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ELECTRONIC OPHTHALMIC LENS WITH ALARM CLOCK

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a powered or releict ophthalmic lens, and more
particularly, to a powered or electronic ophthalteits providing an alarm cue.

2. Discussion of the Related Art

As electronic devices continue to be miniaturizets becoming increasingly more likely
to create wearable or embeddable microelectronicesg for a variety of uses. Such uses may
include monitoring aspects of body chemistry, adst@ming controlled dosages of medications
or therapeutic agents via various mechanisms, dinmoguautomatically, in response to
measurements, or in response to external congoéks, and augmenting the performance of
organs or tissues. Examples of such devices irajiecose infusion pumps, pacemakers,
defibrillators, ventricular assist devices and ostimulators. A new, particularly useful field of
application is in ophthalmic wearable lenses andaw lenses. For example, a wearable lens
may incorporate a lens assembly having an elecatipiadjustable focus to augment or enhance
performance of the eye. In another example, eiiligr or without adjustable focus, a wearable
contact lens may incorporate electronic sensodetect concentrations of particular chemicals
in the precorneal (tear) film. The use of embedeledtronics in a lens assembly introduces a
potential requirement for communication with theattonics, for a method of powering and/or
re-energizing the electronics, for interconnectimg electronics, for internal and external sensing

and/or monitoring, and for control of the electemand the overall function of the lens.

The human eye has the ability to discern millioheadors, adjust easily to shifting light
conditions, and transmit signals or informatiorttte brain at a rate exceeding that of a high-

speed internet connection. Lenses, such as cdatesgs and intraocular lenses, currently are
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utilized to correct vision defects such as myopafsightedness), hyperopia (farsightedness),
presbyopia and astigmatism. However, properlygiesi lenses incorporating additional

components may be utilized to enhance vision akagdb correct vision defects.

Contact lenses may be utilized to correct myopyaghopia, astigmatism as well as other
visual acuity defects. Contact lenses may alsatibieed to enhance the natural appearance of
the wearer’s eyes. Contact lenses or “contacts’senply lenses placed on the anterior surface
of the eye. Contact lenses are considered medigs@étes and may be worn to correct vision
and/or for cosmetic or other therapeutic reas@mntact lenses have been utilized commercially
to improve vision since the 1950s. Early contansks were made or fabricated from hard
materials and were relatively expensive and fraditeaddition, these early contact lenses were
fabricated from materials that did not allow su#itt oxygen transmission through the contact
lens to the conjunctiva and cornea which potemtiediuld cause a number of adverse clinical
effects. Although these contact lenses are diiized, they are not suitable for all patients due
to their poor initial comfort. Later developmeirighe field gave rise to soft contact lenses,
based upon hydrogels, which are extremely populdnédely utilized today. Specifically,
silicone hydrogel contact lenses that are availtdday combine the benefit of silicone, which
has extremely high oxygen permeability, with thevyen comfort and clinical performance of
hydrogels. Essentially, these silicone hydrogskdacontact lenses have higher oxygen
permeability and are generally more comfortable¢ar than the contact lenses made of the

earlier hard materials.

Conventional contact lenses are polymeric strestwith specific shapes to correct
various vision problems as briefly set forth aboV@ achieve enhanced functionality, various
circuits and components have to be integratedtivese polymeric structures. For example,
control circuits, microprocessors, communicationices, power supplies, sensors, actuators,
light-emitting diodes, and miniature antennas maynbegrated into contact lenses via custom-
built optoelectronic components to not only corngston, but to enhance vision as well as
provide additional functionality as is explaineddia. Electronic and/or powered ophthalmic

lenses may be designed to provide enhanced visgoroem-in and zoom-out capabilities, or
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just simply modifying the refractive capabilitiektbe lenses. Electronic and/or powered contact
lenses may be designed to enhance color and riespltd display textual information, to
translate speech into captions in real time, teroffsual cues from a navigation system, and to
provide image processing and internet access.lefises may be designed to allow the wearer
to see in low-light conditions. The properly de®d electronics and/or arrangement of
electronics on lenses may allow for projectingraage onto the retina, for example, without a
variable-focus optic lens, and provide novelty imagsplays. Alternately, or in addition to any
of these functions or similar functions, the cohtanses may incorporate components for the
noninvasive monitoring of the wearer’s biomarkard aealth indicators. For example, sensors
built into the lenses may allow a diabetic patienteep tabs on blood sugar levels by analyzing
components of the tear film without the need fawdng blood. In addition, an appropriately
configured lens may incorporate sensors for moinigocholesterol, sodium, and potassium
levels, as well as other biological markers. Tbajpled with a wireless data transmitter, could
allow a physician to have almost immediate acaesspatient’s blood chemistry without the
need for the patient to waste time getting to adatory and having blood drawn. In addition,
sensors built into the lenses may be utilized teadight incident on the eye to compensate for

ambient light conditions or for use in determintsijpk patterns.

The proper combination of devices could yield pogy unlimited functionality;
however, there are a number of difficulties asgediavith the incorporation of extra components
on a piece of optical-grade polymer. In geneta$ difficult to manufacture such components
directly on the lens for a number of reasons, dsagemounting and interconnecting planar
devices on a non-planar surface. It is also diffito manufacture to scale. The components to
be placed on or in the lens need to be miniaturaretintegrated onto just 1.5 square
centimeters of a transparent polymer while protecthe components from the liquid
environment on the eye. It is also difficult tokaaa contact lens comfortable and safe for the
wearer with the added thickness of additional comepds.

Given the area and volume constraints of an opimilcadevice such as a contact lens,

and the environment in which it is to be utilizélag physical realization of the device must
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overcome a number of problems, including mountimg iaterconnecting a number of electronic
components on a non-planar surface, the bulk ofvbdomprises optic plastic. Accordingly,

there exists a need for providing a mechanically electrically robust electronic contact lens.

As these are powered lenses, energy or more particaurrent consumption, to run the
electronics is a concern given battery technolagyhe scale for an ophthalmic lens. In addition
to normal current consumption, powered devicegstesns of this nature generally require
standby current reserves, precise voltage contibsavitching capabilities to ensure operation
over a potentially wide range of operating paramsetend burst consumption, for example, up to
eighteen (18) hours on a single charge, after piatBnremaining idle for years. Accordingly,
there exists a need for a system that is optimiaebbw cost, long-term reliable service, safety

and size while providing the required power.

In addition, because of the complexity of the fumlity associated with a powered lens
and the high level of interaction between all & tomponents comprising a powered lens, there
is a need to coordinate and control the overaltatp of the electronics and optics comprising
a powered ophthalmic lens. Accordingly, there iead for a system to control the operation of
all of the other components that is safe, low-castl reliable, has a low rate of power

consumption and is scalable for incorporation extaphthalmic lens.

Powered or electronic ophthalmic lenses may haaedtount for certain unique
physiological functions from the individual utilimy the powered or electronic ophthalmic lens.
More specifically, powered lenses may have to acttar blinking, including the number of
blinks in a given time period, the duration of k] the time between blinks and any number of
possible blink patterns, for example, if the indival is dosing off. Blink detection may also be
utilized to provide certain functionality, for exair, blinking may be utilized as a means to
control one or more aspects of a powered ophthdeng Additionally, external factors, such
as changes in light intensity levels, and the armotimisible light that a person’s eyelid blocks

out, have to be accounted for when determiningkblinFor example, if a room has an
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illumination level between fifty-four (54) and ohendred sixty-one (161) lux, a photosensor

should be sensitive enough to detect light intgriinges that occur when a person blinks.

Ambient light sensors or photosensors are utilinedany systems and products, for
example, on televisions to adjust brightness adagrid the room light, on lights to switch on at
dusk, and on phones to adjust the screen brightridswever, these currently utilized sensor
systems are not small enough and/or do not havefmugh power consumption for

incorporation into contact lenses.

It is also important to note that different typédlink detectors may be implemented
with computer vision systems directed at one’s ®yd¢r example, a camera digitized to a
computer. Software running on the computer caogeize visual patterns such as the eye open
and closed. These systems may be utilized in ajrhtb clinical settings for diagnostic
purposes and studies. Unlike the above describetbrs and systems, these systems are
intended for off-eye use and to look at rather tlomk away from the eye. Although these
systems are not small enough to be incorporateccimtact lenses, the software utilized may be
similar to the software that would work in conjunatwith powered contact lenses. Either
system may incorporate software implementatiorertificial neural networks that learn from
input and adjust their output accordingly. Altaeig, non-biology based software
implementations incorporating statistics, otherpdigdla algorithms, and/or signal processing may

be utilized to create smart systems.

Accordingly, there exists a need for a means arithodefor detecting certain
physiological functions, such as a length of egsate or a blink, and utilizing them to activate
and/or control an electronic or powered ophthaliens according to the type of blink sequence
detected by a sensor. The sensor being utilizeds® be sized and configured for use in a
contact lens. In addition there exists a neeceted the position of a user’s eyelids. An eyelid
position sensor could be used to detect that aisi$alting asleep, for example to trigger an
appropriate alert to keep the user awake. Therexaséing systems for detecting lid position;

however they are limited to devices like camerageng, image recognition, and infrared
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emitter/detector pairs which rely on reflection tfé eye and eyelid. Existing systems to detect
lid position also rely on the use of spectacleslinical environments and are not easily

contained within a contact lens.

Travel alarm clocks, alarm clocks, and other exkdevices used to provide alarm clock
functionality are bulky and disruptive to other pepwithin hearing range of the alarm clock
beyond the intended person to be awaken by theallrck. Examples of this situation are a
couple where one member needs to wake up eardiarttte other member of the couple or an
airline passenger on a red-eye flight looking tpusichis or her circadian rhythm during a flight.
It would be advantageous if there was a way toigeoan alarm for a particular individual that

would not disrupt other individuals and thus bes legrusive of other individuals.

SUMMARY OF THE INVENTION

In at least one embodiment, a system for providimglarm cue to a wearer of an
ophthalmic lens, the system including: a timinguait configured to track a passage of time; a
communications system configured for facilitatindesst one-way communication for receiving
data; an alert mechanism configured to providelar; & system controller electrically
connected to the timing circuit, the communicasgatem, and the alert mechanism, the system
controller configured for controlling the timingrcuit, the communication system, and the alert
mechanism; and the ophthalmic lens capable of sntating at least a portion of the timing

circuit, the communications system, the alert maidm and the system controller.

In a further embodiment, the communications systerludes a receiver configured for
wirelessly receiving from an external device theereed data and sending the received data to
the system controller. In a still further embodirhehe timing circuit includes an accumulator
for tracking time; and the system controller furthreeludes memory in which an alarm time is
stored by the system controller, the system cdetr@ configured to set a time on the
accumulator in response to the received data amdbam time in the memory in response to the

received data. In a still further embodiment,skistem controller is configured to send a signal
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to the alert mechanism when data in the accumutattches data stored in the memory, the
alarm mechanism is configured to provide an ateet wearer of the ophthalmic lens in response
to the signal received from the system controllara further embodiment to the first
embodiment of this paragraph, the timing circudlumies an accumulator for tracking time; the
system controller further includes memory in whaghalarm time is stored by the system
controller, the system controller is configuredéeet the accumulator to zero in response to the
received data and an alarm time in the memoryspaese to the received data. Further to the
prior embodiment, the system controller is confegito send a signal to the alert mechanism
when data in the accumulator matches data stordgtimemory, the alarm mechanism is
configured to provide an alert to a wearer of thhtbalmic lens in response to the signal

received from the system controller.

Further to any of the above embodiments, the aledghanism includes an electrical
component, and the alert mechanism turns on tlotriekd component to alert the wearer in
response to an alarm signal from the system cdatroln a further embodiment, the electrical
component includes at least one of a LED and adhacer in vibrational contact with the

wearer's eye.

Further to any of the above embodiments, the aleghanism includes at least one of
the following: a light source positioned on thaeddo provide a light onto at least one of a retina
of a wearer of the lens and the lens itself astée, a transducer to vibrate the eye of the weare
of the lens as the alert, an electrical simulatmfigured to stimulate at least one of a corneal
surface, a scleral surface, a sensory nerve ofreeapand a sensory nerve of a sclera, and a

transducer that provides optic zone modificatioambptic zone of the lens.

Further to any of the above embodiments, the syfitettmer including an eyelid position
sensor system incorporated into the lens, theagpelsition sensor system having a plurality of
vertical points to detect eyelid position, where ystem controller is in electrical
communication with the eyelid position sensor syste receive a signal from the eyelid

position sensor system representative of eyelidipnsthe system controller triggering an
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escalation of alerts from the alert mechanism whereyelid remains closed and the

accumulator value exceeds an alarm value.

Further to any of the above embodiments, the syfueimer including an external device
configured to transmit to the communications syséetime control signal as the received data;
and where the communications system includes aexaeonfigured for wirelessly receiving the
time control signal from the external device anaddseg the time control signal to the system
controller; the timing circuit includes an accumatafor tracking time; and the system controller
further includes memory in which an alarm timet@ead by the system controller, the system
controller configured to set a time on the timimguwit in response to the time control signal and
an alarm time in the memory in response to the torgrol signal. In a still further embodiment
to the prior embodiment, the system controllerosfigured to send a signal to the alert
mechanism when data in the timing circuit matchega dtored in the memory, the alarm
mechanism is configured to provide an alert to areeof the contact lens in response to the

signal received from the system controller.

In at least one embodiment, a system for providimglarm cue on two pupils, the
system having a first contact lens including aigncircuit configured to track a passage of time,
a communications system configured for facilitataideast one-way communication with an
external device, an alert mechanism configuredawige an alert, a system controller
electrically connected to the timing circuit, thmmamunication system, and the alert mechanism,
the system controller configured for controlling ttming circuit, the communication system,
and the alert mechanism, and an insert encapsylatileast a portion of the timing circuit, the
communications system, the alert mechanism andystem controller of the contact lens; and a
second contact lens including a communicationsegaystonfigured for facilitating at least one-
way communication with the communications systertheffirst contact lens including an alarm
signal, an alert mechanism configured to providalart in response to the alarm signal received
from the communications system, and an insert endafing at least a portion of the

communications system and the alert mechanism.
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Further to the prior embodiment, each of the fisttact lens and the second contact lens
includes an eyelid position sensor system haviplyiality of vertical points to detect eyelid
position, and where the system controller of thet tontact lens is in electrical communication
with the eyelid position sensor systems to recaigegnal from each of the eyelid position sensor
system representative of eyelid position, the systentroller triggers an alarm when a value as
represented by a signal from the timing circuitchas an alarm value by sending a signal to the
alert mechanism of the first contact lens and thhotlhe communications systems to the alert
mechanism on the second contact lens where thalsignses activation of the alert mechanisms
to provide an alarm, and the system controllegeighg an escalation of alerts from the alert
mechanisms when the eyelids remain closed andctherailator value exceeds an alarm

escalation value that is greater than the alarmeval

Further to either of the previous two embodimetits,system controller is configured to
sample at a predetermined rate, and at least temlysaving collected samples, determining
when the eyelids are open or closed in order terdene the number, time period and pulse
width of the blinks from the collected samplesgco#dting a number of blinks and the duration
of the blinks in a given time period, comparing thenber of blinks, the durations of the blinks
in the given time period, and the time betweenkslim the given time period to a stored set of
samples to determine patterns in blinking, andrdateng if the blinks correspond to one or
more intentional blink sequences; and where thentranal blink sequences control operation of
system controller triggering the alert mechanisméiaclude at least one of an alarm snooze, an

alarm termination, and an alarm value setting.

Further to any of the previous three embodimertsh @lert mechanism includes an
electrical component, and each alert mechanisns tomrthe electrical component to alert the
wearer in response to an alarm signal from theegysontroller. In a further embodiment, the
electrical component includes at least one of a laBD a transducer in vibrational contact with

the wearer's eye.
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Further to any of the previous five embodimentdeast one alert mechanism includes at
least one of the following: a light source positid in the lens to provide a light onto at least
one of a retina of a wearer of the lens and the ieself as the alert, a transducer to vibrate an
eye of a wearer of the lens as the alert, an eatsimulator configured to stimulate at least one
of a corneal surface, a scleral surface, a semsame of a cornea, and a sensory nerve of a

sclera, and a transducer that provides optic zavdifioation of an optic zone of the lens.

Further to any of the previous six embodiments system further including an external
device configured to transmit to the communicatisystem of the first contact lens a time
control signal; and where the communications sysitthe first contact lens includes a receiver
configured for wirelessly receiving the time comsimgnal from the external device and sending
the time control signal to the system controllag timing circuit includes an accumulator for
tracking time; and the system controller furthexdilles memory in which an alarm time is
stored by the system controller, the system cdetrobnfigured to set a time on the timing
circuit in response to the time control signal andalarm time in the memory in response to the

time control signal.

In at least one embodiment, a method for providinglarm to a wearer of an
ophthalmic lens, the method including: receivingadarm time with a communications circuit
and a system controller, setting an alarm valughbysystem controller in memory based on the
received alarm time, initiating a timing circuit bye system controller, comparing with the
system controller the timing circuit output to tdlarm value in memory, and when the timing
circuit output exceeds the stored alarm valuesttstem controller sending a signal to an alert

mechanism triggering an alarm on the ophthalmis.len
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Further to the previous embodiment, the methodhé&urincluding: detecting whether at
least one eyelid remains closed with at least ge&deposition sensor, when at least one eyelid
remains closed, the system controller escalatiagthrm provided by the alert mechanism,
when at least one eyelid is open, the system dtertterminating the alarm by sending a

termination signal to the alert mechanism.

Further to the previous method embodiments, théodeturther including: receiving a
snooze instruction with the communications circaiitgl incrementing the alarm value by a
predetermined snooze value by the system contiiall&sponse to the snooze instruction. In a
further embodiment, the snooze instruction is resgkfrom a blink pattern detected by an eyelid
position sensor of the communications circuit dreldystem controller. Further to either of the
previous two embodiments, the snooze instructioadsived from an external device by the

system controller through the communications ctrcui

Further to the previous method embodiments, théodeturther including terminating
the alarm in response to the received blink pattetected by an eyelid position sensor of the
communications circuit and the system controlleurther to the previous method embodiments,
the method further including terminating the alanmesponse to a termination instruction

received from an external device by the systemrobet through the communications circuit.

In at least one embodiment, the present invensi@hrected to a powered ophthalmic
lens. The powered ophthalmic lens includes amaatlar lens, a timing circuit, a system
controller configured to determine if the alarmeitmas been reached and provide an output
control signal, and at least one alert mechanisnfigured to receive the output control signal

and implement a predetermined function of alerththe wearer.

In at least one embodiment, a powered ophthalme ilecludes: an intraocular lens; and
an eyelid position sensor system incorporatedtimdens and having a sensor array with a
plurality of individual sensors to detect eyelidsfimn, a timing circuit, a system controller

configured to sample each individual sensor inséresor array to detect eyelid position to
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determine whether the eyelid is open and provideudput control signal, and at least one alert

mechanism configured to receive the output corsigrial.

Control of a powered ophthalmic lens may be accahetl through a manually operated
external device that communicates with the lenglegsly, such as a hand-held remote unit.
Alternately, control of the powered ophthalmic lenay be accomplished via feedback or
control signals directly from the wearer. For epéansensors built into the lens may detect
blinks and/or blink patterns. Based upon the patbe sequence of blinks, the powered
ophthalmic lens may change operation state, fompie between an awake operation state and

an asleep operation state.

The blink detection method is a component of ttetesy controller which detects
characteristics of blinks, for example, if the éyés open or closed, the duration of the blink
open or closed, the inter-blink duration, and thenher of blinks in a given time period. The
method in accordance with at least one embodinatiesron sampling light incident on the eye
at a certain sample rate. Pre-determined blinlepadtare stored and compared to the recent
history of incident light samples. When patterngahathe blink detection method triggers

activity in the system controller, for example steitch to a particular operation state.

The present invention is also directed to a powereglectronic ophthalmic lens that

incorporates an alert mechanism.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantagtsonvention will be apparent from
the following, more particular description of prefsl embodiments of the invention, as
illustrated in the accompanying drawings.

FIGs. 1A and 1B illustrate contact lenses havirgralcomponents in accordance with at

least one embodiment of the present invention.
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FIG. 2A illustrates a diagrammatic representatibtwo eyelid position sensors having a
communication channel for synchronizing operatietwieen two eyes in accordance with at

least one embodiment of the present invention.

FIG. 2B illustrates a diagrammatic representatiba contact lens having a
communication channel for communication with areexal device in accordance with at least

one embodiment of the present invention.

FIG. 3 illustrates a contact lens comprising albtietection system in accordance with

at least one embodiment of the present invention.

FIG. 4 illustrates a graphical representation gifiincident on the surface of the eye
versus time, illustrating a possible involuntarinklpattern recorded at various light intensity
levels versus time and a usable threshold leveddas some point between the maximum and
minimum light intensity levels in accordance witleast one embodiment of the present

invention.

FIG. 5 is a state transition diagram of a blinkedéibn system in accordance with at least

one embodiment of the present invention.

FIG. 6 illustrates a diagrammatic representatioa photodetection path utilized to detect
and sample received light signals in accordanck atiteast one embodiment of the present

invention.

FIG. 7 illustrates a block diagram of digital camating logic in accordance with at least

one embodiment of the present invention.

FIG. 8 illustrates a block diagram of digital detes logic in accordance with at least

one embodiment of the present invention.
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FIG. 9 illustrates a timing diagram in accordandt\at least one embodiment of the

present invention.

FIG. 10 illustrates a diagrammatic representatiom digital system controller in

accordance with at least one embodiment of theeptesvention.

FIGs. 11A through 11G illustrate timing diagrams &tomatic gain control in

accordance with at least one embodiment of theeptesvention.

FIG. 12 illustrates a diagrammatic representatiolight-blocking and light-passing
regions on an integrated circuit die in accordanitie at least one embodiment of the present

invention.
FIG. 13 illustrates a diagrammatic representatioancelectronic insert, including a blink
detector, for a powered contact lens in accordantteat least one embodiment of the present

invention.

FIGs. 14A and 14B illustrate diagrammatic represigons of eyelid position sensors in

accordance with at least one embodiment of theeptesvention.

FIG. 15A illustrates a diagrammatic representatiban electronic system incorporated
into a contact lens for detecting eyelid positinraccordance with at least one embodiment of
the present invention.

FIG. 15B illustrates an enlarged view of the eletitc system of FIG. 15A.

FIG. 16 illustrates a diagrammatic representatiooutputs from eyelid position sensors
in accordance with at least one embodiment of thegmt invention.

14



10

15

20

25

30

FIG. 17A illustrates a diagrammatic representatibanother electronic system
incorporated into a contact lens for detectingidygbsition in accordance with at least one
embodiment of the present invention.

FIG. 17B illustrates an enlarged view of the elegitc system of FIG. 17A.

FIG. 18A-18C illustrate diagrammatic representatiohan eyelid position detecting

system in accordance with at least one embodinfeahe@resent invention.

FIG. 18D illustrates an enlarged view of the eletit system of FIGs. 18A-18C.

FIG. 19A illustrates a diagrammatic representatiba pupil position and convergence
detection system incorporated into a contact leraccordance with at least one embodiment of

the present invention.

FIG. 19B is an enlarged view of the pupil positaond convergence detection system of
FIG. 19A.

FIG. 19C illustrates an overlay of an X, Y, andx&s.on the eye.

FIG. 20 illustrates a block diagram of a storage incaccordance with at least one

embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Conventional contact lenses are polymeric strustwiéh specific shapes to correct
various vision problems as briefly set forth aboV@ achieve enhanced functionality, various
circuits and components may be integrated intoetipegymeric structures. For example, control
circuits, microsystem controllers, communicationides, power supplies, sensors, alert

mechanisms, light-emitting diodes, and miniatureeanas may be integrated into contact lenses
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via custom-built optoelectronic components to ndy@orrect vision, but to enhance vision as
well as provide additional functionality as is exiped herein. Electronic and/or powered
contact lenses may be designed to provide enhansied via zoom-in and zoom-out
capabilities, or just simply modifying the refracicapabilities of the lenses. Electronic and/or
powered contact lenses may be designed to enhalareand resolution, to display textual
information, to translate speech into captionseml time, to offer visual cues from a navigation
system, and to provide image processing and intawswess. The lenses may be designed to
allow the wearer to see in low light conditiongheTproperly designed electronics and/or
arrangement of electronics on lenses may allovpffojecting an image onto the retina, for
example, without a variable focus optic lens, pdevimovelty image displays and even provide
wakeup alerts. In addition, sensors built intoldreses may be utilized to detect light incident
on the eye to compensate for ambient light conastior for use in determining blink patterns

and whether the wearer is asleep or awake.

In at least one embodiment, the powered or eleicticontact lens elements to correct
and/or enhance the vision of patients with one orenof the above-described vision defects or
otherwise perform a useful ophthalmic function.atidition, the electronic contact lens may be
utilized simply to enhance normal vision or provaleide variety of functionality as described
above. The electronic contact lens may have abdfocus optic lens, an assembled front
optic embedded into a contact lens or just simpipedding electronics without a lens for any
suitable functionality. The electronic lens mayit@rporated into any number of contact
lenses as described above. In addition, intraoteteses may also incorporate the various
components and functionality described herein. &l@w, for ease of explanation, the disclosure
will focus on an electronic contact lens to corngston defects intended for single-use daily
disposability.

The present invention may be employed in a powepédhalmic lens or powered
contact lens having an electronic system, whichates a variable-focus optic or any other
device or devices configured to implement any nunatb@umerous functions that may be

performed. The electronic system includes one aerbatteries or other power sources, power
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management circuitry, one or more sensors, clookmgion circuitry, control algorithms and
circuitry, and lens driver circuitry. The complgxof these components may vary depending on
the required or desired functionality of the lerddternatively, the contact lens may just provide

an alarm for the wearer.

Control of an electronic or a powered ophthalmitslenay be accomplished through a
manually operated external device that communicaisthe lens, such as a hand-held remote
unit. For example, a fob may wirelessly communieeite the powered lens based upon manual
input from the wearer. Alternatively, control dietpowered ophthalmic lens may be
accomplished via feedback or control signals diydodbm the wearer. For example, sensors
built into the lens may detect blinks, blink pattgrand/or eyelid closures. Based upon the
pattern or sequence of blinks, the powered ophtisdens may change operation state, for
example, the operation state of the lens or itsaijfmn state for detecting sleep by the wearer. A
further alternative embodiment is one in which léres receives input from the wearer from an
external device such as a computer or a smart pharerther alternative is that the wearer has

no control over operation of the powered ophthallens.

FIG. 1A illustrates a system resident in a contiaxe$ 100 for providing an alarm cue on
at least one pupil. The illustrated system incudesystem controller 110, a timing circuit 112, a
communications module (or system) 114, and an aleghanism 116 that in at least one
embodiment are at least partially encapsulatedcongact lens. The system controller 110 is in
electrical communication with the timing circuitZthe communications module 114 and the

alert mechanism 116.

The timing circuit 112 in at least one embodimertudes an accumulator 113 for
tracking the passing of time. An example of aruanglator is a register acting as a counter. In
an alternative embodiment, the accumulator 118tisosa value approximating the time in the
future when the alarm is to be provided to the weand works in reverse counting down from
that value, which leads to the system controllefqueming a comparison of the reading to zero

to determine when to send the alert signal. lkeradttive embodiments, the timing circuit 112
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may include an oscillator comprising crystal, faample quartz, resistor-capacitor (RC),
inductor-capacitor (LC), and/or relaxation circyitr

The communications module 114 in at least one emimd includes components to
facilitate communication from an external sourcéhlens. Examples of the external source
include the contact lens wearer via blinks, a @i} a computer or a smartphone. Examples of
components to facilitate this communication inclitiek detection components, light detection
components, radio-frequency (RF) components, arahtenna. In the light detection or blink
detection embodiments, the data structure incladesour and a minute as an absolute time or a
relative time in the future after an initial synegiinstruction from the external source or the
wearer as the case may be. In at least one embotjithe blink detection components and the
light detection components are the same compormesnisll be discussed later in this disclosure.
In at least one embodiment, the communications hectil4 includes the blink detection

components.

In at least one embodiment, the system controll@ridcludes a memory 111 configured
to store a representation of time to be comparédediming circuit 112 to determine when to
activate the alert mechanism 116 to provide tHeast one alarm. The system controller 110 in
at least one embodiment manipulates the receiarthdlme to be stored in memory 111 to
facilitate comparison with the signal from the tngicircuit 112 or to set the accumulator 113.
The stored time representation is at least onevafuge representing the number of cycles in the
future that the alarm is to be triggered, the tgaefor the alarm, and an amount of time in the
future that the alarm is to be triggered. In darahtive embodiment, the time is a relative time
or an absolute time value. The stored time reptasen will be based on the timing circuit
configuration and the communications module comégan in terms of the form of the data

being received representing the set time for thenal

In at least one embodiment, the contact lens 1€l0des an electronic insert in which
other components are at least partially encapsllal&ée contact lens in at least one embodiment
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includes an optical zone and peripheral zone wther@eripheral zone is around the periphery of

the optical zone.

In a further embodiment as illustrated in FIG. iAe system includes a power source
120. The power source 120 supplies power for naosgecomponents including the alert
mechanism 116. The power may be supplied fronttefyaenergy harvester, or other suitable
means as is known to one of ordinary skill in the &ssentially, any type of power source 120

may be utilized to provide reliable power for ather components of the system.

The alert mechanism 116 may include any suitabl&ddor implementing a specific
alert to the wearer based upon a received comnmaraldrt) signal from the system controller
110. For example, if the alarm activates the systentroller 110 as described above, the
system controller 110 may enable the alert mechafiss, such as a light (or light array) to
pulse a light into or cause a physical wave togielento the wearer's cornea or sclera (or
alternatively across the lens). Further exampleékepalert mechanism 116 include an electrical
device; a mechanical device including, for exampiezoelectric devices, transducers,
vibrational devices, chemical release devices extéimples including the release of chemicals to
cause an itching, irritation or burning sensatenmg acoustic devices; a transducer providing
optic zone modification of an optic zone of the tamh lens such as modifying the focus and/or
percentage of light transmission through the lansiagnetic device; an electromagnetic device;
a thermal device; an optical coloration mechanisth ar without liquid crystal, a light emitting
diode (LED), prisms, fiber optics, and/or light &gto, for example, provide an optic
modification and/or direct light towards the retmaapply a tinting to the optical zone; a liquid
crystal display (LCD) and/or a LED to show a messagluding, for example, the current time;
an electrical device such as an electrical stirouliat provide a mild stimulation or to stimulate
at least one of a corneal or scleral surface ardoomore sensory nerves of the cornea or sclera;
or any combination thereof. In at least one emedi, alert mechanism 116 receives a signal
from the system controller 110 in addition to pofvem the power source 120 and produces
some action based on the signal from the systermatien 110. In an alternative embodiment,

the signal from the system controller 110 is awcteileal connection between the alert mechanism
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116 and the power source 120 so that the availgbilipower activates the alert mechanism
116.

FIG. 1B illustrates an alternative embodiment t@ds an eyelid position sensor system
130 to the system illustrated in FIG. 1A. The sgstontroller 110 is in electrical
communication with the eyelid position sensor sys1830. In at least one embodiment, the
system controller 110 samples the eyelid positeser system 130 proximate to the
determination that an alert signal is to be semi¢oalert mechanism 116 to determine whether
the eyelid is closed or open. In at least one elimbent, when the determination is that the
eyelid is open, then the alert signal is cancedied not sent as the wearer is presumed to be
awake and not requiring the alarm. In an altemeatimbodiment, the sample is only taken at a
predetermined time after the alert signal is sefilbw the wearer to receive the alert. In a
further alternative embodiment, when the eyelidsd®tected as being closed at the
predetermined time, then the system controllersiifils a second alert signal to the alert

mechanism 116 to provide an escalated alert tovdzer of the alarm.

In such an illustrated embodiment, the alert meigmari16 receives a signal from the
system controller 110 to escalate the alert beingngto the wearer, in such an embodiment the
alert mechanism 116 will have at least two leveld/ar types of alerts to be given to the wearer
to provide for escalation in the alert, for exampleen the wearer's eyelids remain closed despite
an initial alert which eyelid position in at leaste embodiment is detected using an eyelid
position sensor system 130. In a further embodintkare are a plurality of escalation levels

available.

FIG. 2A illustrates a system in which two eyes 288 at least partially covered with
contact lenses 200. Sensor arrays 230 are preskath of the contact lenses 200 to determine
lid position, as will be described later with resp® FIGs. 14A and 14B. In this embodiment,
the contact lenses 200 each include an electramuranication component 214. Electronic
communication component 214 in each contact le@gp20mits two-way communication to take

place between the contact lenses 200. The electcommmunication components 214 may
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include RF transceivers, antennas, interface d¢mctor photosensors 232, and associated or
similar electronic components. The communicatioanctel represented by line 215 may include
RF transmissions at the appropriate frequency amgpwith an appropriate data protocol to
permit effective communication between the conliexcses 200. Transmission of data between
the two contact lenses 200 may, for example, véhnidy both lids are closed in order to detect a
true, sleep condition for the wearer. The transimismay also allow for sending an alarm signal
from one lens to the second lens to trigger art alechanism in the second lens. Data
transmission may also take place from an exterenakcd 270, for example, a smartphone (or
other processor based system) to set the timenfataam as illustrated, for example in FIG. 2B,
having an electronic communication components 2Y2 such the electronic communication
components 214 may be present on just one lerideéast one alternative embodiment and in a

further alternative embodiment there is just oms.le

FIG. 3 illustrates, in block diagram form, a contiens 300 having an electronic eyelid
position system 330, in accordance with at leaste@mbodiment. In this embodiment, the
electronic eyelid position system 330 may inclugegatosensor 332, an amplifier 334, an
analog-to-digital converter (or ADC) 336, a digitagnal processor 338. The contact lens 300

also includes a power source 320, a system coat®1l0, and an alert mechanism 316.

When the contact lens 300 is placed onto the farface of a user’s eye the electronic
circuitry of the eyelid position system 330 mayutdized to detect whether the eyelid is open or
close. The photosensor 332, as well as the otfeeritcy, is configured to detect blinks, various

blink patterns produced by the user’s eye, an@izellof eyelid closure.

In this embodiment, the photosensor 332 may be dddzkinto the contact lens 330 and
receives ambient light 331, converting incidenttphs into electrons and thereby causing a
current, indicated by arrow 333, to flow into thregifier 334. The photosensor or
photodetector 332 may include any suitable devineone embodiment, the photosensor 332
includes at least one photodiode. In at leastesnieodiment, the photodiode is implemented in a

complimentary metal-oxide semiconductor (CMOS pssdechnology) to increase integration
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ability and reduce the overall size of the photesei332 and the other circuitry. The current
333 is proportional to the incident light level ashecreases substantially when the photodetector
332 is covered by an eyelid. The amplifier 334atee an output proportional to the input, with
gain, and may function as a transimpedance amplifiech converts input current into output
voltage. The amplifier 334 may amplify a signahtasable level for the remainder of the
system, such as giving the signal enough voltagepawer to be acquired by the ADC 336. For
example, the amplifier may be necessary to drisaeguent blocks since the output of the
photosensor 332 may be quite small and may beinded-light environments. The amplifier
334 may be implemented as a variable-gain amplifier gain of which may be adjusted by the
system controller 310, in a feedback arrangemenmtaximize the dynamic range of the system.
In addition to providing gain, the amplifier 334 ynaclude other analog signal conditioning
circuitry, such as filtering and other circuitrypmppriate to the photosensor 332 and amplifier
334 outputs. The amplifier 334 may include anyale device for amplifying and conditioning
the signal output by the photosensor 332. For @kanthe amplifier 334 may include a single
operational amplifier or a more complicated ciragtmprising one or more operational
amplifiers. The photosensor 332 may be a swit@halyay of photodiodes, and the amplifier
334 may be an integrator. As set forth aboveptiwosensor 332 and the amplifier 334 are
configured to detect and isolate blink sequencsgsdbapon the incident light intensity received
through the eye and convert the input current antiigital signal usable ultimately by the system
controller 310. In at least one embodiment, thstesy controller 310 is preprogrammed or
preconfigured to recognize various blink sequeniclesk patterns, an/or eyelid closures (partial
or complete) in various light intensity level cotoins and provide an appropriate output signal
to the alert mechanism 316. In at least one embaainthe system controller 310 also includes

associated memory.

In this embodiment, the ADC 336 may be used to edrev continuous, analog signal
output from the amplifier 334 into a sampled, diggignal appropriate for further signal
processing. For example, the ADC 336 may converralog signal output from the amplifier
334 into a digital signal that may be usable byssgloent or downstream circuits, such as a

digital signal processing system or microproce88&. A digital signal processing system or
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digital signal processor 338 may be utilized fagit@il signal processing, including one or more
of filtering, processing, detecting, and otherwisanipulating/processing sampled data to permit
incident light detection for downstream use. Tlgtal signal processor 338 may be
preprogrammed with the blink sequences and/or lgatkerns along with blink sequence
indicating prolonged eyelid closure or eyelid drifthe digital signal processor 338 also includes
associated memory, which in at least one embodistents template and masks sets to detect,
for example, blink patterns for each operationestat selected by the system controller 310. The
digital signal processor 338 may be implementddurng analog circuitry, digital circuitry,
software, or a combination thereof. In the illagtid embodiment, it is implemented in digital
circuitry. The ADC 336 along with the associateapéfier 334 and digital signal processor 338
are activated at a suitable rate in agreementtivétsampling rate previously described, for

example every one hundred (100) ms, which is stbjegdjustment in at least one embodiment.

A blink sequence in at least one embodiment maytibeed to change the operation
state of the system and/or the system controltefurther embodiments, the system controller
310 may control other aspects of a powered cotgastdepending on input from the digital
signal processor 338, for example, changing thedac refractive power of an electronically

controlled lens through an actuator.

In at least one embodiment, the system controll@ngill determine the operation state
of the lens based on a received blink patterntthg&eoperation state as an asleep operation state
or an awake operation state although in an alteenambodiment other states are possible.
Further to this embodiment, the operation statedeilermine a set of templates and masks to be
used by the digital signal processor 338 in thatrajon state

In at least one embodiment, system controller 363 whe signal from the photosensor
chain; namely, the photosensor 332, the amplifs&, 3he ADC 336 and the digital signal
processing system 338, to compare sampled ligbtddw blink activation patterns and/or to
determine eyelid closure. Referring to FIG. 4rapbical representation of blink pattern

samples recorded at various light intensity levelsus time and a usable threshold level is
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illustrated. Accordingly, accounting for variowsctors may mitigate and/or prevent error in
detecting blinks when sampling light incident oe #ye, such as accounting for changes in light
intensity levels in different places and/or whikerferming various activities. Additionally,

when sampling light incident on the eye, accountarghe effects that changes in ambient light
intensity may have on the eye and eyelid may al¢igaite and/or prevent error in detecting
blinks, such as how much visible light an eyeliddis when it is closed in low-intensity light
levels and in high-intensity light levels. In othlveords, in order to prevent erroneous blinking
patterns from being utilized to control, the legéambient light is preferably accounted for as is

explained in greater detail below.

For example, in a study, it has been found thattfedid on average blocks
approximately ninety-nine (99) percent of visibght, but at lower wavelengths less light tends
to be transmitted through the eyelid, blocking approximately 99.6 percent of visible light. At
longer wavelengths, toward the infrared portiothef spectrum, the eyelid may block only thirty
(30) percent of the incident light. What is im@ot to note; however, is that light at different
frequencies, wavelengths and intensities may stnéted through the eyelids with different
efficiencies. For example, when looking at a brigdht source, an individual may see red light
with his or her eyelids closed. There may alsedrétions in how much visible light an eyelid
blocks based upon an individual, such as an indalid skin pigmentation. As is illustrated in
FIG. 4, data samples of blink patterns across uarighting levels are simulated over the course
of a seventy (70) second time interval whereinvibible light intensity levels transmitted
through the eye are recorded during the courseeo$itnulation, and a usable threshold value is
illustrated. The threshold is set at a value itwken the peak-to-peak value of the visible light
intensity recorded for the sample blink patternsrdtae course of the simulation at varying light
intensity levels. Having the ability to preprogratimk patterns while tracking an average light
level over time and adjusting a threshold may Ilecal to being able to detect when an
individual is blinking, as opposed to when an indizal is not blinking and/or there is just a

change in light intensity level in a certain area.
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The system controller uses a blink detection metbhatktect characteristics of blinks, for
example, is the lid open or closed, the duratiothefblink, the inter-blink duration, and the
number of blinks in a given time period. In at ke@ase embodiment the blink detection method
relies on sampling light incident on the eye aédain sample rate. Pre-determined blink
patterns are stored and compared to the recentyist incident light samples. When patterns
match, the blink detection method may trigger aistiv the system controller, for example to
set and/or change the alarm time and/or other tipesaof the lens. The blink detection method
in at least one embodiment further distinguishdés/éen the pre-determined blink patterns and

the eyelid movements associated with drowsinesspsbnset, or sleep.

Blinking is the rapid closing and opening of thelkys, and is an essential function of
the eye. Blinking protects the eye from foreigeats, for example, individuals blink when
objects unexpectedly appear in proximity to the. egknking provides lubrication over the
anterior surface of the eye by spreading teargkBig also serves to remove contaminants
and/or irritants from the eye. Normally, blinkiregdone automatically, but external stimuli may
contribute as in the case with irritants. Howewdinking may also be purposeful, for example,
for individuals who are unable to communicate viylar with gestures can blink once for yes
and twice for no. The blink detection method aystesm of the present invention utilizes
blinking patterns that cannot be confused with radripinking response. In other words, if
blinking is to be utilized as a means for contra@lian action, then the particular pattern selected
for a given action cannot occur at random; otheswigsdvertent actions may occur. As blink
speed and/or frequency may be affected by a nuofldactors, including fatigue, concentration,
boredom, eye injury, medication and disease, bigkiatterns for control purposes preferably
account for these and any other variables that@flenking. The average length of involuntary
blinks is in the range of about one hundred (16Gpur hundred (400) milliseconds. Average
adult men and women blink at a rate of ten (10pinntary blinks per minute, and the average
time between involuntary blinks is about 0.3 toesgy (70) seconds. Eyelid movements may
also indicate other conditions such as drowsireesthe eyelids have a general trend towards
closing over a period of time or are closed foedqu of time indicating that the wearer is

asleep.
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An embodiment of the blink detection method magbmmarized in the following steps.

1. Define an intentional “blink sequence” that amwill execute for positive blink
detection or that is representative of sleep onset.

2. Sample the incoming light level at a rate cdesiswith detecting the blink
sequence and rejecting involuntary blinks.

3. Compare the history of sampled light leveldh® éxpected “blink sequence,” as
defined by a blink template of values.

4. Optionally implement a blink “mask” sequencertdicate portions of the
template to be ignored during comparisons, e.g. tnaasitions. This may allow for a user to
deviate from a desired “blink sequence,” such pkigs or minus one (1) error window, wherein
one or more of lens activation, control, and fochiange can occur. Additionally, this may

allow for variation in the user’s timing of the ik sequence.

A blink sequence may be defined as follows:
1. blink (closed) for 0.5 s

2. open for0.5s

3. blink (closed) for 0.5 s

At a one hundred (100) ms sample rate, a twentyg2Mple blink template is given by
blink_template =[1,1,1, 0,0,0,0,0, 1,1,1,1,1,0,0,0, 1,1].

The blink mask is defined to mask out the samplstgfter a transition (O to mask out or
ignore samples), and is given by
blink_mask =11,1,1,0,1,1,1,1,0,1,1,1,1,0,1,1, 0,1].

Optionally, a wider transition region may be maskeatlto allow for more timing

uncertainty, and is given by
blink_mask =1[1,1,0,0,1,1,1,0,0,1,1,1,0,0,1,0, 0,1].
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Alternate patterns may be implemented, e.g. silogig blink, in this case a 1.5s blink
with a 24-sample template, given by
blink_template =[1,1,1,1,0,0, 0,0,0,0,0,0, 00,00, 0,1,1,1,1,1].

A further alternative pattern may be implementedhdgative of sleep, in this case a
2.4s blink (or eyes that have closed for sleeph wi24-sample template, given by
blink_template = [0,0,0,0,0,0, 0,0,0,0,0,0, 00,00, 0,0,0,0,0,0].

In an alternative embodiment, this blink_templatesed without a blink_mask.

It is important to note that the above exampl@idlfustrative purposes and does not
represent a specific set of data.

Detection may be implemented by logically compatimg history of samples against the
template and mask. The logical operation is tduskee-OR (XOR) the template and the sample
history sequence, on a bitwise basis, and thefywéiat all unmasked history bits match the
template. For example, as illustrated in the biimdsk samples above, in each place of the
sequence of a blink mask that the value is loga lljnk has to match the blink mask template
in that place of the sequence. However, in eaabepbf the sequence of a blink mask that the
value is logic 0, it is not necessary that a bhmktches the blink mask template in that place of
the sequence. For example, the following Booldgarithm equation, as coded in MATLAB

(MathWorks, Natick, Massachusetts), may be utilized

matched = not (blink_mask) | not (xor (blink_temeldest_sample)),

wherein test_sample is the sample history. Thelneaktvalue is a sequence with the same
length as the blink template, sample history amtkbmask. If the matched sequence is all logic
1's, then a good match has occurred. Breakingtd not (xor (blink_template, test_sample))
gives a logic 0 for each mismatch and a logic lefech match. Logic “oring” with the inverted
mask forces each location in the matched sequereéogic 1 where the mask is a logic O.

Accordingly, the more places in a blink mask tertglahere the value is specified as logic 0,

27



10

15

20

25

30

the greater the margin of error in relation to espe’s blinks is allowed. It is also important to
note that the greater the number of logic 0’s elthnk mask template, the greater the potential
for false positive matched to expected or interfglewk patterns. It should be appreciated that a
variety of expected or intended blink patterns mayrogrammed into a device with one or
more active at a time and in at least one embodicettrol the use of particular blink patterns
to be used in a particular operation state. Mpeei§ically, multiple expected or intended blink
patterns may be utilized for the same purposemetionality, or to implement different or
alternate functionality. For example, one blinkt@an may be utilized to cause the lens to
change operation state, snooze the alarm, terntimat@arm, and/or set the alarm. The blink
detection in at least one embodiment also can teteen the eyelids remain closed, which

would be detected as a continuous blink.

Figures 5-18 provide examples of eyelid positiomsse systems (or blink detection
sensor systems). In at least one embodimentyilagosition sensor systems use blink

detection to determine whether the eyelid is cleesdiremains closed over a period of time.

FIG. 5 illustrates a state transition diagram 580af blink detection system in accordance
with at least one embodiment. The system stars ilDLE state 502 waiting for an enable
signal bl_go to be asserted. When the enable Higyal is asserted, for example, by an
oscillator and control circuit which pulses bl_gaaone hundred (100) ms rate commensurate
with the blink sampling rate, the state machinattnensitions to a WAIT_ADC state 504 in
which an ADC is enabled to convert a received lighel to a digital value. The ADC asserts an
adc_done signal to indicate its operations are ¢em@pand the system or state machine
transitions to a SHIFT state 506. In the SHIFTes&#6 the system pushes the most recently
received ADC output value onto a shift registehatd the history of blink samples. In some
embodiments, the ADC output value is first compdeed threshold value to provide a single bit
(1 or 0) for the sample value, in order to miniméterage requirements. The system or state
machine then transitions to a COMPARE state 508hich the values in the sample history
shift register are compared to one or more blirjusace templates and masks as described

above. If a match is detected, one or more owdigaals may be asserted, such as one to switch
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the state of the lens to an asleep operation state awake operation state or to signal onset of
sleep by the wearer. The system or state macherettansitions to the DONE state 510 and

asserts a bl_done signal to indicate its operagoasomplete.

FIG. 6 illustrates a photosensor or photodeteatpras path pd_rx_top that may be used
to detect and sample received light levels. Theaipath pd_rx_top may include a photodiode
602, a transimpedance amplifier 604, an automaiic gnd low pass filtering stage 606
(AGC/LPF), and an ADC 608. The adc_vref signahmut to the ADC 608 from the power
source 620gee power source 110 in FIG. 1A or 1B) or alternatelypay be provided from a
dedicated circuit inside the analog-to-digital certger 608. The output from the ADC 608,
adc_data, is transmitted to the digital signal pssing and system controller block 338/3%& (
FIG. 3). Although illustrated in FIG. 3 as indivia blocks 338 and 310, for ease of explanation,
the digital signal processor 338 and system cdetr8IL0 are preferably implemented on a single
block 610. The enable signal, adc_en, the staniasi adc_start, and the reset signal, adc_rst_n
are received from the digital signal processing syslem controller 610 while the complete
signal, adc_complete, is transmitted thereto. dibek signal, adc_clk, may be received from a
clock source external to the signal path, pd_rx,_t¢ogrom the digital signal processing and
system controller 610. It is important to notettiee adc_clk signal and the system clock may
be running at different frequencies. It is alsparant to note that any number of different
ADCs may be utilized in accordance with the pregargntion which may have different
interface and control signals but which performnailar function of providing a sampled, digital
representation of the output of the analog portibthe photosensor signal path. The
photodetect enable, pd_en, and the photodetectmghimgain, are received from the digital signal

processing and system controller 610.

FIG. 7 illustrates a block diagram of digital camahing logic 700 that may be used to
reduce the received ADC signal value, adc_data,dingle bit value pd_data. The digital
conditioning logic 700 may include a digital regis702 to receive the data, adc_data, from the
photodetection signal path pd_rx_top to providela lvalue on the signal adc_data_held. The

digital register 702 is configured to accept a malue on the adc_data signal when the
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adc_complete signal is asserted and to otherwilskthe last accepted value when the
adc_complete signal is received. In this mannesistem may disable the photodetection
signal path once the data is latched to reducemsystirrent consumption. The held data value
may then be averaged, for example, by an integnadiedump average or other averaging
methods implemented in digital logic, in the thr@slhgeneration circuit 704 to produce one or
more thresholds on the signal pd_th. The held datae may then be compared, via comparator
706, to the one or more thresholds to produce edrdata value on the signal pd_data. It will
be appreciated that the comparison operation mgyognhysteresis or comparison to one or
more thresholds to minimize noise on the outputaigd_data. The digital conditioning logic
may further include a gain adjustment block pd_gatf 708 to set the gain of the automatic
gain and low-pass filtering stage 606 in the phetection signal path via the signal pd_gain,
illustrated in FIG. 6, according to the calculateceshold values and/or according to the held
data value. It is important to note that in tmsbe®diment six bit words provide sufficient
resolution over the dynamic range for blink detattivhile minimizing complexity. FIG. 7
illustrates an alternative embodiment that incluglesiding a pd_gain_sdi control signal from,
for example, the serial data interface that allows to override the automatic gain control
determined by gain adjustment block pd_gain_adj 708

In one embodiment, the threshold generation ciftdt includes a peak detector, a
valley detector and a threshold calculation citciit this embodiment, the threshold and gain
control values may be generated as follows. Tla petector and the valley detector are
configured to receive the held value on signal ddta_held. The peak detector is further
configured to provide an output value, pd_pk, wigglckly tracks increases in the
adc_data_held value and slowly decays if the ada_Hald value decreases. The operation is
analogous to that of a classic diode envelope tigteas is well-known in the electrical arts.
The valley detector is further configured to pravah output value pd_vl which quickly tracks
decreases in the adc_data_held value and slowgyddo a higher value if the adc_data_held
value increases. The operation of the valley detes also analogous to a diode envelope
detector, with the discharge resistor tied to atmespower supply voltage. The threshold

calculation circuit is configured to receive the ptland pd_vl values and is further configured
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to calculate a mid-point threshold value pd_th_baded on an average of the pd_pk and pd_vl
values. The threshold generation circuit 704 mtesithe threshold value pd_th based on the
mid-point threshold value pd_th_mid.

The threshold generation circuit 704 may be furddapted to update the values of the
pd_pk and pd_vl levels in response to changesampth gain value. If the pd_gain value
increases by one step, then the pd_pk and pd_wésare increased by a factor equal to the
expected gain increase in the photodetection sjgguhl. If the pd_gain value decreases by one
step, then the pd_pk and pd_val values are dectdgsa factor equal to the expected gain
decrease in the photodetection signal path. mrttanner the states of the peak detector and
valley detectors, as held in the pd_pk and pd_Mes respectively, and the threshold value
pd_th as calculated from the pd_pk and pd_vl vadwesipdated to match the changes in signal
path gain, thereby avoiding discontinuities or ottlganges in state or value resulting only from

the intentional change in the photodetection siga#th gain.

In a further embodiment of the threshold generatiocuit 704, the threshold calculation
circuit may be further configured to calculate eetihold value pd_th_pk based on a proportion
or percentage of the pd_pk value. In at least omeoeliment the pd_th_pk may be
advantageously configured to be seven eighthseopth pk value, a calculation which may be
implemented with a simple right shift by three l@ited a subtraction as is well-known in the
relevant art. The threshold calculation circuit nsalect the threshold value pd_th to be the
lesser of pd_th_mid and pd_th_pk. In this mantier pd_th value will never be equal to the
pd_pk value, even after long periods of constafhitlincident on the photodiode which may
result in the pd_pk and pd_vl values being eqltakill be appreciated that the pd_th_pk value
ensures detection of a blink after long intervalse behavior of the threshold generation circuit
is further illustrated in FIGs. 11A-11G, as disa@gsubsequently.

FIG. 8 illustrates a block diagram of digital dete logic 800 that may be used to
implement a digital blink detection algorithm incacdance with at least one embodiment. The

digital detection logic 800 may inlcude a shiftistgr 802 adapted to receive the data from the
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photodetection signal path pd_rx_top, FIG. 6, onfithe digital conditioning logic, FIG. 7, as
illustrated here on the signal pd_data, which haseabit value. The shift register 802 holds a
history of the received sample values, here in-biRdegister. The digital detection logic 800
further includes a comparison block 804, adaptaedeive the sample history and one or more
templates bl_tpl and masks bl_mask based on operstiate (if necessary), and is configured to
indicate a match to the one or more templates agkson one or more output signals that may
be held for later use. In at least one embodintbatpperation state determines the set of
templates bl_tpl and masks bl_mask to be useddgdmparison block 804. In at least one set
of the templates bl_tpl, there is at least onepstemplate representative of the wearer falling
asleep. In an alternative embodiment, the digigdction logic 800 includes a comparison
block, adapted to contain one or more sleep teemlaind is configured to indicate a match to
the one or more templates and masks on one or oopet signals that may be held for later
use. In such an alternative embodiment, the leres dot have asleep and awake operation

states.

The output of the comparison block 804 is latchiedavD flip-flop 806. The digital
detection logic 800 may further include a coun@8 8r other logic to suppress successive
comparisons that may be on the same sample histdat small shifts due to the masking
operations. In a preferred embodiment the samipterly is cleared or reset after a positive
match is found, thus requiring a full, new matchsagjuence to be sampled before being able to
identify a subsequent match. The digital deteciogic 800 may still further include a state
machine or similar control circuitry to provide tbentrol signals to the photodetection signal
path and the ADC. In some embodiments the cosigolals may be generated by a control state
machine that is separate from the digital detedbgic 800. This control state machine may be
part of the digital signal processing and systentrodier 410 éee FIG. 4).

FIG. 9 illustrates a timing diagram of the consignals provided from a detection
subsystem to an ADC 608 (FIG. 6) used in a photatien signal path. The enable and clock
signals adc_en, adc_rst_n and adc_clk are actieati start of a sample sequence and

continue until the analog-to-digital conversiongess is complete. In one embodiment the ADC
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conversion process is started when a pulse is gedvon the adc_start signal. The ADC output
value is held in an adc_data signal and compleaifdhe process is indicated by the analog-to-

digital converter logic on an adc_complete signko illustrated in FIG. 9 is the pd_gain signal
which is utilized to set the gain of the amplifiexesfore the ADC. This signal is shown as being
set before the warm-up time to allow the analogusirbias and signal levels to stabilize prior to

conversion.

FIG. 10 illustrates a digital system controller @0taving a digital blink detection
subsystem dig_blink 1002. The digital blink dei@etsubsystem dig_blink002may be
controlled by a master state machine dig_maste# 400 may be adapted to receive clock
signals from a clock generator clkgen 1006 exteiméhe digital system controller 1000. The
digital blink detection subsystem dig_blink 1002y be adapted to provide control signals to
and receive signals from a photodetection subsyatedescribed above. The digital blink
detection subsystem dig_blink 1084y include digital conditioning logic and digit#tection
logic as described above, in addition to a statehina to control the sequence of operations in a
blink detection algorithm. The digital blink deten subsystem dig_blink 1002 may be adapted
to receive an enable signal from the master statthme 1004 and to provide a completion or

done indication and a blink detection indicatiorlto the master state machine 1004.

In an alternative embodiment to the embodimensitated in FIG. 10, a time clock is
connected to the clock generator 1006 (in FIG.td@)ack time since the lens began operation
and provide a time stamp signal to the data manager embodiment where the data manager
records data regarding the initiation and termaratf sleep by the wearer such that when data is
transmitted (or sent) from the lens to an extedeaice using, for example, at least one
electronic communication component, the externgiogeis able to determine what time periods
the wearer was asleep while wearing the lens bgrsevcalculating the time of day based on the
time stamp from the lens and the current time erettternal device when the data is transmitted

as compared to the logged time stamps.
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FIGs. 11A-11G depict waveforms to illustrate thegion of the threshold generation
circuit and automatic gain control (FIG. 7). FI@ALillustrates an example of photocurrent
versus time as might be provided by a photodiodesponse to varying light levels. In the first
portion of the plot, the light level and resultiplgotocurrent are relatively low compared to in
the second portion of the plot. In both the fastl second portions of the plot a double blink is
seen to reduce the light and photocurrent. Natettie attenuation of light by the eyelid may
not be one hundred (100) percent, but a lower vadyending on the transmission properties of
the eyelid for the wavelengths of light incidenttbe eye. FIG. 11B illustrates the
adc_data_held value that is captured in respongetphotocurrent waveform of FIG. 11A. For
simplicity, the adc_data_held value is illustradeda continuous analog signal rather than a
series of discrete digital samples. It will be iEgmiated that the digital sample values will
correspond to the level illustrated in FIG. 11Bha corresponding sample times. The dashed
lines at the top and bottom of the plot indicate taximum and minimum values of the
adc_data and adc_data_held signals. The rangdugs/aetween the minimum and maximum is
also known as the dynamic range of the adc_datelsigh\s discussed below, the photodection
signal path gain is different (lower) in the secqudtion of the plot. In general the
adc_data_held value is directly proportional togghetocurrent, and the gain changes only affect
the ration or the constant of proportionality. FIGC illustrates the pd_pk, pd_vl and
pd_th_mid values calculated in response to thedata _held value by the threshold generation
circuit. FIG. 11D illustrates the pd_pk, pd_vl godl th_pk values calculated in response to the
adc_data_held value in some embodiments of theliblé generation circuit. Note that the
pd_th_pk value is always some proportion of thepidvalue. FIG. 11E illustrates the
adc_data_held value with the pd_th_mid and pd_tlvahkes. Note that during long periods of
time where the adc_data_held value is relativehstant the pd_th_mid value becomes equal to
the adc_data_held value as the pd_vl value decayetsame level. The pd_th_pk value always
remains some amount below the adc_data_held vélise. illustrated in FIG. 11E is the
selection of pd_th where the pd_th value is setettde the lower of pd_th_pk and pd_th_mid.
In this way the threshold is always set some dcgtaway from the pd_pk value, avoiding false
transitions on pd_data due to noise on the photestiand adc_data held signals. FIG. 11F

illustrates the pd_data value generated by comgran$the adc_data_held value to the pd_th
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value. Note that the pd_data signal is a two-vkignal which is low when a blink is
occurring. FIG. 11G illustrates a value of tia rgaersus time for these example waveforms.
The value of tia_gain is set lower when the pdtahts to exceed a high threshold shown as
agc_pk_thin FIG. 11E. It will be appreciated thiilar behavior occurs for raising tia_gain
when pd_th starts to fall below a low thresholaoking again at the second portion of each of
the FIGs. 11A through 11E the effect of the lowar gain is clear. In particular note that the
adc_data_held value is maintained near the middleeodynamic range of the adc_data and
adc_data_held signals. Further, it is importamidte that the pd_pk and pd_vl values are
updated in accordance with the gain change asidedabove such that discontinuities are
avoided in the peak and valley detector statesrahgks due solely to changes in the

photodetection signal path gain.

FIG. 12 illustrates light-blocking and light-pasgifeatures on an integrated circuit die
1200. The integrated circuit die 1200 includeghtlpassing region 1202, a light blocking
region 1204, bond pads 1206, passivation openig@8,land light blocking layer openings
1210. The light-passing region 1202 is locatedvalibe photosensors (not illustrated), for
example an array of photodiodes implemented irsémeiconductor process. In at least one
embodiment, the light-passing region 1202 perngtsach light as possible to reach the
photosensors thereby maximizing sensitivity. Thesyrbe done through removing polysilicon,
metal, oxide, nitride, polyimide, and other layab®ve the photoreceptors, as permitted in the
semiconductor process utilized for fabricationropost-processing. The light-passing area 1202
may also receive other special processing to opéinight detection, for example, an anti-
reflective coating, filter, and/or diffuser. Theghit-blocking region 1204 may cover other
circuitry on the die which does not require lighpesure. The performance of the other circuitry
may be degraded by photocurrents, for exampletirstpibias voltages and oscillator frequencies
in the ultra-low current circuits required for imporation into contact lenses, as mentioned
previously. The light-blocking region 1204 is fordheith a thin, opaque, reflective material, for
example, aluminum or copper already used in serdietior wafer processing and post-
processing. If implemented with metal, the matdoaming the light-blocking region 1204 must

be insulated from the circuits underneath and trellpads 1206 to prevent short-circuit
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conditions. Such insulation may be provided bygassivation already present on the die as part
of normal wafer passivation, e.g. oxide, nitrideg/r polyimide, or with other dielectric added
during post-processing. Masking permits light biagdayer openings 1210 so that conductive
light-blocking metal does not overlap bond padshendie. The light-blocking region 1204 is
covered with additional dielectric or passivatiomptotect the die and avoid short-circuits during
die attachment. This final passivation has passinaipenings 1208 to permit connection to the
bond pads 1206.

In an alternative embodiment where the contactileciades tinting capabilities, the
light-passing region 1202 is at least partiallytsqgping with the region of the contact lens
capable of being tinted. Where the photosenserpra@sent in both the tinting region and non-
tinting regions of the contact lens, it allows &determination of the amount of light being
blocked by the tinting. In a further embodimehg entire light-passing region 1202 is present

in the tinting region.

FIG. 13 illustrates a contact lens with an eledtramsert having a blink detection system.
The contact lens 1300 includes a soft plastic porti302 which provides an electronic insert
1304. This insert 1304 includes a lens 1306 whsdhctivated by the electronics, for example,
focusing near or far depending on activation. Irdégg circuit 1308 mounts onto the insert 1304
and connects to batteries 1310, lens 1306, and ctimeponents as necessary for the system. In
at least one embodiment, the integrated circuiBli8fludes a photosensor 1312 and associated
photodetector signal path circuits. The photosef©8@&f faces outward through the lens insert
1304 and away from the eye, and is thus able ®ive@mbient light. The photosensor 1312
may be implemented on the integrated circuit 1238shown), for example, as a single
photodiode or array of photodiodes. The photosebh3b2 may also be implemented as a
separate device mounted on the insert 1304 andcectethwith wiring traces 1314. When the
eyelid closes, the lens insert 1304 including ptetector 1312 is covered, thereby reducing the
light level incident on the photodetector 1312. pPhetodetector 1312 is able to measure the
ambient light to determine if the user is blinkimignot. Based on this disclosure one of ordinary
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skill in the art should appreciate that photodetetB12 may be replaced or augmented by the
other sensors discussed in this disclosure.

Additional embodiments of blink detection may alléav more variation in the duration
and spacing of the blink sequence, for exampldinyng the start of a second blink based on the
measured ending time of a first blink rather thgrubing a fixed template or by widening the

mask “don’t care” intervals (0 values).

It will be appreciated that blink detection andéteep detection may be implemented in
digital logic or in software running on a microcaiter. The algorithm logic or microcontroller
may be implemented in a single application-spedaifiegrated circuit (ASIC) with
photodetection signal path circuitry and a systemtroller, or it may be partitioned across more

than one integrated circuit.

In accordance with another embodiment, a powereatiectronic ophthalmic lens may
incorporate an eyelid or lid position sensor.slkmown that the eyelids protect the globe in a
number of ways, including the blink reflex and thar spreading action. The blink reflex of the
eyelids prevents trauma to the globe by rapidlgicl@ upon a perceived threat to the eye.
Blinking also spreads tears over the globe’s serfadkeep it moist and rinse away bacteria and
other foreign matter. But the movement of the iegainay also indicate other actions or
functions at play beyond being used to alert aividdal (or wearer) wearing an electronic

ophthalmic lens that an alarm has been activated.

Referring now to FIG. 14A, there is illustratedeyelid position sensor system on an eye
1400. The system is incorporated into a contad .102. The top and bottom eyelids are
shown, with the top lid having possible locatiod®1, 1403, and 1405 in order of increasing
closure. The bottom eyelid is also illustrated Wiels of closure corresponding to the top lid;
namely, locations 1407, 1409 and 1405. When thkdsyare closed, they occupy the same
position; namely, 1405. The contact lens 140Ztoedance with the embodiment includes a

sensor array 1404. This sensor array 1404 inclader more photosensors. In this
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embodiment, the sensor array 1404 includes twdl2ghotosensors 1406a - 1406l. With the
top lid at position 1401 and the bottom lid at piosi 1407, all photosensors 1406a - 1406l are
exposed and receive ambient light, thereby creaipgotocurrent which may be detected by an
electronic circuit described herein. With the Imigtially closed at positions 1403 and 1409, the
top and bottom photosensors 1406a and 1406b aszamhweceive less light than the other
photosensors 1406c¢ — 1406I, and output a corregspgigdower current which may be detected
by the electronic circuit. With the lids totallyosled in position 1405, all sensors 1406a — 1406l
are covered with a corresponding reduction in eurréhis system may be used to detect lid
position by sampling each photosensor in the sesrsay and using the photocurrent output
versus sensor position to determine lid positiongikample, if the upper and lower eyelids do
not fully open after blinks indicating potentials@t of sleep or fatigue. It will be appreciated tha
the photosensors should be placed in suitableitowaon the contact lens, for example
providing enough sample locations to reliably d®iae lid position while not obstructing the
clear optic zone (roughly the area occupied byaeti pupil.) This system may also be used to
detect blinks by routinely sampling the sensors @rdparing measurements over time. In an
alternative embodiment, photosensors 1406a’-1406I'sensor array 1404' form an arcuate
pattern around the pupil while being vertically spé from each other as illustrated, for example,
in FIG. 14B. Under either of the illustrated emimoent, one of ordinary skill in the art should
appreciate that a number other than 12 may beindbd sensor array. Further examples
include a number in a range of 3 through 15 (inicigdhe end points in at least one
embodiment), and more particularly a number inngeaof 4 through 8 (including the end points

in at least one embodiment).

FIGs. 15A and 15B illustrate an electronic syst&@dalin which lid position
photosensors, as set forth above, are used t@traggivity in a contact lens 1502 or more
specifically, a powered or electronic ophthalmiedeFIG. 15A shows the electronic system
1500 on the lens 1502, and FIG. 15B is an explatiad of the system 1500. Light 1501 is
incident onto one or more photosensors 1504 asquay described with respect to FIGs. 14A
and 14B. These photosensors 1504 may be implemertfegphotodiodes, cadmium sulfide

(CdS) sensors, or other technologies suitabledoverting ambient light into current.
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Depending on the choice of photosensors 1504, &erplil506 or other suitable circuitry may

be required to condition the input signals for hgesubsequent or downstream circuits. A
multiplexer 1508 permits a single analog-to-digdahverter (or ADC) 1510 to accept inputs
from multiple photosensors 1504. The multiplexed8 Bay be placed immediately after the
photosensors 1504, before the amplifiers 1506,ayr not be used depending on considerations
for current consumption, die size, and design cexipl. Since multiple photosensors 1504 are
needed at various positions on the eye to detkgosition, sharing downstream processing
components (for example amplifiers, an analog-tptali converter, and digital signed system
controllers) may significantly reduce the size rezktbr the electronic circuitry. The amplifiers
1506 create an output proportional to the inputh\gain, and may function as transimpedance
amplifiers which convert input current into outpaitage. The amplifiers 1506 may amplify a
signal to a usable level for the remainder of §ystesm, such as giving the signal enough voltage
and power to be acquired by the ADC 1510. For g@lenthe amplifiers 1506 may be necessary
to drive subsequent blocks since the output optit@osensors 1504 may be quite small and may
be used in low-light environments. Amplifiers 150@y also be implemented as variable-gain
amplifiers, the gain of which may be adjusted ®ystem controller 1512 to maximize the
dynamic range of the system 1500. In addition tivoling gain, the amplifiers 1506 may
include other analog signal conditioning circuitsych as filtering and other circuitry
appropriate to the photosensor 1504 and ampliB@6loutput. The amplifiers 1506 may be any
suitable device for amplifying and conditioning #ignal output by the photosensor 1504. For
example, the amplifiers 1504 may simply be a sioglerational amplifier or a more

complicated circuit comprising one or more operaiamplifiers.

As set forth above, the photosensors 1504 andntipdifeers 1506 are configured to
detect incident light 1501 at various positionglom eye and convert the input current into a
digital signal usable ultimately by the system colter 1512. In at least one embodiment, the
system controller 1512 is preprogrammed to samgul photosensor 1504 on the eye to detect
lid position and provide an appropriate output aigo an alert mechanism 1514. The system
controller 1512 also inlcudes associated memorg. siistem controller 1512 may combine

recent samples of the photosensors 1504 to preproged patterns correlating to lid open and
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squinting positions. The system 1500 may needfferdntiate between eyelid position changes,
normal changes in ambient light, shadows, and ggthenomena. This differentiation may be
accomplished through proper selection of the sarggtequency, amplifier gain, and other
system parameters, optimization of sensors placemdme contact lens, determination of lid
position patterns, recording ambient light, compgeach photosensor to adjacent and all

photosensors, and other techniques to discerroBdipn uniquely.

In at least one embodiment, the ADC 1510 may bd tseonvert a continuous, analog
signal output from the amplifiers 1506 through thgtiplexer into a sampled, digital signal
appropriate for further signal processing. Fomepke, the ADC 1510 may convert an analog
signal output from the amplifiers 1506 into a digjgignal that may be useable by subsequent or
downstream circuits, such as a digital signal pssitey system or microprocessor 1516. A
digital signal processing system or digital sigmalcessor 1516 may be utilized for digital signal
processing, including one or more of filtering, ggesing, detecting, and otherwise
manipulating/processing sampled data to permitiemi light detection for downstream use.
The digital signal processor 1516 may be preprograchwith various lid position and/or
closure patterns. The digital signal processo6ldo includes associated memory in at least
one embodiment. The digital signal processor 15a¢ be implemented utilizing analog
circuitry, digital circuitry, software, and/or pexhbly a combination thereof. The ADC 1510
along with the associated amplifiers 1506 and digiignal processor 1516 are activated at a
suitable rate in agreement with the sampling re¢eipusly described, for example, every one
hundred (100) ms.

A power source 1518 supplies power for numerouspoorants including the eyelid
position sensor system 1500. The power source fizyBalso be utilized to supply power to
other components in the contact lens. The powerlmeagupplied from a battery, energy
harvester, or other suitable means as is knowméood ordinary skill in the art. Essentially, any
type of power source 1518 may be utilized to previliable power for all other components of
the system. A lid position sensor array patterac@ssed from analog to digital, may enable

activation of the system controller 1512 or a mortof the system controller 1512. Furthermore,
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the system controller 1512 may control other aspetth powered contact lens depending on
input from the digital signal system controller 85@r example, activating the alert mechanism
1514.

Referring now to FIG. 16, there is illustrated aput characteristic for three
photosensors positioned at three different verpoaitions on the contact lens. The output
characteristics may represent the current propmtito incident light on each photosensor or
may represent a downstream signal, for examplé&atigampled data values versus time at the
output of the ADC (element 1510 in FIG. 15B). Tatadident light 1602 increases, holds steady,
then decreases, for example, when walking fronrla idem to a bright hallway then back to a
dark room. All three photosensors 1604, 1606, &88would output a signal similar to that of
the ambient light if the eyelid remained open,sthated by dotted lines 1601 and 1603 for
photosensors 1604 and 1608. In addition to the emfight level 1602 changing, partial closure
of the eyelids is indicated by position 1610, diéiet than that of the lid open positions 1612 and
1614. When the lid partially closes, upper photeseii604 becomes covered by the upper
eyelid and outputs a correspondingly lower leved thuobstruction of the photosensor by the
eyelid. Despite ambient light 1602 increasing, peetsor 1604 receives less light and outputs a
lower signal due to the partially closed eyelidniar response is observed with photosensor
1608 which becomes covered. Middle sensor 1606tisavered during squinting and thus
continues to see the light level increase, witlhraesponding increase in output level. While this
example illustrates one particular case, it shbeldpparent how various configurations of

sensor position and eyelid movement could be dsdect

FIGs. 17A and 17B illustrate an alternative detatgsystem 1700 incorporated into a
contact lens 1702. FIG. 17A illustrates the sysi&0 on the lens 1702 and FIG. 17B
illustrates an exploded view of the system 1700this embodiment, capacitive touch sensors
1704 are utilized instead of photosensors. C#padbuch sensors are common in the
electronics industry, for example, in touch-scrdmplays. The basic principle is that a
capacitive touch sensor (or variable capacitorylisdmplemented in a physical manner such

that the capacitance varies with proximity or touicn example, by implementing a grid covered
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by a dielectric. Sensor conditioners 1706 createwdput signal proportional to the capacitance,
for example, by measuring the change in an osailladving the variable capacitor or by sensing
the ratio of the variable capacitor to a fixed cajoa with a fixed-frequency AC signal. The
output of the sensor conditioners 1706 may be coetbwith a multiplexer 1708 to reduce
downstream circuitry. In this embodiment, the neaeg signal conditioning circuitry as
described above with respect to FIG. 15 is omitbecimplicity. A system controller 1710
receives inputs from the capacitance sensor coniti1 706 via the multiplexor 1708, for
example, by activating each sensor in order anordarg the values. It may then compare
measured values to pre-programmed patterns aratibédtsamples to determine lid position. It
may then activate a function in an alert mecharlia®, for example, causing a variable-focus
lens to change to a closer focal distance. Theottpdaouch sensors 1704 may be laid out in a
physical pattern similar to that previously desedlor the photodetectors, but would be
optimized for detecting changes in capacitance ldtposition. The sensors, and for that matter
the whole electronic system, would be encapsulatedinsulated from the saline contact lens
environment. As the eyelid covers a sensor 17@cliange in capacitance would be detected
rather than the change in ambient light previodggcribed. FIG. 17B also illustrates the
inclusion of a power source 1714 in at least onbaziment.

It is important to note that ADC’s and digital sedprocessing circuitry may be utilized
in accordance with the capacitive touch sensarsefled as illustrated with respect to the
photosensors of FIG. 15B. In an alternative embedinthe capacitive touch sensors are any
pressure sensor. In a further embodiment, theaee@mbination of photosensors and pressure

sensors on the lens.

In one embodiment, the electronics and electrarieréonnections are made in the
peripheral zone of a contact lens rather thanerotitic zone. In accordance with an alternate
embodiment, it is important to note that the positig of the electronics need not be limited to
the peripheral zone of the contact lens. All @& éhectronic components described herein may

be fabricated utilizing thin-film technology andfoansparent materials. If these technologies
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are utilized, the electronic components may begqulac any suitable location as long as they are

compatible with the optics.

FIGs. 18A-18D illustrate an alternative embodim&here the lid position sensor system
is a sensor having a strip that covers a pluralityertical points along the contact lens 1802 that
works in conjunction with circuit 1800. One exampf a sensor that may have a strip
configuration is a capacitance sensor. FIG. 18&titates an example where the strip 1808 is
substantially straight on the contact lens 180&hadugh the strip 1808 is illustrated as being
orientated parallel to a line bisecting the contas 1802, it may have an angled orientation
relative to the bisecting line or have an arcuaggps. FIG. 18B illustrates an example where the
strip 1808a takes a serpentine path along the cioletas 1802. In the embodiment illustrated in
FIG. 18C, the serpentine configuration of strip 88Will increase the change in capacitance
detected by the circuit 1800 as the eyelids appreadosed state. The level of capacitance
change will translate to the amount of eyelid ctesuAnother example of a sensor that may
have a strip configuration is a piezoelectric pues¢ransducer with a diaphragm and a base
having a strip configuration. As the eyelids clasdditional pressure will be applied by the
eyelids against the piezoelectric pressure traresdhas allowing for a determination of the
level of eyelid closure. The continuous sensimg@lthe vertical axis provides an improved
granularity over a plurality of sensors thus pravidimproved measurement of the eyelid
location. FIG. 18D illustrates an electrical citdhat can be used in conjunction with strip
sensors 1808, 1808a, 1808b that includes a sysiatrotier 1810, an alert mechanism 1812 and
a power source 1814. In a further alternative edithent, there are multiple strips present. An
advantage of an angled and/or serpentine striggumation is that lid position may still be

detected even if the contact lens is orientatedriectly on the wearer's eye.

The activities of the digital signal processingdid@nd system controller (1516 and 1512
in FIG. 15B, respectively, system controller 17a@-1G. 17B, and system controller 1810 in
FIG. 18D) depend on the available sensor inpuésettvironment, and user reactions. The
inputs, reactions, and decision thresholds mayeberchined from one or more of ophthalmic

research, pre-programming, training, and adapaaeding algorithms. For example, the general

43



10

15

20

25

30

characteristics of eyelid movement may be well-doented in literature, applicable to a broad
population of users, and pre-programmed into sysi@mroller. However, an individual’'s
deviations from the generally expected responséactanges in blink frequency may be
recorded in a training session or part of an adefiarning algorithm which continues to refine
the response in operation of the electronic ophiltatlevice. In one embodiment, the user may
train the device by activating a handheld fob, Wwretommunicates with the device, when the
user desires near focus. A learning algorithm endévice may then reference sensor inputs in
memory before and after the fob signal to refirtermal decision algorithms. This training
period could last for one day, after which the dewvould operate autonomously with only

sensor inputs and not require the fob.

In an alternative embodiment, the system furtheluiohes an eye movement sensor
system that can provide an indication of whethentiearer is in rapid eye movement (REM)
sleep at the time that the alarm is to be triggedadat least one embodiment, if the eyelid
position system detects that the eyelids are claséuke time for the alarm trigger, then the eye
movement sensor system is sampled by the systetrolten If the system controller detects
eye movement, then the type of alarm may be adjusteeflect the wearer's REM sleep. In a
further embodiment, if the system controller reesiveadings from the eye movement sensor
system that the wearer is prone and from the epelsition sensor system that he eyelids are
closed, then the type of alarm may be adjustedfteat the wearer is asleep. In a further
embodiment, the alarm is started at a lower leb/@ltensity that grows over a period of time to
provide a gentler alert to the wearer. In an alidve embodiment, the alarm provided is an

escalated alarm.

FIGs. 19A and 19B illustrate an exemplary eye mamnsensor system 1900 for
detecting movement of the eye during, for examgleep. Sensor 1902 detects the movement
and/or position of the pupil or, more generallye #ye. The sensor 1902 may be implemented as
a multi-axis accelerometer on a contact lens 1%ih the contact lens 1901 being affixed to
the eye and generally moving with the eye, an acosleter on the contact lens 1901 may track

eye movement. It is important to note that anyedlé device may be utilized as the sensor
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1902, and more than a single sensor 1902 may loeedti The output of the sensor 1902 is
acquired, sampled, and conditioned by signal psmels904. The signal processor 1904 may
include any number of devices including an amplifeetransimpedance amplifier, an analog-to-
digital converter, a filter, a digital signal preser, and related circuitry to receive data from th
sensor 1902 and generate output in a suitable tdonéhe remainder of the components of the
system 1900. The signal processor 1904 may be mepited utilizing analog circuitry, digital
circuitry, software, and/or a combination therebf.at least one embodiment, the signal
processor 1904 and the sensor 1902 are fabricatétecsame integrated circuit die. The sensor
circuitry for acquisition and conditioning of ancaterometer is different than the circuitry for a
muscle activity sensor or optical pupil trackeheToutput of the signal processor 1904 in at least
one embodiment is a sampled digital stream andintyde absolute or relative position,
movement, detected gaze in agreement with conveegen other data. System controller 1906
receives input from the signal processor 1904 aed this information, in conjunction with

other inputs, to determine whether the wearerleegs System controller 1906 may both trigger
the activity of sensor 1902 and the signal proae$304 while receiving output from them.
System controller 1906 uses input data from theadigrocessor 1904 and/or transceiver 1910 to
decide if the wearer is lying down based on therdadtion of the sensor 1902 based on
orientation on an X, Y, and Z axes when no eye n&r# is detected. If the axes are as
illustrated in FIG. 19C, then when the acceleromeétects stable acceleration in the X axis in
either direction or in the Z axis in either directj then the wearer's head has a horizontal
orientation. When the accelerometer detects stafaeleration in the Y axis in the negative
direction, then the wearer's head is vertical. kMiine accelerometer detects stable acceleration
in the Y and Z axes with or without a stable aa@ien in the X axis, then the wearer's head is

tilted forward.

FIG. 19B illustrates an optional transceiver 194X receives and/or transmits
communication through antenna 1912. This commuioicahay come from an adjacent contact
lens, spectacle lenses, or other devices. Theceares 1910 may be configured for two-way
communication with the system controller 1906. nBeeiver 1910 may contain filtering,

amplification, detection, and processing circudsyis common in transceivers. The specific
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details of the transceiver 1910 are tailored foekaetronic or powered contact lens, for example,
the communication may be at the appropriate frequeamplitude, and format for reliable
communication between eyes, low power consump#éod,to meet regulatory requirements.
Transceiver 1910 and antenna 1912 may work inatie frequency (RF) bands, for example
2.4 GHz, or may use light for communication. Infatran received from transceiver 1910 is
input to the system controller 1906, for examphoimation from an adjacent lens which
indicates orientation. The system controller 19@6/mlso transmit data from, for example the
data manager 1908, to the transceiver 1910, whieh transmits data over the communication
link via antenna 1912.

The system controller 1906 may be implementedstata machine, on a field-
programmable gate array, in a microcontrollernoamy other suitable device. Power for the
system 1900 and components described herein idisdfyy a power source 1914, which may
include a battery, energy harvester, or similaickeas is known to one of ordinary skill in the
art. The power source 1914 may also be utilizesufply power to other devices on the contact
lens 1901.

The eye movement sensor system 1900 in at leastrobediment is incorporated and/or

otherwise encapsulated and insulated from theesabntact lens 1901 environment.

In at least one embodiment, the electronics antirel@c interconnections are made in
the peripheral zone of a contact lens rather thaha optic zone. In accordance with an
alternative embodiment, it is important to notet th@ positioning of the electronics need not be
limited to the peripheral zone of the contact leAd.of the electronic components described
herein may be fabricated utilizing thin-film techogy and/or transparent materials. If these
technologies are utilized, the electronic composemiy be placed in any suitable location as
long as they are compatible with the optics.

In at least one embodiment, the system furtheudes a storage box. The storage box in

at least one embodiment includes a housing withsa land a cover that are connected along one
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edge to facilitate opening the cover relative ® blase to allow for deposit of the contact lens
into a cavity in the housing. In alternative emipoehts, the storage box may include
disinfecting, monitoring, reordering and externahigectivity functionality. The disinfecting
functionality would allow for the lenses to be uss@r an extended period of time by the

wearer.

FIG. 20 illustrates an example storage box havihgusing 2000, a communication
system, a memory, a clock, an electrical commuiuicatonnector 2002, and a power source
2006. In an alternative embodiment, the storageifcdudes a radiation disinfecting base unit
2004 contained within a housing such as the prelyalescribed housing and cover. The
electrical communication connector 2002 may incladmiversal serial bus (USB) connector or
other type of connector. The connector may incluterminal for transferring one or both of
data and electrical power. In some embodimengseglbctrical communication connector 2002
provides power to operate the radiation disinfecbase unit 2004. Some embodiments may
also include one or more batteries 2006 or othemrpstorage device. In some embodiments,
the batteries 2006 include one or more lithiumiatteries or other rechargeable device. The
power storage devices may receive a charging elacturrent via the electrical communication
connector 2002. In at least one battery embodintleatradiation disinfecting base unit 2004 is

operational via stored power in the batteries 2006.

In at least one embodiment, the communication systeludes an antenna such as a
radio-frequency identification (RFID) antenna fotdracting with inserted lenses and a
controller electrically communicating with said amba. In at least one embodiment, the
controller is in electrical communication with aakt one memory, which in at least one
embodiment is flash memory like that used in a nrstick. Examples of the interaction
include wireless recharging of the power sourcems or both lenses, transferring of current
time, transferring an alarm time, transferring dettaed on the lens(es) to memory in (or in
communication with) the storage box, and transfigrtemplates and masks based on wearer-
specific characteristics from the storage box teast one lens. In an alternative embodiment,

the antenna is used to communicate with an exteaate such as a computer or smart phone.
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In at least one embodiment, the controller is guiied to translate and/or format the data
received from the at least one lens to changarntedtamp information into actual times based
on the current accumulator reading at the timeaté dransfer as correlated to the current time on
the storage box. In an alternative embodimentstbege box sends a signal to the lens to reset
the accumulator to zero and the processor recardemory the time that the accumulator was
reset to zero, or alternatively updates the accatouto the correct time. After reinsertion of the
lens into the storage box, the processor notesutrent time and determines the number of
sampling cycles. In the embodiments where the Bagpycles are of different lengths
depending on what is being sampled and/or opeiatgiate of the lens(es) since removal of the
lens(es), the storage box normalizes the sampiedseover the time difference between
removal of the lens(es) from the storage box atdmeof the lens(es) to the storage box as
measured by the storage box. Alternatively whenstimpling cycles are of different lengths,
the storage box sends a signal to the contactdeagjust its oscillator in an amount related to
the time drift exhibited by the contact lens ana ifurther embodiment the storage box updates

the time on the accumulator on the contact lens.

In some embodiments, the electrical communicat@mector 2002 may include a
simple source of AC or DC current. In such embaaits, the power source 2006 may be

omitted as power is provided through the electrwoahmunication connector 2002.

An intraocular lens or IOL is a lens that is imgkhin the eye and replaces the
crystalline lens. It may be utilized for individgakith cataracts or simply to treat various
refractive errors. An IOL typically includes a dinaastic lens with plastic side struts called
haptics to hold the lens in position within the @jpr bag in the eye. Any of the electronics
and/or components described herein may be incagmbmato IOLs in a manner similar to that of
contact lenses.

Although shown and described in what is believedegahe most practical embodiments,

it is apparent that departures from specific deseymd methods described and shown will
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suggest themselves to those skilled in the arnaayl be used without departing from the spirit
and scope of the invention. The present invensaorot restricted to the particular constructions
described and illustrated, but should be constdiiecohere with all modifications that may fall

within the scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A system for providing an alarm cue to a weafean ophthalmic lens on an eye,
the system comprising:

a timing circuit configured to track a passage it

a communications system configured for facilitatatdeast one-way communication for
receiving data;

an alert mechanism configured to provide an alert;

a system controller electrically connected to $i@ming circuit, said communication
system, and said alert mechanism, said systematientconfigured for controlling said timing
circuit, said communication system, and said arerthanism; and

said ophthalmic lens capable of encapsulatingeet le portion of said timing circuit, said

communications system, said alert mechanism awdsyatem controller.

2. The system according to claim 1, wherein sardroanications system includes a
receiver configured for wirelessly receiving from external device the received data and
sending the received data to said system controller

3. The system according to claim 2, wherein

said timing circuit includes an accumulator forckiag time;

said system controller further includes memory ol an alarm time is stored by said
system controller, said system controller is camfggl to set a time on said accumulator in

response to the received data and an alarm tirs@dhmemory in response to the received data.

4. The system according to claim 3, wherein

said system controller is configured to send aaigmsaid alert mechanism when data in
said accumulator matches data stored in said memory

said alarm mechanism is configured to provide art &b a wearer of said ophthalmic
lens in response to the signal received from sates controller.
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5. The system according to claim 2, wherein

said timing circuit includes an accumulator forckiag time;

said system controller further includes memory hiich an alarm time is stored by said
system controller, said system controller is camfegl to reset said accumulator to zero in

response to the received data and an alarm tirs@dhmemory in response to the received data.

6. The system according to claim 5, wherein

said system controller is configured to send aaigmsaid alert mechanism when data in
said accumulator matches data stored in said memory

said alarm mechanism is configured to provide arn &b a wearer of said ophthalmic

lens in response to the signal received from sates controller.

7. The system according to claim 1, wherein
said alert mechanism includes an electrical comprad
said alert mechanism turns on said electrical carapbto alert the wearer in response to

an alarm signal from said system controller.

8. The system according to claim 7, wherein sadtdcal component includes at

least one of a LED and a transducer in vibrati@oakact with the wearer's eye.

9. The system according to claim 1, wherein the abe@chanism comprises at least
one of the following:

a light source positioned on the lens to providigle onto at least one of a retina of a
wearer of said lens and said lens itself as the, ale

a transducer to vibrate the eye of the weareridflsas as the alert,

an electrical simulator configured to stimulatéeaist one of a corneal surface, a scleral
surface, a sensory nerve of a cornea, and a sensorg of a sclera, and

a transducer that provides optic zone modificatiban optic zone of said lens.
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10.  The system according to claim 9, further cosipg an eyelid position sensor
system incorporated into said lens, the eyelidtmmssensor system having a plurality of vertical
points to detect eyelid position,

wherein said system controller is in electrical oaumication with said eyelid position
sensor system to receive a signal from said epelsition sensor system representative of eyelid
position, said system controller triggering an &#oan of alerts from said alert mechanism when
the eyelid remains closed and the accumulator v@geeds an alarm value.

11.  The system according to claim 1, further cosipg an external device
configured to transmit to said communications sys&etime control signal as the received data;
and

wherein said communications system includes avecebnfigured for wirelessly
receiving the time control signal from the exterdaVice and sending the time control signal to
said system controller;

said timing circuit includes an accumulator foickiag time; and

said system controller further includes memory hich an alarm time is stored by said
system controller, said system controller configuieeset a time on said timing circuit in
response to the time control signal and an alama th said memory in response to the time

control signal.

12. The system according to claim 11, wherein

said system controller is configured to send aaitgmsaid alert mechanism when data in
said timing circuit matches data stored in said wgm

said alarm mechanism is configured to provide art &b a wearer of said contact lens in

response to the signal received from said systertralter.
13. A system for providing an alarm cue on two [Bjghe system comprising:

a first contact lens including

a timing circuit configured to track a passage gt
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a communications system configured for facilitatiideast one-way
communication with an external device,

an alert mechanism configured to provide an alert,

a system controller electrically connected to $mmihg circuit, said
communication system, and said alert mechanism,ssaitem controller configured for
controlling said timing circuit, said communicatisystem, and said alert mechanism, and

an insert encapsulating at least a portion of saiishg circuit, said
communications system, said alert mechanism awdsyatem controller of said contact lens;

a second contact lens including

a communications system configured for facilitatiideast one-way
communication with said communications system @f §est contact lens including an alarm
signal,

an alert mechanism configured to provide an ateresponse to the alarm signal
received from said communications system, and

an insert encapsulating at least a portion of sardmunications system and said

alert mechanism.

14. The system according to claim 13, wherein eddaid first contact lens and said
second contact lens includes an eyelid positios@esystem having a plurality of vertical points
to detect eyelid position, and

wherein said system controller of said first cohtans is in electrical communication
with said eyelid position sensor systems to recaisgnal from each of said eyelid position
sensor system representative of eyelid position,

said system controller triggers an alarm when aesak represented by a signal from said
timing circuit matches an alarm value by sendisggaal to said alert mechanism of said first
contact lens and through said communications systersaid alert mechanism on said second
contact lens where the signal causes activati@aidf alert mechanisms to provide an alarm, and

said system controller triggering an escalationlefts from said alert mechanisms when
the eyelids remain closed and the accumulator v@tgeeds an alarm escalation value that is

greater than the alarm value.
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15. The system according to claim 14, wherein sgglem controller is configured to
sample at a predetermined rate, and at least temlysaving collected samples, determining
when the eyelids are open or closed in order terdehe the number, time period and pulse
width of the blinks from the collected samplesgca#dting a number of blinks and the duration
of the blinks in a given time period, comparing thenber of blinks, the durations of the blinks
in the given time period, and the time betweenkslim the given time period to a stored set of
samples to determine patterns in blinking, andrdateng if the blinks correspond to one or
more intentional blink sequences; and

wherein said intentional blink sequences contpdration of system controller
triggering said alert mechanisms and include atleae of an alarm snooze, an alarm

termination, and an alarm value setting.

16.  The system according to claim 13, wherein
each alert mechanism includes an electrical comgpaad
each alert mechanism turns on said electrical compicto alert the wearer in response to

an alarm signal from said system controller.

17. The system according to claim 16, wherein ekdtrical component includes at

least one of a LED and a transducer in vibraticoakact with the wearer's eye.

18. The system according to claim 13, whereinagtlene alert mechanism
comprises at least one of the following:

a light source positioned in said lens to providiglat onto at least one of a retina of a
wearer of said lens and said lens itself as the, ale

a transducer to vibrate an eye of a wearer oflsaslas the alert,

an electrical simulator configured to stimulatéeaist one of a corneal surface, a scleral
surface, a sensory nerve of a cornea, and a sensorg of a sclera, and

a transducer that provides optic zone modificatiban optic zone of said lens.
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19.  The system according to claim 13, further caosnpg an external device
configured to transmit to said communications systé said first contact lens a time control
signal; and

wherein said communications system of said firstt@ct lens includes a receiver
configured for wirelessly receiving the time comsmnal from said external device and sending
the time control signal to said system controller;

said timing circuit includes an accumulator forckiag time; and

said system controller further includes memory ol an alarm time is stored by said
system controller, said system controller configuieeset a time on said timing circuit in
response to the time control signal and an alama th said memory in response to the time

control signal.

20. A method for providing an alarm to a weareawfophthalmic lens, the method
comprising:

receiving an alarm time with a communications dirand a system controller,

setting an alarm value by the system controlleané@mory based on the received alarm
time,

initiating a timing circuit by the system contralle

comparing with the system controller the timingait output to the alarm value in
memory, and

when the timing circuit output exceeds the stoladavalue, the system controller

sending a signal to an alert mechanism triggermglarm on the ophthalmic lens.

21.  The method according to claim 20, further casupg:

detecting whether at least one eyelid remains dl@sth at least one eyelid position
sensor,

when at least one eyelid remains closed, the systatnoller escalating the alarm
provided by the alert mechanism,

when at least one eyelid is open, the system dtertterminating the alarm by sending a

termination signal to the alert mechanism.

55



10

15

20

22.  The method according to claim 20, further caspg:
receiving a snooze instruction with the communaaicircuit, and
incrementing the alarm value by a predeterminedsmealue by the system controller

in response to the snooze instruction.

23.  The method according to claim 22, wherein tiege instruction is received
from a blink pattern detected by an eyelid posiBensor of the communications circuit and the

system controller.

24.  The method according to claim 22, wherein tieoge instruction is received

from an external device by the system controllepulgh the communications circuit.

25.  The method according to claim 20, further casipg terminating the alarm in
response to the received blink pattern detecteahbgyelid position sensor of the

communications circuit and the system controller.
26.  The method according to claim 20, further casipg terminating the alarm in

response to a termination instruction received fesnexternal device by the system controller

through the communications circuit.
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