

7. The eve-tracking systern of any of the previous clairos, wherein the at least
one horizontal sensor is positioned within the range of -30 mm towards a nose of the user

10 40 myu away as measured from the center of the cornea.

8. The eye-tracking system of any of the previous claims, wherein the total

number of horizontal sensors is 2 or fewer.
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9. The eve-tracking system of any of the previous claims, wherein the total

number of veriical sensors i1s 2 or fewer.

10 The eye-tracking system of any of the previous claims, wherein the at least
one vertical sensor and the ai least one horizontal sensor are mounied on an article

configured 1o be positioned close to the user's eve.

11 The eye-tracking system of Claim 10, wherein the article is selected from
monocular or binocular lenses, eyeglass frames, an eye mask, goggeles, and a mechanical

0 &

support or adjustable ring configured to suspend the sensors in space above the eve.

12, The eve-tracking system of any of the previous claims, wherein the
horizontal and vertical sensors are rotated up to 45 degrees clockwise to increase sensitivity

10 eve movement.

13, The eye-tracking system of any of the previous claims, wherein the at least

one vertical capacitance sensor is compnised of a single electrode.

14, The eye-tracking system of any of the previous claims, wherein the at least
one vertical capacitance sensor is comprised of a first vertical electrode, and a second

vertical electrode.

15. The eye tracking system of Claim 14, wherein the first vertical elecirode is
a carbon-nanotube paper composite electrode, and the second vertical electrode is a metal

electrode.

6. The eye tracking svstem of Claim 14, wherein the first vertical electrode is
a first carbon nanotube paper composite electrode, and the second vertical electrode 15 a

second carbon nanotube paper composite electrode.

17 The eye tracking svstem of Claim 14, wherein the first vertical elecirode

and the second vertical electrode are coated with an electrically conductive ink.

18, The eye tracking system of any of Claivas 14-17. wherein there is a gap

between the first vertical electrode and the second vertical elecirode.
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19, The eve tracking system of Claim 18, wherein the gap between the first

vertical electrode and the second vertical electrode ranges from 300um to Tmm.

20.  Theeye tracking system of any of the preceding claims, wherein at least one

vertical sensor is lamunated in PET film.

21 The eve tracking svstem of any of the preceding claims, wherein the first

horizontal capacitance sensor is comprised of a single electrode.

22, The eye-tracking system of any of the previous claims, wherein the at least
onte horizontal capacitance sensor is comprised of a first horizontal electrode, and a second

horizontal electrods.

23, The eye tracking system of Clairo 22, wherein the first horizontal electrode
is a carbon-nanotube paper composiie electrode, and the second honzontal electrode is a

metal electrode.

24, The eve tracking systern of Claim 22, wherein the first horizontal electrode
1s a first carbon nanotube paper composiie elecirode, and the second horizontal elecirode

1s a second carbon nanotube paper composite electrode.

25, Theeve tracking system of Claim 22, wherein the first horizontal electrode

and the second horizontal electrode are coated with an elecinically conductive ink.

~

26. The eye tracking system of any of Claivas 22-25, wherein there is a gap

between the first horizontal elecirode and the second horizontal electrode.

27.  The eye tracking system of Claim 26, wherein the gap between the first

horizontal electrode and the second horizontal elecirode ranges from 300um to Tmm.

28, The eve tracking svstem of any of the preceding claims, wherein at least one

horizontal sensor is lanunated in PET film.

29 The eye-tracking system of anv of the previous claims, further comprising
an electronic control unit configured to control, and receive measurement signals from, the

at least one horizontal sensor and the at least one vertical sensor,
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30.  The eye-tracking system of anv of the previous claums, further comprising
a processor configured to process the measurement signals and provide an output indicative

of a position of the user's eye.

31, The eye-tracking svstem of Claim 30 f{urther comprising insiructions
executable on the processor configured to apply machine learning and/or artificial

imtethigence to provide the output indicative of the postiion of the user's eye.

32. The eye-tracking system of any of the previous claims, further comprising
an glectronic ground configured to electrically connect the eve-tracking system 1o a body
of the user mn order to increase the capaciiance change detected bv the vertical and

horizontal capacitive sensors.

33, The eye-tracking system of any of the previous claims, further comprising
an optics based eye-tracking system configured to improve the accuracy and dynaric range

of eye tracking.

34 The eye-tracking system of anv of the previous claims, further comprising
hardware configured io wired or wirelessly convey data related to a position of the user's

eve 1o the electronic conirol unit and the processor.

35.  The eye-tracking system of any of the previous claims, wherein the system

is configured to montior the user when asleep or closed eyelid.

36.  The eye-tracking system of anyv of the previous claims, wherein the
regression coefficiend of the capacitance signal is used to detect eye movement by negating

the signal drift that is induced by the eleciric charge from the human face.

37.  The eye-tracking system of any of the previous claims, wherein an IR
camera system is added in combination with horizontal and vertical capacitive sensors 1o

synchronously acquire data of higher sensitivity and accuracy.

38 An eye-tracking system comprised of:
an article comprising a left side and a right side;
a first vertical sensor attached to the right side of the article;

a second vertical sensor attached to the lefi side of the article;
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a first horizontal sensor attached fo the right side of the article; and

a second horizontal sensor attached to the lefi side of the article;

wherein the first vertical sensor and the first horizontal sensor are configured to
reasure a vertical position and a horizontal position, respectively, of a comea of a uger's
right eve by sensing a position of a right evelid of the user and the user's right eveball, and

wherein the second vertical sensor and the second horizontal sensor are configured
o measure a vertical position and a honizontal position, respectively, of a cornea of a user's
left eve by sensing a position of a left evelid of the user and the user's left eveball, so that

both a user's right eve movements and left eve movements are sensed simultaneously.

39 The eve-tracking system of Claim 37, wherein each of the first vertical

sensor, the second vertical sensor, the first horizontal sensor, and the second horizontal

sensor are located on an mner side of the article, facing the user.

40.  The eve-iracking system of Claim 37 or Claim 38, wherein each of the first
vertical sensor, the second vertical sensor, the furst horzontal sensor, and the second
horizontal sensor include a spacer configured to lift each of the sensors away from the

article and bring each sensor into closer proximity with the user.

41 The eve-tracking systern of any of Claims 37-39, wherein each of the first
veriical sensor, the second vertical sensor, the first horizontal sensor, and the second

horizontal sensor are a carbon nanofube composiie sensors.

42 The eye-tracking system of anv of Claims 37-40, wherein each of the first
verfical sensor, the second vertical sensor, the first horizontal sensor, and the second

horizontal sensor are paired hybnd sensors.

43, The eve-tracking system of any of Claims 37-41, wherein the eye tracking
system further comprises:

a third horizontal sensor atiached to the night side of the article; and

a fourth horizontal sensor attached to the left side of the article;

wherein the first horizonial sensor and the third horizontal sensor operate using
differential measurement to measure the horizontal position of the comea of the user's right

eve, and
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wherein the second horizontal sensor and the fourth borizontal sensor operate using
differential measurement to measure the horizontal position of the cornea of the user's right

eye.

44, The eye-tracking sysiem of any one of Claims 37-42, wherein the article is
selected from monocular or binocular fenses, eveglass frames, an eve mask. goggles, and a
mechanical support or adjustable ring configured to suspend the sensors in space above the

eye.

4S.  The eye-tracking system of any one of Claims 37-43, further comprising an
electronic control unit configured to control, and receive measurement signals from, the at

least one horizontal sensor and the at least one vertical sensor.

46, The eye-tracking systern of any one of Claims 37-44, further comprising a
processor configured fo process the measurement sigoals and provide an output mdicative

of a position of the user's eve.

47. The eve-tracking system of Claim 45, further comprising instructions
executable on the processor configured to apply machine leaming and/or artificial

mtelligence to provide the output indicative of the position of the user's eve.

48, The eye-tracking svstem of any one of Claims 37-46, further comprising an
electronic ground configured to electrically connect the eve-tracking system to a body of
the user i order to increase the capacitance change detected by the vertical and honzontal

capacitive sensors.

49 A method of tracking a position of at least one eye of a user, comprising:
mounting an eyve-tracking system according to any of the preceding claims to the user; and
measuring capacitance from the at least one vertical sensor and the at least one horizontal

SCISOT.

50. The method of Claim 48, wherein the method further comprises:
differentially measuring capacitance from the at least one horizootal sensor and a

second horizontal sensor.
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51 The method of Claim 48 or Claim 49, wherein the method further
compriges:
differentially measuring capacitance from the at least one vertical sensor and a

second vertical sensor.

52. The method of any of Claims 48-30, wherein the method further comprises:
processing one or more measwemeant signals and providing an output indicative of

a postiion of the user's eye with a processor.

$3. The method of any of Claims 48-51, wherein the method further comprises:
applving machine learning and/or artificial intelligence to the one or more

measurement signals with the processor.

54, The method of any of Claims 48-52, wherein the method further comprises:
electrically connecting the eve tracking system to a body of the user with an
electronic ground to increase the capacitance change detected by the vertical and horizontal

SENSOrs.

S5, The method of any of Claims 48-53, wherein the method further comprises:

conveying data to a processor related to a position of the user's eye.

56. The method of Claim 34, wherein the data is conveved with a wireless
connection.

57. The method of Claim 54, whergin the data 1s conveved with a wired
connection.

58. The method of any of Claims 48-56, wheren the method furtber coroprises:

monitoring the user when the user's eyelid is closed.

59. The method any of Claims 48-57, wherein the method further comprises:

monitoring the user when the user is asleep.

60.  The method any of Claims 48-58, wherein the method further comprises
using a regression coefficient of the capacitance signal to negate the signal drift induced by

the electric charge from the user's face.
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61, The method of any of Claims 48-39, wherein the method further comprises:
synchronously acquiring data of higher sensitivity and accuracy with an IR camera

sysiemn.

62, The mwethod of any of Claims 48-60, wherein the method further comprises
actively and passively shielding the horizontal and vertical capacitance sensors to improve

sensitivity, reduce noise, and localize an elecinc field.



