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(54) EYE MOVEMENT DETECTION USING SENSORS AT THE EYELIDS

(57) Eye movement are detected with a sensor de-
vice attachable to an eyelid. The sensor device may in-
clude an arrangement of sensors, including any combi-
nation of piezoelectric sensors, accelerometers, and/or
any other type of sensor. An external device may be pro-
vided for processing sensor data. The sensor device
and/or external device may analyze the sensor data to

generate eyeball movement data, and to differentiate first
directional data and second directional data. The first di-
rectional data may be considered as movement occurring
substantially horizontally and the second directional data
may be considered as movement occurring substantially
vertically. The sensor device and/or external device may
therefore provide data regarding sleep cycles of the user.
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Description

TECHNOLOGICAL FIELD

[0001] An example embodiment of the present disclo-
sure relates generally to eye movement detection, and
more particularly, to a method, apparatus and computer
program product for detecting eyeball movement with a
wearable device attachable to an eyelid.

BACKGROUND

[0002] In the area of sleep research and sleep behav-
ior, scientists and medical professionals may monitor eye
movements to determine sleep cycles and assess sleep
quality. In some studies, electrooculography (EOG) sen-
sors collect and record data relating to the electric charg-
es detected from the eye so that eye movement data can
be determined. In some examples, the EOG sensors
have been implemented on headbands or nightcaps. In
any case, the devices or sensors are often bulky and
intrusive to the user while sleeping, and may inhibit the
user’s movement and/or sleep quality. Additionally, in-
correct positioning the EOG sensors on the user’s face
may result in unreliable or incomplete data.
[0003] In some examples, cameras may be used to
detect eye movement, but may incur optics limitations
and may further require a light source that may disturb a
user’s sleep. Cameras designed to monitor sleep may
require advanced computations and may therefore be
costly to implement or purchase. Infrared cameras in
sleep tracking may be especially expensive for an indi-
vidual user to use in everyday life or in their own home.

BRIEF SUMMARY

[0004] A method, apparatus, and computer program
product are therefore provided for detecting eye move-
ment with a wearable device attachable to an eyelid. The
wearable device includes an arrangement of sensors,
such as any combination or number of piezoelectric sen-
sors, accelerometers, and/or other type sensors. Certain
example embodiments may further include an external
device(s) configured to communicate with the wearable
device to perform certain operations and functions de-
scribed herein. The wearable device can be configured
to be light weight, communicate wirelessly, and be free
of external wires that would in other sleep monitoring
devices run obtrusively from the user’s face to a nearby
machine.
[0005] A method is provided, including receiving sen-
sor data from an arrangement of sensors removably at-
tached to an eyelid. The arrangement of the sensors com-
prises an inner sensor positioned inwards relative to a
user’s face and an outer sensor positioned outward rel-
ative to the user’s face and the inner sensor. The method
further includes, based on the received sensor data, gen-
erating eyeball movement data by differentiating first di-

rectional data and second directional data, wherein the
first directional data is defined based on an axis associ-
ated with the inner sensor and the outer sensor, and the
second directional data is defined based on a y-axis sub-
stantially orthogonal to the axis associated with the inner
sensor and the outer sensor.
[0006] In some embodiments, the eyeball movement
data comprises movement relative to the y-axis. The
method may further include determining whether the first
directional data is indicative of a saccadic movement,
and preventing second directional data from being attrib-
uted to eyeball movement based on the first directional
data.
[0007] In some embodiments, the inner sensor can be
an inner piezoelectric sensor, and the outer sensor can
be an outer piezoelectric sensor. The inner piezoelectric
sensor and the outer piezoelectric sensors may be con-
figured to detect piezoelectric data. The arrangement of
the sensors comprise at least one accelerometer config-
ured to detect acceleration data indicative of movement
relative to the y-axis.
[0008] The method may include, in an instance a sub-
set of the acceleration data satisfies a head movement
threshold, attributing the subset of the acceleration data
to head movement. The method also includes in an in-
stance the subset of the acceleration data satisfies a
blinking threshold, attributing the subset of acceleration
data to blinking. The method can further include, in an
instance the subset of the acceleration data is temporally
related to the piezoelectric data detected by the inner
and outer piezoelectric sensors and the piezoelectric da-
ta is indicative of a saccadic movement, attributing the
subset of acceleration data to the saccadic movement.
[0009] In some embodiments, the arrangement of sen-
sors comprises an array of piezoelectric sensors. In some
embodiments, the arrangement of sensors comprises an
array of accelerometers. In some embodiments, the ar-
rangement of sensors is comprised by a wearable device
removably attached to the eyelid. The eyeball movement
data may reflect (a) angular velocity (b) amplitude, and
(c) duration.
[0010] The method may include determining that the
sensor data is associated with a resting potential, and in
response to determining that the sensor data is associ-
ated with a resting potential, calibrating the sensor data
on a memory device.
[0011] An apparatus is also provided that is removably
attachable to an eyelid, and comprises an arrangement
of sensors, at least one processor, and at least one mem-
ory comprising computer program code. The at least one
memory and the computer program code are configured
to, with the processor, cause the apparatus to at least
receive sensor data from the arrangement of sensors,
and differentiate first directional data and second direc-
tional data in the sensor data. The arrangement of sen-
sors may comprise at least two piezoelectric sensors and
at least one accelerometer.
[0012] In an instance the apparatus is attached to the
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eyelid, the arrangement of the sensors comprises an in-
ner sensor positioned inwards relative to a user’s face
and an outer sensor positioned outward relative to the
user’s face and the inner sensor. The first directional data
is defined based on the inner sensor and the outer sen-
sor, and the second directional data is defined based on
an upward movement.
[0013] A computer program product is provided that
comprises at least one non-transitory computer-readable
storage medium having computer-executable program
code instructions stored therein. The computer-execut-
able program code instructions comprising program code
instructions to perform any of the methods described
above or hereinafter.
[0014] An apparatus is provided, with means for re-
ceiving sensor data from an arrangement of sensors re-
movably attached to an eyelid. The arrangement of the
sensors comprises an inner sensor positioned inwards
relative to a user’s face and an outer sensor positioned
outward relative to the user’s face and the inner sensor.
The apparatus further includes, based on the received
sensor data, means for generating eyeball movement
data by differentiating first directional data and second
directional data, wherein the first directional data is de-
fined based on an axis associated with the inner sensor
and the outer sensor, and the second directional data is
defined based on a y-axis substantially orthogonal to the
axis associated with the inner sensor and the outer sen-
sor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Having thus described certain example embod-
iments of the present disclosure in general terms, refer-
ence will hereinafter be made to the accompanying draw-
ings which are not necessarily drawn to scale, and where-
in:

Figure 1 is a block diagram of an apparatus that may
be configured to implement an example embodiment
of the present disclosure;
Figure 2 is a diagram of a wearable device attached
to a user’s eyelid, in accordance with an example
embodiment of the present disclosure;
Figure 3 is a diagram of a wearable device, in ac-
cordance with an example embodiment of the
present disclosure;
Figures 4 and 5 are diagrams of a user’s eye;
Figure 6 is a flowchart of operations that may be
performed, in accordance with an example embod-
iment of the present disclosure;
Figures 7 and 8 are illustrations of substantially hor-
izontal and substantially vertical eyeball movement,
in accordance with an example embodiment of the
present disclosure;
Figure 9 provides example sensor data, in accord-
ance with an example embodiment of the present
disclosure;

Figure 10 illustrates example eyeball movement cor-
responding to the sensor data of Figure 9, in accord-
ance with an example embodiment of the present
disclosure;
Figure 11 illustrates example eyeball movement da-
ta, in accordance with an example embodiment of
the present disclosure;
Figure 12 is a diagram of a wearable device, in ac-
cordance with an example embodiment of the
present disclosure;
Figure 13 illustrates example eyeball movement da-
ta, in accordance with an example embodiment of
the present disclosure; and
Figure 14-16 are diagrams of a wearable device, in
accordance with an example embodiment of the
present disclosure.

DETAILED DESCRIPTION

[0016] Some embodiments of the present disclosure
will now be described more fully hereinafter with refer-
ence to the accompanying drawings, in which some, but
not all, embodiments of the present disclosure are
shown. Indeed, various embodiments of the present dis-
closure may be embodied in many different forms and
should not be construed as limited to the embodiments
set forth herein; rather, these embodiments are provided
so that this disclosure will satisfy applicable legal require-
ments. Like reference numerals refer to like elements
throughout. As used herein, the terms "data," "content,"
"information," and similar terms may be used inter-
changeably to refer to data capable of being transmitted,
received and/or stored in accordance with embodiments
of the present disclosure. Thus, use of any such terms
should not be taken to limit the spirit and scope of em-
bodiments of the present disclosure.
[0017] Additionally, as used herein, the term ’circuitry’
refers to (a) hardware-only circuit implementations (e.g.,
implementations in analog circuitry and/or digital circuit-
ry); (b) combinations of circuits and computer program
product(s) comprising software and/or firmware instruc-
tions stored on one or more computer readable memories
that work together to cause an apparatus to perform one
or more functions described herein; and (c) circuits, such
as, for example, a microprocessor(s) or a portion of a
microprocessor(s), that require software or firmware for
operation even if the software or firmware is not physically
present. This definition of ’circuitry’ applies to all uses of
this term herein, including in any claims. As a further ex-
ample, as used herein, the term ’circuitry’ also includes
an implementation comprising one or more processors
and/or portion(s) thereof and accompanying software
and/or firmware. As another example, the term ’circuitry’
as used herein also includes, for example, a baseband
integrated circuit or applications processor integrated cir-
cuit for a mobile phone or a similar integrated circuit in a
server, a cellular network device, other network device,
field programmable gate array, and/or other computing
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device.
[0018] As defined herein, a "computer-readable stor-
age medium," which refers to a physical storage medium
(e.g., volatile or non-volatile memory device), may be dif-
ferentiated from a "computer-readable transmission me-
dium," which refers to an electromagnetic signal.
[0019] As described below, a method, apparatus and
computer program product are provided for detecting eye
movement with a wearable device attachable to an eye-
lid. The wearable device, which in many examples, may
include one or more wearable components, may include
any number of sensors. The sensors may be embedded
in an artificial eyelash, for example, and may be remov-
ably attached to a user’s eye, such as via the eyelid. For
example, the device may include an adhesive portion or
may be attached to the eyelid with an adhesive material.
In some examples, the device may be attached similarly
to the manner in which an artificial eyelash attaches to
the eyelid. The device may therefore be worn by the user
without inhibiting the user’s movement’s or ability to
sleep.
[0020] Referring to Figure 1, apparatus 25 may include
or otherwise be in communication with processor 20,
communication interface 24, and memory device 26. As
described below and as indicated by the dashed lines in
Figure 1, in some embodiments, the apparatus 25 may
also optionally include a user interface 22.
[0021] Apparatus 25 may be configured as a wearable
device 200, described in further detail with respect to
Figure 2 below. In some examples, apparatus 25 may
be wholly embodied by the wearable device 200. In some
examples, apparatus 25 may include any number of ex-
ternal device(s), such as a computing device implement-
ed externally from the wearable device 200 and config-
ured to receive data from the wearable device 200. In
this regard, the external device(s) may process the data
as described herein according to an example embodi-
ment.
[0022] For example, apparatus 25 may include wear-
able device 200 that is removably attachable to the eyelid
and a first external device, such as a smart phone or
personal computer, configured to receive sensor data
from the wearable device, such as by near field commu-
nication (NFC). In some examples, the first external de-
vice may perform processing of the sensor data, and/or
may be configured to communicate the sensor data to a
second external device, such as a server or distributed
system which may process the data according to an ex-
ample embodiment. It will be appreciated that the wear-
able device 200 and/or any number of external devices
may be included in apparatus 25.
[0023] In some examples, apparatus 25 may therefore
include, or may otherwise be in communication with a
server or distributed system, such as a server for
processing sensor data and/or sleep data. In some ex-
amples, such as those in which apparatus 25 is imple-
mented as an external device (e.g., external from the
wearable device 200), apparatus 25 may include a wide

variety of devices including personal computers, work
stations, or mobile terminals, such as laptop computers,
tablet computers, smartphones or any combination of the
aforementioned, and other types of voice and text com-
munications systems. In this regard, an external device
embodiment of apparatus 25, may be configured to re-
ceive data, such as wirelessly, from wearable device 200
and perform processing of the data on the external device
according to the examples provided herein. It will there-
fore be appreciated that any reference made herein to
an external device may include any number or configu-
ration of external devices. For example, the wearable
device 200 may transmit data to a mobile device, and
the mobile device may transmit data to a server and/or
distributed system for further processing. In some cases,
the wearable device may be configured to transmit data
directly to a server and/or distributed system for further
processing. As an example, any of the aforementioned
components may be implemented as apparatus 25.
[0024] In some embodiments, processor 20(s) (and/or
co-processors or any other processing circuitry assisting
or otherwise associated with the processor 20) may be
in communication with the memory device 26 via a bus
for passing information among components of the appa-
ratus 25.
[0025] The memory device 26 may include, for exam-
ple, one or more volatile and/or non-volatile memories.
In other words, for example, the memory device 26 may
be an electronic storage device (e.g., a computer read-
able storage medium) comprising gates configured to
store data (e.g., bits) that may be retrievable by a ma-
chine (e.g., a computing device like the processor 20).
The memory device 26 may be configured to store infor-
mation, data, content, applications, instructions, or the
like for enabling the apparatus to carry out various func-
tions in accordance with an example embodiment of the
present disclosure. For example, the memory device 26
could be configured to buffer input data for processing
by the processor 20. Additionally or alternatively, the
memory device 26 could be configured to store instruc-
tions for execution by the processor 20. In some embod-
iments, the memory device 26 may be configured to store
sleep data and/or other data collected and/or generated
by the apparatus 25.
[0026] In some examples, memory 26 may be imple-
mented on the wearable device 200, or partially on the
wearable device 200 and partially on a computing de-
vice(s). For example, the memory 26 implemented on
the wearable device 200 may be small and compact, and
configured to store computer program code, that when
executed by processor 20 of the wearable device 200,
causes transmittal of sensor data from the wearable de-
vice 200 (e.g., from the memory device 26) to an external
device component of apparatus 25. The memory 26 of
an external device may be relatively larger than that of
the wearable device 200, and may therefore be more
suitable for processing the sensor data as described
herein.
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[0027] In some embodiments, the apparatus 25 may
be embodied as a chip or chip set. In other words, the
apparatus 25 may comprise one or more physical pack-
ages (e.g., chips) including materials, components
and/or wires on a structural assembly (e.g., a base-
board). For example, the structural assembly may pro-
vide physical strength, conservation of size, and/or limi-
tation of electrical interaction for component circuitry in-
cluded thereon. The apparatus 25 may therefore, in some
cases, be configured to implement an embodiment of the
present disclosure on a single chip or as a single "system
on a chip." As such, in some cases, a chip or chipset may
constitute means for performing one or more operations
for providing the functionalities described herein. For ex-
ample, in instances in which apparatus 25 is embodied
by the wearable device 200, processor 20 may comprise
a single chip so as to limit the size and weight of the
wearable device 200.
[0028] However, in some embodiments, the processor
20 may be embodied in a number of different ways. For
example, the processor 20 may be embodied as one or
more of various hardware processing means such as a
coprocessor, a microprocessor, a controller, a digital sig-
nal processor (DSP), a processing element with or with-
out an accompanying DSP, or various other processing
circuitry including integrated circuits such as, for exam-
ple, an ASIC (application specific integrated circuit), an
FPGA (field programmable gate array), a microcontroller
unit (MCU), a hardware accelerator, a special-purpose
computer chip, or the like. As such, in some embodi-
ments, the processor 20 may include one or more
processing cores configured to perform independently.
A multi-core processor may enable multiprocessing with-
in a single physical package. Additionally or alternatively,
the processor 20 may include one or more processors
configured in tandem via the bus to enable independent
execution of instructions, pipelining and/or multithread-
ing.
[0029] In an example embodiment, the processor 20
may be configured to execute instructions stored in the
memory device 26 or otherwise accessible to the proc-
essor 20. Alternatively or additionally, the processor 20
may be configured to execute hard coded functionality.
As such, whether configured by hardware or software
methods, or by a combination thereof, the processor 20
may represent an entity (e.g., physically embodied in cir-
cuitry) capable of performing operations according to an
embodiment of the present disclosure while configured
accordingly. Thus, for example, when the processor 20
is embodied as an ASIC, FPGA or the like, the processor
20 may be specifically configured hardware for conduct-
ing the operations described herein. Alternatively, as an-
other example, when the processor 20 is embodied as
an executor of software instructions, the instructions may
specifically configure the processor 20 to perform the al-
gorithms and/or operations described herein when the
instructions are executed. However, in some cases, the
processor 20 may be a processor of a specific device

configured to employ an embodiment of the present dis-
closure by further configuration of the processor 20 by
instructions for performing the algorithms and/or opera-
tions described herein. The processor 20 may include,
among other things, a clock, an arithmetic logic unit (ALU)
and logic gates configured to support operation of the
processor 20.
[0030] Meanwhile, the communication interface 24
may be any means such as a device or circuitry embodied
in either hardware or a combination of hardware and soft-
ware that is configured to receive and/or transmit data
from/to a network and/or any other device or module in
communication with the apparatus 25. In this regard, the
communication interface 24 may include, for example,
an antenna (or multiple antennas) and supporting hard-
ware and/or software for enabling communications with
a wireless communication network. For example, the
communication interface 24 may include an antenna con-
figured to transmit sensor data from the wearable device
200 to an external computing device. Additionally or al-
ternatively, the communication interface 24 may include
the circuitry for interacting with the antenna(s) to cause
transmission of signals via the antenna(s) or to handle
receipt of signals received via the antenna(s). In an ex-
ample embodiment, communication interface 24 may in-
clude a Bluetooth™ low energy (BLE) interface, and/or
a proprietary communication interface for causing trans-
mittal of data from the wearable device 200 to an external
device.
[0031] In some environments, the communication in-
terface 24 may alternatively or also support wired com-
munication. As such, for example, the communication
interface 24 may include a communication modem and/or
other hardware/software for supporting communication
via cable, digital subscriber line (DSL), universal serial
bus (USB) or other mechanisms.
[0032] In some embodiments, the apparatus 25 may
include a user interface 22 that may, in turn, be in com-
munication with the processor 20 to receive an indication
of a user input and/or to cause provision of an audible,
visual, mechanical or other output to the user. For exam-
ple, such as in embodiments in which apparatus 25 in-
cludes or is implemented as an external device, user in-
terface 22 may include a keyboard, a mouse, a joystick,
a display, a touch screen(s), touch areas, soft keys, a
microphone, a speaker, or other input/output mecha-
nisms. Alternatively or additionally, the processor 20 may
comprise user interface circuitry configured to control at
least some functions of one or more user interface ele-
ments such as, for example, a speaker, ringer, micro-
phone, display, and/or the like. The processor 20 and/or
user interface circuitry comprising the processor 20 may
be configured to control one or more functions of one or
more user interface elements through computer program
instructions (e.g., software and/or firmware) stored on a
memory accessible to the processor 20 (e.g., memory
device 26, and/or the like).
[0033] Figure 2 illustrates a wearable device 200 that
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may embody apparatus 25 or may be included in appa-
ratus 25. In Figure 2, the wearable device 200 is attached
to a user’s eyelid 210. Eyelashes 220 are also illustrated
in Figure 2, and may include the user’s real eyelashes,
or in some examples, may include artificial eyelashes
included in the wearable device 200. In Figure 2, wear-
able device 200 is illustrated as attached to a top eyelid,
but it will be appreciated that the wearable device 200
may be attached to either a top or bottom eyelid, and in
some examples, the wearable device 200 may be at-
tached to a top eyelid, and another wearable device 200
may be attached to the bottom eyelid. In this scenario,
both the top and bottom eyelid devices may be consid-
ered the wearable device 200. Although Figure 2 depicts
a wearable device 200 attached to a user’s right eye (note
the user’s nose 230), the user may have a wearable de-
vice(s) 200 attached to one or both eyes.
[0034] The x-axis, y-axis, and z-axis are provided in
Figure 2, relative to the user’s eye and/or top eyelid, as
an example basis for describing positioning of some or
all of the components of the wearable device 200 in an
instance the wearable device 200 is attached to the user’s
eyelid. The axes are also referred to as a basis for de-
scribing movement of the eyeball. The placement of the
axes in Figure 2 is therefore provided as an example and
is not intended to be limiting.
[0035] For example, the x-axis may be considered hor-
izontal or substantially horizontal relative to the general
shape of the eye. For example, the x-axis may be con-
sidered substantially horizontal when the said x-axis is
parallel to earth and when the user’s body is positioned
upright, the user’s head and/or neck is straight, not tilted,
or tilted only slightly such that the user’s head and/or
neck appears substantially straight. As depicted in Figure
2, in some embodiments, the x-axis may intersect the
peak of the curvature of the eyelid. For example, the x-
axis may intersect the maximum of a curve representa-
tive of the upper eyelid, and/or the minimum of a curve
representative of the lower eyelid. As another example,
in an example embodiment, the x-axis may extend
through points of both the inner corner and outer corner
of the eye, or one corner of the eye.
[0036] The y-axis may therefore be positioned sub-
stantially orthogonal or orthogonal to the x-axis. As an
example of substantially orthogonal, the y-axis may be
within a predefined angular distance from the x-axis, such
as 5°. The y-axis may therefore be considered to be po-
sitioned vertically or substantially vertically through the
center or near-center of the general shape of the eye or
length of the user’s eyelid (e.g., the center of the line
extending between points located coincident with the in-
ner and outer corners of the eye). The y-axis may be
orthogonal to earth, when the user’s head and/or neck
is straight, not tilted, or tilted only slightly such that the
user’s head and/or neck appears substantially straight.
As another example, the y-axis may be positioned over
the center of the user’s iris when the user’s eyeball 250
is focused straight ahead. The y-axis may intersect the

peak of the curvature of the eyelid and/or the center of
the iris when the user’s eye is focused straight ahead.
[0037] The z-axis may intersect the x-axis and y-axis
at the peak of the curve of the eyelid, and may run outward
and inward from the user’s eye and/or face, for example.
Each of the x-axis, y-axis, and z-axis is perpendicular or
orthogonal (or substantially perpendicular or orthogonal)
to each other.
[0038] The aforementioned description of axes place-
ment is provide relative to the eye, eyelid, and eyeball
as a basis for understanding the configuration of the
wearable device 200 and the arrangement of sensors
comprised therein when the wearable device 200 is at-
tached to the user’s eyelid. The aforementioned descrip-
tion is also provided as a basis for describing eyeball
movement. However, although the x, y and z-axes are
often considered fixed with respect to gravity and/or
earth, the descriptions of the x, y, and z-axes are provided
herein with respect to the user’s eye, eyelid and/or eye-
ball, and it will be appreciated that the user need not be
positioned upright, and the user’s head need not be
straight for the wearable device 200 to function as de-
scribed herein. In this regard, the sensors of the wearable
device 200 may be calibrated as described in further de-
tail hereinafter, to account for a user’s varying position-
ing, such as lying on the user’s back or side, for example,
in a bed. The sensors may be further calibrated on an
ongoing or repeated basis according to body movements
or head movements of the user.
[0039] As mentioned above, the wearable device 200
comprises an arrangement of sensors. Various non-lim-
iting example arrangements of sensors are depicted in
the example wearable devices 200 of Figures 3, 12, and
14-16, and are described in further detail below.
[0040] Wearable device 200 may further include hard-
ware components 300, such as a memory 26, processor
20, communication interface 24, and/or a power supply
such as a battery. These hardware components may be
relatively small, light, and compact so as when wearable
device 200 is attached to a user’s eyelid, the wearable
device 200 is comfortable to wear and not invasive to the
user, particularly while sleeping. For example, the battery
may include a nano-battery or array thereof and/or may
be passively charged. The hardware components 300
are depicted in Figure 2 as a single component, however,
the components may be implemented separately or in
any combination. Further, the hardware components 200
may be omitted from other figures to avoid over compli-
cating the drawings, but it will be appreciated that any of
the hardware components 300 may be implemented in
any of the example configurations of wearable device
200.
[0041] The example wearable device 200 of Figure 3
also includes sensors 310 and 312. Although two sensors
are illustrated in Figure 3, any number of sensors may
be present in wearable device 200 and/or apparatus 25.
In this example, and in other instances in which the wear-
able device 200 is configured to be attached to the user’s
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right eye, sensor 310 may be considered an inner sensor
positioned inwards relative to a user’s face. Sensor 312
may be considered an outer sensor positioned outward
relative to the user’s face and the inner sensor. Said dif-
ferently, when the wearable device 200 is attached to a
user’s eyelid, the sensor 310 may be closer to the user’s
nose 230 and the sensor 312 may be further from the
user’s nose. In the illustrated example in which the wear-
able device 200 is attached to a user’s right eye, sensor
310 may be considered the right sensor and sensor 312
may be considered the left sensor.
[0042] In this regard, sensors 310 and/or 312 may be
configured to be positioned within a threshold distance
of the respective inner and outer corners of the eyelids.
The corners of the eyelids may be considered as an area
where the upper eyelid meets the lower eyelid. For ex-
ample, sensors 310 and 312 may be positioned within
10 millimeters of the inner and outer corners of the eyelid.
In some examples, the wearable device 200 may be con-
figured such that when the wearable device 200 is at-
tached to the user’s eyelid, one of the inner or the outer
sensor is placed in the corner of the respective eyelid,
and due to the varying size of users’ eyes and an option-
ally fixed location of the inner and outer sensors relative
to the wearable device 200, the other of the inner or outer
sensor may lie substantially close to, or within a threshold
distance of the respective corner of the eyelids.
[0043] As another example, in an instance in which the
wearable device 200 is attached to a user’s eyelid, the
inner sensor and outer sensor may be positioned on the
opposite sides of the y-axis from each other. The inner
sensor and/or outer sensor may be positioned a prede-
fined distance from the center of the user’s eyelid 210,
or a predefined distance from the y-axis. The predefined
distances of each respective sensor from a point on the
eye may be the same or different from the predefined
distance of the other sensor. For example, sensor 310
may be positioned a predefined distance from the center
of the user’s eye (e.g., different or the same distance as
the predefined distance of sensor 312 from the center of
eye and/or y-axis), or a predefined distance from the y-
axis.
[0044] In some examples, the inner and outer sensors
may be substantially horizontal relative to each other. An
x-axis may therefore run parallel to, substantially parallel
to, or through, an axis connecting the inner and outer
sensors. As another example, an axis (e.g., line) con-
necting the inner and outer sensors may be closer to
parallel to the x-axis than to the y-axis (and/or z-axis).
[0045] The sensors included in the arrangement of
sensors in wearable device 200, such as sensors 310
and 312, and other sensors described herein after, may
include any type of sensor. For example, piezoelectric
sensors and accelerometers are referred to herein as
example sensors included in the arrangement. In some
examples, any number and/or combination of piezoelec-
tric sensors, accelerometers, and/or other types of sen-
sors may be included in the arrangement of sensors.

[0046] The piezoelectric sensors included in the wear-
able device 200 may be any sensors configured to detect
a mechanical stress (e.g., deformation) and convert the
detected mechanical stress to a measurable electric po-
tential. The mechanical stress may include a pressure,
acceleration, and/or force, for example. In this regard,
the piezoelectric sensors may be configured to determine
an electric potential of the eyeball based on the mechan-
ical stress and/or deformation applied against the wear-
able device 200 and detected by the piezoelectric sensor.
As referred to herein, piezoelectric data may therefore
be considered any data detected by a piezoelectric sen-
sor, such as data indicative of a deformation caused due
to a pressure or force caused by eyeball movement and
detected by a piezoelectric sensor
[0047] The electric potential of the eyeball, which may
be determined with a piezoelectric sensor, is described
in more detail with respect to Figures 4 and 5. Figure 4
is provided so as to provide context of the eyeball 250
relative to the user’s head. As illustrated in Figure 5, the
eyeball may be considered a dipole with positive (+ve)
pole at the cornea and negative (-ve) pole at the retina,
resulting in a higher electric potential when the cornea
and/or eyeball is moved away from the y-axis, and a rel-
atively lower electric potential when the cornea and/or
eyeball is moved toward or closer to the y-axis. The ap-
paratus 25 is therefore configured to determine varying
electric potentials based on the measurable stress de-
tected by a piezoelectric sensor, even while the eye
and/or eyelids are closed. In this regard, the electric po-
tential of the eyeball may be referred to as cornea-retina
potential.
[0048] The electric potential exists irrespective of pres-
ence or absence of the light. A resting potential may be
defined as the electric potential of an eyeball such that
little or no eye movement occurs. In some cases, this
resting potential may occur when a user is in a deep
sleep, or is still and relaxed. An example resting potential
of an eyeball (e.g., resting electric potential) is in the
range of 0.4 - 1.0 mV (millivolts). The resting potential of
a particular user may be determined as a baseline such
that changes in electric potential, as described hereinaf-
ter, can be determined relative to the resting potential.
Based on sensor placement on a particular user, the de-
tected resting potential may vary. This variation may be
accounted for by calibration of the sensors, described in
further detail hereinafter.
[0049] As indicated in Figure 3, a piezoelectric sensor,
such as sensor 310, may be positioned such that appa-
ratus 25, such as with processor 20, determines an in-
crease in electric potential as the eyeball 250 moves to-
ward the piezoelectric sensor (illustrated as "more +ve").
The increase in electric potential is determined based on
the detected pressure of the eyeball 250 and/or defor-
mation against the skin surface or eyelid. Positioning of
the eyeball may therefore be detected, and eyeball move-
ment data generated based on positioning data deter-
mined at various time intervals and/or by various sensors.
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Conversion of the sensor data detected by a piezoelectric
sensor to eyeball movement data is described in further
detail hereinafter.
[0050] In addition to providing electric potential read-
ings, in some examples, a piezoelectric sensor may be
configured such that the movement is converted into en-
ergy to power the wearable device 200 and/or a battery
included in wearable device 200.
[0051] In addition to or as an alternative to piezoelectric
sensors, any number of accelerometers may be included
in the arrangement of sensors in the wearable device
200. An accelerometer may be any sensor configured to
detect and/or measure acceleration. The acceleration
detected by the accelerometer may include, for example,
acceleration caused by movement of the head, eyelid
210, and/or eyeball 250. For example, movement of the
eyelid 210 may occur as a result of blinking and should
not be attributed to eyeball movement. Movement of the
eyeball 250 may be detected by an accelerometer when
pressure of the eyeball 250 against the eyelid 210 results
in a detectable acceleration. Any accelerometers present
in wearable device 200 may be calibrated (such as on
memory device 26) based on position of the user, such
that the acceleration values described herein are consid-
ered relative to the x, y, and z-axes referred to herein.
[0052] Referring now to Figure 6, the operations for
detecting eye movement with a wearable device attach-
able to an eyelid, such as wearable device 200 and/or
apparatus 25, are outlined in accordance with an exam-
ple embodiment. In this regard and as described below,
the operations of Figure 6 may be performed by wearable
device 200 and/or apparatus 25. For instance, in exam-
ples in which apparatus 25 may be implemented as either
or both a wearable device 200 and/or external device,
some operations may be performed by the wearable de-
vice 200 and some operations may be performed by the
external device.
[0053] As shown by operation 600, apparatus 25
and/or wearable device 200 may include means, such
as processor 20, memory device 26 and/or the like, for
calibrating the sensors, such as the arrangement of sen-
sors, at a resting potential, such as during but not limited
to non-rapid eye movement (REM) cycles. Sensor data
may therefore be collected from any of the sensors, and
the values stored at memory 26. Said differently, the sen-
sor and/or wearable device 200 may be calibrated based
on the resting potential of the user’s eyeball(s). In this
regard, apparatus 25 and/or wearable device 200 may
include means, such as processor 20, for determining
that the sensor data is associated with a resting potential,
and in response to determining that the sensor data is
associated with a resting potential, calibrating the sensor
data on a memory device 26.
[0054] In some examples, the calibration is repeated
throughout a user’s sleep to account for repositioning,
and turning. The calibration may be performed to account
for tilting and/or positioning of the user’s head relative to
gravitational forces.

[0055] Subsequently received sensor data may then
be analyzed in comparison to the calibrated sensor data.
It will be appreciated that any reference made herein to
analysis of the sensor data and/or generation of the eye-
ball movement data may be based on calibrated sensors
and/or sensor values.
[0056] As shown by operation 610, apparatus 25
and/or wearable device 200 may include means, such
as processor 20, communication interface 24 and/or the
like, for receiving sensor data from an arrangement of
sensors removably attached to an eyelid. In some exam-
ples, the eyelid may include eyelashes, such that the
arrangement of sensors may be removably attached to
any of the eyelashes. As described above with respect
to Figure 3, the arrangement of the sensors may include
an inner sensor (e.g., sensor 300) positioned inwards
relative to a user’s face and an outer sensor (e.g., sensor
312) positioned outward relative to the user’s face and
the inner sensor.
[0057] In this regard, sensor data may include any data
detected by any of the sensors, or provided as an output
by any of the sensors, such as to apparatus 25. For ex-
ample, sensor data detected by a piezoelectric sensor
may include the detected pressure and/or associated
electric potential. Sensor data detected by an acceler-
ometer may include acceleration measurements.
[0058] As shown by operation 620, apparatus 25
and/or wearable device 200 may include means, such
as processor 20, communication interface 24 and/or the
like, for, based on the received sensor data, generating
eyeball movement data by differentiating first directional
data and second directional data, wherein the first direc-
tional data is defined based on an axis associated with
the inner sensor and the outer sensor (e.g., the x-axis),
and the second directional data is defined based on a y-
axis substantially orthogonal to the axis associated with
the inner sensor and the outer sensor.
[0059] In general, apparatus 25 differentiates eyeball
movement in the horizontal direction from eyeball move-
ment in the vertical direction. The first directional data
may be indicative of eyeball movement in a substantially
horizontal direction, and the second directional data may
be indicative of eyeball movement in a substantially ver-
tical direction. Any reference or description of horizontal
and/or vertical movement is not intended to be limiting,
and it will be appreciated that an example embodiment
may determine movement of the eyeball in a generally
horizontal and/or generally vertical direction as may be
reasonably interpreted by one skilled in the art, and rel-
ative to the axes described with respect to Figure 2.
[0060] For example, Figure 7 illustrates a general hor-
izontal movement of the eyeball (e.g., first directional da-
ta) and Figure 8 illustrates a general vertical movement
of the eyeball (e.g., second directional data). For illustra-
tive purposes the eyes are open in Figures 7 and 8 but
it will be appreciated that the detected movement de-
scribed herein may be performed while the eyes are
closed.
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[0061] The first directional data is defined based on an
axis associated with the inner sensor and the outer sen-
sors, such as the example x-axis, and/or an axes parallel
or substantially parallel to the x-axis. That is, as described
above with respect to Figure 2, in an instance in which
an axis or line connecting the inner and outer sensors is
closer to parallel to the x-axis than to the y-axis (and/or
z-axis), the inner and outer sensors are substantially hor-
izontal from each other. The first directional data may
therefore be defined based on an axis that is substantially
horizontal. Accordingly, the first directional data may
therefore be indicative of a substantially horizontal eye-
ball movement, as illustrated in Figure 7.
[0062] The second directional data is defined based
on a y-axis substantially orthogonal to the axis associated
with the inner sensor and the outer sensor. The second
directional data may therefore, according to some em-
bodiments, be characterized with movement in a direc-
tion that is closer to parallel to the y-axis than to the x-
axis and/or z-axis. In this regard, the second directional
data may be indicative of a substantially vertical eyeball
movement, as illustrated in Figure 8.
[0063] In general, based on relatively large variations
of corneo-retinal potential values detected by a sensor,
and corresponding sensor horizontal vector values, a
peak velocity can be calculated for horizontal movement.
For example, consider a horizontal movement towards
an inner sensor. The value measured by the inner sensor
may be more while the value measured by the outward
sensor may be less. But if the horizontal movement is
toward the outward sensor then the value measured by
outer sensor may be more and the inner sensor may be
less. Based on relatively smaller variation of corneo-ret-
inal potential values detected by a sensor, and corre-
sponding sensor vertical vector values, a peak velocity
can be calculated for vertical movement. For example,
the relatively larger and smaller variations may be distin-
guished based on a predetermined threshold value. This
differentiation of directional data is described in further
detail below, and is illustrated in Figure 13.
[0064] In additional to directional data, eyeball move-
ment data may include other variables that may be indic-
ative of eyeball movement, such as but not limited to
angular velocity (e.g., angular displacement over time),
amplitude (change in distance or angle of the eye), du-
ration, and/or latency. These measurements are de-
scribed in further detail with respect to Figure 11 below.
Any reference to velocity or peak velocity hereinafter may
be respectively considered angular velocity and peak an-
gular velocity.
[0065] Additionally or alternatively, the eyeball move-
ment data may include various levels of a hierarchy of
data and/or various levels of significance with regard to
sleep cycles. For example, directional data and/or meas-
urements of eyeball movement may be determined from
the sensor data, and the directional data and/or meas-
urements of eyeball movement may be further processed
to determine descriptors or characterizations with re-

spect to time, timeframe, or time period which the corre-
sponding sensor data was detected. For example, a sub-
set of sensor data may be attributed to a rapid eye move-
ment (REM) cycle of sleep, which may be characterized
by saccades. The characterizations of saccadic move-
ment and/or REM sleep may be included in the eyeball
movement data. During the REM phase of the sleep cy-
cle, the body may be suppressed but the eyes may move
under the eye lids. These eye movements resemble the
regular rapid movement of the eyes from one fixation to
another called saccades. As referred to as herein, the
detection of saccades may particularly be considered as
detection of REM saccades.
[0066] Saccadic movements include quick jumps of
the eyeball in either a horizontal or vertical direction and
may be characterized based on the same or substantially
similar movements in both eyes, occurring at the same
time or substantially the same time.
[0067] In some examples, the saccadic movements
may be accompanied by involuntary blinks or infrequent
eyelid movement. An example embodiment may distin-
guish between saccadic movements and the involuntary
blinks and/or infrequent eyelid movement as described
herein. For example, saccadic movement may be iden-
tified based on any of the aforementioned measurable
data (e.g., angular velocity, amplitude, and duration) fall-
ing below, at, or above a threshold, and/or within a pre-
determined range of measurements.
[0068] In some examples, the saccadic movement can
be determined as occurring when eyeball movement in
both of a user’s two eyes follow a similar or identical pat-
tern (e.g., the eyeball movement in both eyes follows a
pattern of movement such that both eyeballs move from
one position to another position relative to their respec-
tive axes, or such that the one position and the another
position are significantly close to each other in both eyes.
[0069] Figure 9 illustrates detected electric potential
associated with the eyeball movement illustrated in Fig-
ure 10. The movement of the eyeball towards the right
as shown in the Figure 10 results in more positive value
as measured by the sensor located in the direction of the
movement (e.g., the sensor detecting the sensor data
associated with the electric potential charted in Figure 9
is positioned on the wearable device 200 such that the
eyeball is moving toward the sensor). The opposite effect
may occur when the eyeball moves away from the sensor
(e.g., the electric potential may be negative).
[0070] In some examples, the difference in electric po-
tential relative to the baseline or calibrated resting poten-
tial may be proportional to the sine of the angle of the
eyeball movement, such as the angle illustrated in Figure
10. In this example, the voltage charted in Figure 9 is
indicative of an eyeball movement 30° to the right, and
a return of the eyeball to a resting or near-resting position
(e.g., relatively nearer to the y-axis), or 0°. It will be ap-
preciated that eyeball movement in the opposite direction
to that indicated in Figure 10 may be represented as a
range of 0 to -30°. Figure 9 therefore provides an example
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detected electric potential indicative of a horizontal sac-
cade, due to the sudden increase in voltage followed by
a subsequent return of the eyeball to resting position.
[0071] Based on the sensor voltage changes in Figure
9, the duration, amplitude, and peak or maximum veloc-
ity, may be calculated and/or determined as shown in
Figure 11. The saccadic amplitude may represent a peak
change in positioning of the eyeball away from a baseline
or resting position for a particular period of time. For ex-
ample, the amplitude may represent the furthest position
of the eyeball away from the resting position. The maxi-
mum amplitude may occur at a point in time correspond-
ing to a maximum in the angular velocity, adjusted by the
latency. The latency represents a relatively small delay
in the actual eye eyeball movement relative to the corre-
sponding detected change in velocity as determined ac-
cording to changes in eyeball position detected by the
sensors and/or arrangement of sensors. For the purpose
of sleep studies, the latency may be considered insignif-
icant as it may only represent a delay of several millisec-
onds in comparison to the study of data spanning several
minutes or hours.
[0072] The duration may refer to the period of time in
which the eyeball moves from the baseline or resting po-
sition to a particular position from the baseline or resting
position, or threshold distance away from the baseline
distance or resting position. In some examples duration
may include the duration of a single saccade including
the return of the eyeball to the resting position or near-
resting position.
[0073] In general, or in an average human, the speed,
or detectable speed of the human eyeball may range
from 20 - 700°/s. The distance or angular motion of the
eye, may be in the range of 0 - 30°.
[0074] Example parameters utilized in the analysis of
saccadic performance may include the angular velocity,
amplitude and duration. In some examples, latency may
be considered, or may be insignificant. When apparatus
25 detects any of the aforementioned measurable pa-
rameters falling below, at, or above a threshold, and/or
within a predetermined range of measurements, the data
may be identified as attributed to saccadic movement.
[0075] Example values of these parameters, when de-
termined to be indicative of saccadic movement, may
include an angular velocity of 300°/s or more, amplitude
of 10° or more, and a duration of 30ms or more. Latency
may be approximately 200ms but may be considered in-
significant in the study of saccadic movements with re-
gard to sleep, as described above. These thresholds and
ranges are provided merely as an example, and it will be
appreciated that other thresholds and ranges may be ap-
plied. For example, these values, ranges and/or thresh-
olds may vary from those of non-human animals, or may
vary from user to user, such as depending on eye socket
size and shape, and eyeball size and shape.
[0076] An example embodiment of apparatus 25
and/or the wearable device 200 may, in some examples,
differentiate the first directional data from the second di-

rectional data based on any of the aforementioned meas-
urements or parameters. The differentiated data may
then be further processed to identify associated charac-
teristics or descriptors of the movement.
[0077] In some examples, when a measurement such
as amplitude exceeds a predetermined threshold, such
as 20°, for example, apparatus 25 may differentiate the
associated data as first directional data. In some exam-
ples, apparatus 25 may determine the first directional
data is indicative of a saccadic movement (e.g., horizon-
tal saccade). In this regard, apparatus 25 may differen-
tiate the first direction data from second directional data.
Similarly, for peaks in eye position signal that do not reach
or exceed 20°, the data may be indicative of non-saccadic
eye movement.
[0078] When a pattern, such as a predetermined
number of peaks in the eye position signal exceed the
predetermined threshold (e.g., amplitude of 20°), the cor-
responding data may therefore be attributed to REM sac-
cades and/or REM sleep cycles. Single occurrences of
peaks, or peaks occurring sporadically, may be attributed
to non-REM sleep.
[0079] It will be appreciated that saccadic data may be
influenced by environmental conditions. For example,
saccadic parameters may vary in the presence of light,
or based on an amount of light present in the environment
of the user. Parameters like saccadic amplitude may be
slightly reduced in the dark in comparison to an environ-
ment with light. Saccadic peak velocity may increase lin-
early as a function of saccadic amplitude. This relation-
ship of the effect of light on a user’s sleep can be ana-
lyzed, and the information can be provided to the user.
[0080] While the above description and corresponding
Figures 9-11 provide examples of first directional data
(e.g., horizontal eyeball movement), apparatus 25 may
determine second directional data, as provided by addi-
tional sensors, which may or may not be implemented
on the wearable device 200 (in some examples a sensor
may be implemented separately from the wearable de-
vice 200). In some examples, the inner and outer sensors
may be used by apparatus 25 to determine first direc-
tional data, and filter data detected by another device.
However, in some examples, an additional sensor may
be implemented on the wearable device 200.
[0081] For example, as illustrated in Figure 12, the
wearable device 200 may, in some examples, include a
sensor 1200. The sensor 1200 may be positioned sub-
stantially close to (e.g., within a threshold distance of) or
along the y-axis. In some examples, the sensor 1200
may be positioned on or substantially close to the origin
and/or intersections of any of the axes. Although one
sensor located near the y-axis is illustrated in Figure 12,
it will be appreciated that any number of sensors located
near the y-axis may be present on wearable device 200
and/or apparatus 25.
[0082] Sensor 1200 may therefore be configured to de-
tect sensor data indicative of movement relative to the
y-axis. For example, the sensor data detected by sensor
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1200 may be indicative of movement in a direction that
is closer to parallel to the y-axis than to the x-axis and/or
z-axis. In this regard, the movement may be considered
substantially vertical.
[0083] In instances in which sensor 1200 is implement-
ed as a piezoelectric sensor, the eyeball movement data
may be generated using similar methods as described
above. As another example, in an instance sensor 1200
is implemented as an accelerometer, apparatus 25 may
generate eyeball movement data based on the detected
acceleration data as described below.
[0084] In some examples, the acceleration data de-
tected by the accelerometer may be caused by various
types of movements. For example, if the acceleration da-
ta exceeds and/or satisfies a predetermined threshold,
such as 100 mm/s2, the associated data and/or move-
ment may be attributed to a movement (e.g., tossing
and/or turning) of the head, such as caused by a user
tossing or turning in their sleep. In some examples, the
threshold may be satisfied for at least a predetermined
amount of time, such as for .5 seconds, in order for the
associated data to be attributed to head movement. In
this regard, in an instance a subset of the acceleration
data satisfies a head movement threshold, apparatus 25
may attribute the subset of the acceleration data to head
movement. Said differently, the subset of acceleration
data may be filtered from the sensor data such that the
data is not included, or is prevented from being included
in eyeball movement data. In such an example, the ap-
paratus 25 may not be dependent on other devices or
sensors placed on the head and configured to detect the
head movements that could otherwise skew the eyeball
movement data and/or introduce unreliable data.
[0085] Similarly, in some examples, in an instance the
subset of the acceleration data satisfies a blinking thresh-
old, apparatus 25 may attribute the subset of acceleration
data to blinking, and/or exclude the data from being at-
tributed to or caused by eyeball movement. The data may
therefore be filtered from the sensor data, or may be ex-
cluded from the generated eyeball movement data.
[0086] As another example, in an instance the subset
of the acceleration data is temporally related to piezoe-
lectric data detected by inner and outer piezoelectric sen-
sors and the piezoelectric data is indicative of a saccadic
movement, apparatus 25 may attribute the subset of ac-
celeration data to the saccadic movement. For example,
although apparatus 25 may generate eyeball movement
data indicative of horizontal saccades as described
above with respect to Figures 9-11, some additional
movement, such as subtle movement detected by the
sensor 1200 (e.g., accelerometer), may be detected. In
such an example, the apparatus 25 may determine that
the measurements indicative of substantially horizontal
movement are more significant than the measurements
(e.g., acceleration) indicative of substantially vertical
movement, and the apparatus 25 may filter the subset
of acceleration data as attributable to the horizontal sac-
cadic movement. In this regard, apparatus 25 differenti-

ates first directional data and second directional data.
[0087] Figure 13 illustrates example sensor data 1300
detected by sensors 310 and 312, relative to the example
sensor data 1302, such as may be detected by sensor
1300. The sensor data 1300 and 1302 are temporally
related as the data was respectively detected by the sen-
sors over the same time periods. The apparatus 25 de-
termines that the substantial dips 1310, or minimums, in
the sensor data 1302 are indicative of blinks, as indicated
by "B," while the more subtle noise (change in eyeball
position) is attributed to saccades, as indicated by "S."
[0088] As illustrated in Figure 13, based on large var-
iation of electric potential (e.g., corneo-retinal potential)
values and corresponding sensor horizontal vector val-
ues, a peak velocity can be calculated for horizontal sac-
cades. Based on small variation of corneo-retinal poten-
tial values and corresponding sensor vertical vector val-
ues peak velocity can be calculated for vertical saccades.
[0089] Different variations of electric potentials such
as the data provided in Figure 13 can be indicative of
different eyeball movements. If the values of corneo-ret-
inal potential are close to the resting potential but the
sensor values are high in a third vector corresponding to
the z-axis, then the data is attributed to blinks. Peaks in
both the horizontal and horizontal vector occurring sub-
stantially at the same time may be indicative of oblique,
rapid eye movement (REM). Peaks in the horizontal vec-
tor while the vertical vector remains relatively constant,
may be indicative of horizontal eyeball movement Peaks
in the vertical vector while the horizontal vector remains
relatively constant may be indicative of vertical, slow eye
movements (SEM) during REM. Noise in the vertical and
horizontal vectors that reflect inconsistent variations in
the vertical and horizontal vectors over time, may be in-
dicative of non-conjugative eye movements, or asyn-
chronous eye movements during REM sleep.
[0090] Based on data such as that displayed in Figure
13, the frequency, timing, and/or timestamps of blinks
and/or saccades may be generated and/or stored, for
example to memory device 26.
[0091] While the above description relates to the ex-
ample configurations of wearable device 200 provided in
Figures 3 and 12 and corresponding example data proc-
essed by the wearable device 200 and/or apparatus 25,
it will be appreciated that any configuration of sensor ar-
rangements may be implemented. Additional arrange-
ments that may be implemented by wearable device 200
are described below with respect to Figures 14-16.
[0092] In this regard, implementing a wearable device
200 having additional sensors in different positions rela-
tive to the axes, provides for additional sensor data. The
eyeball movement data may therefore be refined and
more accurately portrayed by utilizing sensor data col-
lected from sensors positioned in various locations rela-
tive to the axes. Apparatus 25 may therefore generate
more precise and/or refined eyeball movement data. In
this regard, in some examples, the more sensors that are
implemented in the wearable device 200, the more close-
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ly the generated eyeball movement data represents the
actual eyeball movement data.
[0093] For example, the wearable device 200 of Figure
14 includes an array of sensors 1400. Any number of
sensors may be included along the wearable device 200.
For example, the sensors may generally follow the outline
of the eyelid when the wearable device 200 is attached
to the user’s eyelid. The array of sensors may therefore
be oriented substantially horizontal from each other. For
example, an axis or line connecting each sensor to a
neighboring sensor of the array of sensors may be closer
to parallel to the x-axis than to the y-axis and/or z-axis.
The sensor data may therefore be collected by each of
the sensors in the array. In this regard, each sensor may
detect an increasing pressure as the underlying eyeball
moves towards the particular sensor, and a decreasing
pressure as the eyeball moves away from the sensor.
The electric potential and corresponding eyeball move-
ment data may be generated accordingly as described
above. Apparatus 25 may therefore generate more fine-
grained data and accurate positioning data relative to
embodiments with fewer sensors.
[0094] Figure 15 illustrates an upper and lower portion
of wearable device 200, which may fit along an upper
eyelid and lower eyelid, respectively. As another exam-
ple, separate wearable devices 200 may be attached to
an upper eyelid and lower eyelid. Any arrangement of
sensors may be implemented in the wearable device 200,
such as to optimize the accuracy of the sensor data and
the resultant eyeball movement data.
[0095] Figure 16 illustrates another example embodi-
ment of wearable device 200. Any number of sensors
1600 may be configured in the wearable device 200, in-
cluding those in the eyelashes (e.g., false eyelashes in-
cluded in the wearable device 200, and/or affixed to the
user’s real eyelashes). Sensors may alternatively be po-
sitioned higher or lower on the eyelid surface relative to
the sensors depicted in Figure 3 and/or 15, for example.
Including sensors in the eyelashes and/or in different po-
sitions on the eyelids may provide for additional sensor
data relative to the y-axis, and may therefore enable ap-
paratus 25 to more accurately differentiate first direction-
al data and second directional data.
[0096] According to an example embodiment de-
scribed above, wearable device 20 may include any
number of sensors. In this regard, multiple different sen-
sor data may be detected over the same periods of time,
thereby being temporally related. In an example embod-
iment, apparatus 25 may process the temporally related
sensor data to filter and/or refine the generated eyeball
movement data. In this regard, the apparatus 25 may
compare data collected by various sensors for the same
respective timeframes, and determine what type of
movement (e.g., saccadic, non-saccadic, blinking), to
which the data is attributed. In this regard, the data may
be accurately represented and various sleep cycles, such
as REM and non-REM sleep, may be determined based
on patterns of the movements identified in the data. In

some examples, when the wearable device 200 is con-
figured with relatively more sensors, apparatus 25 may
therefore generate relatively more accurate representa-
tions of eyeball movement and therefore relatively more
accurate corresponding depictions of sleep cycles.
[0097] Certain example embodiments disclosed here-
in may provide distinct advantages over other eye move-
ment detection devices and methods. Many methods and
devices used to scientifically evaluate a person’s sleep
are performed and/or operative in a laboratory based test
called polysomnography (PSG). During PSG, three
measures may be used as the basis for defining sleep
stages. The three measures may include gross brain ac-
tivity measured by electroencephalogram (EEG), muscle
tone measured by electromyography (EMG), and eye-
movement recorded via EOG. EOG may be crucial in
differentiating rapid eye movement (REM) sleep stage
from the other sleep stages. However, as mentioned
herein, EOG is traditionally obtained by placing wired
electrodes above and below or left and right of the eye.
[0098] Certain example embodiments provided here
may therefore provide lighter weight, less intrusive, wear-
able devices that may be used in sleep tracking, and may
not require extensive laboratory equipment. At least
some example embodiments therefore solve the problem
of using multiple electrodes and wires and thereby re-
duce constrained movement of the user. Therefore, by
using an example embodiment over other methods,
sleep quality of the user may be maintained or protected.
The collected data may therefore provide a more accu-
rate representation of typical sleep of the user.
[0099] Moreover, certain example embodiments pro-
vide for a more usable device for in-home sleep monitor-
ing due to the more manageable size of the wearable
device. The wearable device provided according to an
example embodiment may be implemented with relative-
ly less expensive in comparison to other sleep monitoring
devices. Sleep lab tests are generally expensive and
since the tests often take place in an unfamiliar environ-
ment in the sleep laboratory, actual sleep patterns may
differ from the true underlying sleep of the subject. Mon-
itoring the subjects sleep using an in-home based solu-
tion over longer periods of time (multiple nights) may be
a more effective and inexpensive alternative. Other
stand-alone wearable sleep trackers or the non-contact
(e.g., radar) based sleep solutions do not include EOG
measurements or acceleration data. An example embod-
iment therefore provides improved accuracy in compar-
ison to other at-home sleep monitoring devices.
[0100] Certain example embodiments also provide
methods of measuring fatigue by measuring saccadic
parameters such as saccadic peak velocity. Several fac-
tors such as disease, drugs and alcohol influence sac-
cades as well as other eye movements which can be
studied during subject’s overnight sleep and can be used
to aid in improving his/her sleep quality.
[0101] As described above, Figure 6 illustrates a flow-
chart of an apparatus 25, method, and computer program
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product according to an example embodiment of the
present disclosure. It will be understood that each block
of the flowchart, and combinations of blocks in the flow-
chart, may be implemented by various means, such as
hardware, firmware, processor, circuitry, and/or other de-
vices associated with execution of software including one
or more computer program instructions. For example,
one or more of the procedures described above may be
embodied by computer program instructions. In this re-
gard, the computer program instructions which embody
the procedures described above may be stored by a
memory device 26 of an apparatus 25 employing an em-
bodiment of the present disclosure and executed by a
processor 20 of the apparatus 25. As will be appreciated,
any such computer program instructions may be loaded
onto a computer or other programmable apparatus (e.g.,
hardware) to produce a machine, such that the resulting
computer or other programmable apparatus implements
the functions specified in the flowchart blocks. These
computer program instructions may also be stored in a
computer-readable memory that may direct a computer
or other programmable apparatus to function in a partic-
ular manner, such that the instructions stored in the com-
puter-readable memory produce an article of manufac-
ture, the execution of which implements the function
specified in the flowchart blocks. The computer program
instructions may also be loaded onto a computer or other
programmable apparatus to cause a series of operations
to be performed on the computer or other programmable
apparatus to produce a computer-implemented process
such that the instructions which execute on the computer
or other programmable apparatus provide operations for
implementing the functions specified in the flowchart
blocks.
[0102] Accordingly, blocks of the flowchart support
combinations of means for performing the specified func-
tions and combinations of operations for performing the
specified functions for performing the specified functions.
It will also be understood that one or more blocks of the
flowchart, and combinations of blocks in the flowchart,
may be implemented by special purpose hardware-
based computer systems which perform the specified
functions, or combinations of special purpose hardware
and computer instructions.
[0103] In some embodiments, certain ones of the op-
erations above may be modified or further amplified. Fur-
thermore, in some embodiments, additional optional op-
erations may be included. Modifications, additions, or
amplifications to the operations above may be performed
in any order and in any combination.
[0104] Many modifications and other embodiments of
the present disclosures set forth herein will come to mind
to one skilled in the art to which these present disclosures
pertain having the benefit of the teachings presented in
the foregoing descriptions and the associated drawings.
Therefore, it is to be understood that the present disclo-
sures are not to be limited to the specific embodiments
disclosed and that modifications and other embodiments

are intended to be included within the scope of the ap-
pended claims. Moreover, although the foregoing de-
scriptions and the associated drawings describe exam-
ple embodiments in the context of certain example com-
binations of elements and/or functions, it should be ap-
preciated that different combinations of elements and/or
functions may be provided by alternative embodiments
without departing from the scope of the appended claims.
In this regard, for example, different combinations of el-
ements and/or functions than those explicitly described
above are also contemplated as may be set forth in some
of the appended claims. Although specific terms are em-
ployed herein, they are used in a generic and descriptive
sense only and not for purposes of limitation.

Claims

1. A method comprising:

receiving sensor data from an arrangement of
sensors removably attached to an eyelid,
wherein the arrangement of the sensors com-
prises an inner sensor positioned inwards rela-
tive to a user’s face and an outer sensor posi-
tioned outward relative to the user’s face and
the inner sensor; and
based on the received sensor data, generating
eyeball movement data by differentiating first di-
rectional data and second directional data,
wherein the first directional data is defined
based on an axis associated with the inner sen-
sor and the outer sensor, and the second direc-
tional data is defined based on a y-axis substan-
tially orthogonal to the axis associated with the
inner sensor and the outer sensor.

2. The method of claim 1, wherein the eyeball move-
ment data comprises movement relative to the y-
axis.

3. The method of claim 1 or 2, further comprising:

determining whether the first directional data is
indicative of a saccadic movement; and
preventing second directional data from being
attributed to eyeball movement based on the first
directional data.

4. The method of any of claims 1-3, wherein:

the inner sensor comprises an inner piezoelec-
tric sensor,
the outer sensor comprises an outer piezoelec-
tric sensor,
the inner piezoelectric sensor and the outer pi-
ezoelectric sensors are configured to detect pi-
ezoelectric data, and
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the arrangement of the sensors comprises at
least one accelerometer configured to detect ac-
celeration data indicative of movement relative
to the y-axis.

5. The method of claim 4, wherein the method further
comprises:

in an instance a subset of the acceleration data
satisfies a head movement threshold, attributing
the subset of the acceleration data to head
movement;
in an instance the subset of the acceleration data
satisfies a blinking threshold, attributing the sub-
set of acceleration data to blinking; and
in an instance the subset of the acceleration data
is temporally related to the piezoelectric data de-
tected by the inner and outer piezoelectric sen-
sors and the piezoelectric data is indicative of a
saccadic movement, attributing the subset of ac-
celeration data to the saccadic movement.

6. The method of any of claims 1-3, wherein the ar-
rangement of sensors comprises an array of piezo-
electric sensors.

7. The method of any of claims 1-3, wherein the ar-
rangement of sensors comprises an array of accel-
erometers.

8. The method according to any of claims 1-7, wherein
the arrangement of sensors is comprised by weara-
ble device removably attached to the eyelid.

9. The method according to any of claims 1-8, wherein
the eyeball movement data reflects (a) angular ve-
locity, (b) amplitude, and (c) duration.

10. The method according to any of claims 1-9, further
comprising:

determining that the sensor data is associated
with a resting potential; and
in response to determining that the sensor data
is associated with a resting potential, calibrating
the sensor data on a memory device.

11. An apparatus removably attachable to an eyelid, the
apparatus comprising an arrangement of sensors,
at least one processor, and at least one memory
comprising computer program code, wherein the at
least one memory and the computer program code
are configured to, with the processor, cause the ap-
paratus to at least:

receive sensor data from the arrangement of
sensors; and
differentiate first directional data and second di-

rectional data in the sensor data.

12. The apparatus of claim 11, wherein the arrangement
of sensors comprises at least two piezoelectric sen-
sors and at least one accelerometer.

13. The apparatus of claims 11 or 12, wherein the ar-
rangement of sensors comprises an array of piezo-
electric sensors.

14. The apparatus of any of claims 11-13, wherein the
arrangement of sensors comprises an array of ac-
celerometers.

15. The apparatus of any of claims 11-14, wherein in an
instance the apparatus is attached to the eyelid, the
arrangement of the sensors comprises an inner sen-
sor positioned inwards relative to a user’s face and
an outer sensor positioned outward relative to the
user’s face and the inner sensor, wherein the first
directional data is defined based on the inner sensor
and the outer sensor, and the second directional data
is defined based on an upward movement.
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